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Purpose: Doxorubicin (DOX), an anthracycline antibiotic, has limited clinical use due to its pronounced cardiotoxicity. Irisin,
a myokine known for its metabolic regulation, has shown therapeutic effects on cardiovascular disease. This study investigates the
potential cardioprotective function of irisin in reducing the cardiac injury induced by DOX.

Methods: In vitro, H9c2 cells were pretreated with irisin (20 nM) for 24 hours before exposure to DOX (1 pM). In vivo, C57BL/6
mice were administered DOX (5 mg/kg/week, i.p.) for 4 weeks, reaching a cumulative dose of 20 mg/kg. Irisin (1 mg/kg/ 3 days, i.p.)
was administered to the mice both 7 days prior to and during DOX injection.

Cardiac function was evaluated by echocardiography, and cardiac histology was assessed using HE, WGA, and Masson staining.
Myocardial injury markers were quantified using ELISA, and apoptosis was analyzed via TUNEL staining. Oxidative stress was
determined by measuring antioxidase activity, MDA and GSH levels, and DHE staining, while mitochondrial superoxide production
was assessed using MitoSOX Red. Mitochondrial morphology and function evaluated using transmission electron microscopy and
Seahorse analysis, respectively Inflammatory cytokines were quantified in serum and cell supernatants. The role of the PERK-elF2a-
ATF4 pathway mediated by irisin was investigated by Western blot. Using adeno-associated virus serotype-9 carrying mouse FNDC5
shRNA (AAV9-shFNDCS) further validated the protective role of irisin in DOX-induced myocardial injury.

Results: Irisin reduced DOX-induced cardiac dysfunction and fibrosis. Moreover, irisin mitigated oxidative stress and inflammation
through inhibiting the PERK-eIF20-ATF4 pathway activated by DOX, thus preserving mitochondrial function. While cardiac FNDC5
knockdown exacerbated DOX-induced heart injury and PERK-elF2a-ATF4 activation, which was partially reversed by irisin.
Conclusion: Irisin mitigates oxidative stress and inflammation by modulating the PERK-elF2a-ATF4 pathway, highlighting its
potential as a prospective approach for combating DOX-induced cardiotoxicity.
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Introduction
Doxorubicin (DOX), a potent anthracycline, is widely used to treat a variety of cancers due to its broad-spectrum efficacy.'
However, the dose-dependent cardiotoxicity associated with DOX has become increasingly prominent.> Prolonged admin-
istration of DOX can lead to irreversible cardiomyopathy and eventually result in heart failure, with potentially fatal
outcomes.>® This highlights the urgent need for effective therapies to alleviate DOX-induced cardiotoxicity.

The heart, as a highly energy-demanding organ, is rich in mitochondria that provide the majority of energy for
cardiomyocytes.”® DOX-induced cardiotoxicity is primarily mediated by the overproduction of reactive oxygen species
(ROS), which disrupt the mitochondrial respiratory chain, leading to oxidative stress." Oxidative stress damages lipids, proteins,

and DNA, which compromises the integrity and function of cellular membranes, triggering extensive cardiomyocyte apoptosis.’
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Furthermore, DOX activates the inflammatory response by upregulating interleukin-1 (IL-1) and tumor necrosis factor-o. (TNF-
0) levels.>'*"" Meanwhile, accumulating lipid peroxides induced by DOX cause aseptic inflammatory responses, further
exacerbating oxidative damage and leading to an amplified cascade of inflammation and oxidative stress.''™'® Thus, suppressing
DOX-induced oxidative stress and inflammation may be a potential strategy to mitigate DOX-induced cardiotoxicity.

The production of secreted or membrane-bound proteins, as well as calcium homeostasis, lipid biosynthesis, and protein
folding, depends on the endoplasmic reticulum (ER).'*'> Inflammation, ischemia, and excess protein synthesis are
examples of stress signals that set off the ER stress,'®'” executed by protein kinase R (PKR)-like ER kinase (PERK),
activating transcription factor 6o (ATF6a), and inositol-requiring enzyme 1 alpha (IREla), collectively known as the
unfolded protein response (UPR).'>'® Noticeably, PERK and the downstream signaling, eukaryotic translation initiation
factor 2a (elF2a), and activating transcription factor 4 (ATF4) is crucial for eliminating misfolded proteins via lysosomal
degradation.'®'” And the prolonged activation can lead to cell apoptosis via CCAAT-enhancer-binding protein homologous
protein (CHOP) and caspases.”’ Recent studies have linked sustained activation of the PERK-eIF2a-ATF4 pathway to heart
failure and diabetic cardiomyopathy,'**'*** but its role in DOX-induced heart injury remains poorly understood.

Irisin, a bioactive peptide generated during exercise, is cleaved from fibronectin type III domain-containing protein 5
(FNDC5).%*** Traditionally, irisin has been recognized for its role in promoting the browning of white adipose tissue,
thereby enhancing thermogenesis, which underscores its beneficial impact on metabolic diseases.**** Recent studies
suggest that irisin also offers benefits in ischemic and pressure-overload heart diseases by preserving mitochondrial
function and reducing oxidative damage.’®?’ Considering these findings, we hypothesized that irisin might protect
against DOX-induced cardiotoxicity through modulation of the PERK-elF2a-ATF4 pathway.

Materials and Methods

Reagents

Recombinant irisin (#HY-P72534) and doxorubicin (DOX, #HY-15142) were obtained from Medchemexpress Co., Ltd.
(MCE, US). MDA (#S0131S), SOD (#S0101S), GSH (#S0053), NADPH (#S0179), and ATP content (#S0026) assay kits
were obtained from Beyotime Biotechnology (Shanghai, China). The irisin assay kit (#EK-067-29) was obtained from
Phoenix Pharmaceuticals (Burlingame, CA, USA).

Animals

This study received approval from the Ethics Committee of the People’s Hospital of Xinjiang Uygur Autonomous Region
(#2021-02-08) in accordance with the NIH Guide for Care and Use of Laboratory Animals. Male C57BL/6 mice
(7-8 weeks old) were provided by Gempharmatech Co., Ltd. (Nanjing, Jiangsu, China) and maintained under specific
pathogen-free conditions with a 12-hour light/dark cycle at 22°C. After a one-week acclimation period, the mice were
randomly assigned to three groups: control, DOX-treated (DOX), and DOX plus irisin-treated (DOX+irisin). DOX or
vehicle (5 mg/kg/week, i.p.) was administered for 4 weeks, reaching a cumulative dose of 20 mg/kg.”® Following
established protocols with some modifications, recombinant irisin (1 mg/kg/3 days, i.p.) was administered for 7 days
prior to and during DOX treatment.””**

To specifically reduce cardiac irisin levels, mice were intravenously injected with FNDC5 shRNA (AAV9-cTnT-
shFNDCS5) or a negative control (AAV9-¢TnT-shNC) (Genechem Co., Ltd., China) at a concentration of 1 x 10!! viral
genomes. 4 weeks after the viral injection, mice were treated according to the methods before. Primer sequences used for
shFNDCS5 are listed:

CCCTCTGTGAACATCATCAAACTCGAGTTTGATGATGTTCACAGAGGG. Echocardiography was conducted 7
days after the final dose of DOX treatment, followed by euthanasia with an overdose of tribromoethanol for serum and
tissue collection. The experimental design is outlined in Figures 1A and 6A.

Cell Culture and Viability
HO9c2 rat cardiomyocytes purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China) were grown
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 mg/mL

1068 https: Drug Design, Development and Therapy 2025:19



Zhang et al

A B - Cc *kk
40 k% =33 Control 120 |&| 3 Control
° Fkk DX B I DOX
Day 0 7 14 21 28 35 >3 30 — 1 DOX+irisin = = 90 1 DOX+irisin
DOX or vehicle 2 = C 290
* + + * * + * (5mgrkg/wk) £ a2 £
‘ * * * * . 22 Z 260
( - e > = E = E
- Irisin or vehicle (1 mg/kg/3d) g:‘ é E g g 30
=4 2 &

o

3 Control 1 DOX
1 DOX+irisin
*%

=3 Contol =1 DOX F
1 DOX+irisin

100 dekk rrr—
T 60 I *kk -
80
. ok .
- ‘ ' ——— g . o 40|
H 50 ms L 60 . % .
Control DOX+irisin 2 40 s
B B — Control = 20
. E DOX 20
J E DOX+irisin 0 : : 0
= K L
E *%
T cxig ns *kk
=2 500 s 1 3 Control 250 R 3 Control
S 400- 1 1 DOX 200 o ., DDpox
1 % i SR = DO><+|nsmg 1 DOX+irisin
- © 3001 . 3150
DOX-irisin > T
o 2004 o 100
> -
§ 100 50
B
8 0 T T 0
M N *k%k
600 08 5 Control
T . *kk =3 Control
g Soor;ml 1 DOX
o 1 DOX+irisind 0.6 1 DOX-irisin
S 400+ s E
@ 204
2 = :
S 2 £ 02
0.0

Figure 1 Irisin mitigated DOX-induced cardiac dysfunction and myocardial injury (n = 8 per group). (A) Schematic flowchart of irisin treatment and the construction of the
DOX-induced cardiotoxicity in mice. (B and C) Heart irisin level (B) and serum irisin level (C). (D) Representative echocardiography images of heart in M-mode. (E and F).
Quantification of LVEF% (E) and LVFS% (F). (G) Representative hearts gross morphology images, scale bar= 2 mm. (H) The heart weight to tibia length (HW/TL). (I-K)
Representative hearts sections of WGA staining (I) and HE staining (J) and the qualification of cardiomyocyte area (K), scale bar= 10 pm. (L-N). LDH (L), CK-MB (M), and
cTnT (N) contents in the serum. Data are expressed as mean * SD. * P < 0.05, **P < 0.01, and **P < 0.00] was considered statistically significant and ns indicates not

significant.

streptomycin, and 100 U/mL penicillin, and maintained at 37°C in a humidified incubator with 5% CO,. Cell viability
was evaluated using the CCK-8 assay (Dojindo Molecular Technologies, Kyushu, Japan) in H9¢2 cells cultured in 96-
well plates and treated with different concentrations of DOX (0.5 uM, 1 uM, 2 uM, 4 uM) for 24 h. After a 2-h incubation
with CCK-8 solution at 37°C, absorbance was measured at 450 nm. To investigate irisin’s protective effects against
DOX-induced toxicity, H9c2 cells were pretreated with varying concentrations of irisin (5 nM, 10 nM, 20 nM, 30 nM, 40
nM) for 24 h, followed by an additional 24-h DOX exposure. Based on these results and previous studies,””*° 20 nM
irisin and 1 pM DOX were selected for subsequent experiments.

Echocardiography

Mice placed on a heated imaging platform were anesthetized with 2% isoflurane for cardiac function assessment detected
by the Vevo 2100 Imaging System (Visual Sonics, Toronto, Canada) with a 30 MHz transducer. A blinded investigator
performed echocardiographic measurements at the mid- ventricular level.

Histological Analysis
Heart tissues were fixed in 4% formalin for 24 h, dehydrated, and embedded in paraffin. Sections of 5 um thickness were
prepared and stained with hematoxylin and eosin (HE) for general histology. Fibrosis was evaluated using Masson’s
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trichrome staining on paraffin-embedded sections. For wheat germ agglutinin (WGA) staining, the fixed sections were
incubated with WGA (5 pg/mL) for 10 min and then stained with DAPI. All slides were captured under a light
microscope (Nikon H550L, Tokyo, Japan) blindly. Collagen area and cardiomyocyte area was quantified using ImageJ
software.

Detection of Myocardial Injury Markers
Cardiac-specific troponin T (¢TnT), lactate dehydrogenase (LDH), and creatine kinase isoenzymes (CK-MB) levels in
the serum were quantified using ELISA assay kits for CK-MB (#8671), LDH (#12239), and c¢TnT (#13150) from
Meimian Industrial Co., Ltd. (Nanjing, Jiangsu, China).

Oxidative Stress Detection

For hearty tissue, superoxide dismutase (SOD) activity, malondialdehyde (MDA) levels, glutathione (GSH) content, and
nicotinamide adenine dinucleotide phosphate (NADPH) levels were measured using the assay kits according to the
instructions.

TUNEL Staining

Heart sections were fixed, embedded in paraffin, and sliced into 5 pm sections. After deparaffinization, rehydration, and
permeabilization with 0.1% Triton X-100, the sections were washed with PBS and incubated with the TUNEL apoptosis
detection kit (#C1091, Beyotime). Apoptotic cells (TUNEL-positive) were observed using a fluorescence microscope
(Olympus IX83, Tokyo, Japan).

Dihydroethidium (DHE) Staining
Heart tissues were embedded in OCT, cryosectioned to 10 um thickness, and incubated with 5 uM DHE at 37°C for
30 min in the dark. Following PBS washes, fluorescence was visualized under a fluorescence microscope.

Transmission Electron Microscopy

Cardiac tissues were fixed in 2.5% glutaraldehyde, post-fixed with 1% osmium tetroxide, dehydrated, and embedded in
epoxy resin. Ultrathin sections (70 nm) were cut, placed on copper grids, and stained with uranyl acetate and lead citrate.
Images were acquired using a transmission electron microscope (JEM-1400PLUS, JEOL, Japan) at 80 kV to evaluate
mitochondrial structure, myofibril arrangement, and cellular integrity. Pathologists performed these assessments blindly.

LDH Release

The LDH level in cell culture supernatants was measured using the LDH assay kit (#ab65393) from Abcam Inc. (Boston,
MA, USA), in accordance with the instructions. Absorbance at 492 nm was recorded using a microplate reader.

Mitochondrial Superoxide Production
HO¢2 cells were incubated with 3 uM MitoSOX™ Red (#M36007) from Thermo Fisher (Waltham, MA, US) at 37°C for
15 min. Images were visualized using a fluorescence microscope.

Mitochondrial Oxygen Consumption Rate (OCR)
As previously described, aerobic respiration of H9c2 cells was measured using the Seahorse XF24 analyzer (Agilent
Technologies, Santa Clara, CA).*' Briefly, cells were seeded overnight in 24-well plates and then incubated at 37°C in
Seahorse assay media (pH 7.4) containing 2 mm glutamine, 1 mm pyruvate, and 1 g/L. D-glucose in a non-CO, incubator.
Baseline measurements were obtained after sequentially adding oligomycin A (4 uM, MCE), FCCP (3 uM, MCE), and
rotenone/antimycin A (1 uM each, Sigma) at 37°C. Oxygen consumption rates were normalized to cell number (pmol O,
/min/10* cells).

Mitochondria were isolated from heart tissues following standard protocols®? and then resuspended in mitochondrial
assay solution (MAS, pH 7.2) containing 70 mm sucrose, 220 mm mannitol, 10 mm KH,PO,4, 5 mm MgCl,, 2 mm
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HEPES, 1 mm EGTA, and 0.2% fatty acid-free BSA. Mitochondria (5 pg/well) were cultured in MAS supplemented with
10 mm pyruvate, 2 mm malate, and 5 mm ADP on Cell-Tak-coated Seahorse XF24 plates (22.4 pg/mL). After a 30-min
incubation at 37°C, oxygen consumption rates (OCR) were recorded following the addition of oligomycin A (5 uM),
FCCP (5 uM), and a rotenone/antimycin A mix (10 uM/2 pM) and normalized to protein content.

ATP Content Detection

Cardiac ATP levels were measured using commercial assay kit (#S0027, Beyotime). Briefly, heart tissues were homo-
genized using ATP lysis buffer and centrifuged to collect supernatants. The supernatant was measured at 560 nm to
quantify ATP content based on a standard curve.

Inflammatory Factor

Inflammatory cytokines content in the serum and supernatant were measured by the Elisa assay kits including IL-1f
(#MLBO00C), IL-6 (#M6000B), and TNF-a (#MTAO00B) obtained from R&D Systems (Minneapolis, MN, USA) in
accordance with the instructions.

Western Blots

Proteins were isolated from heart tissue using RIPA lysis buffer with a protease inhibitor cocktail. The lysate was
centrifuged at 13,000g for 30 min at 4°C. Soluble proteins in the supernatant were separated by SDS-PAGE and
transferred onto PVDF membranes. After blocking with 5% non-fat milk, the membranes were incubated overnight at
4°C with primary antibodies (Table 1), followed by incubated with secondary antibodies conjugated with HRP at room
temperature for 2 h. Immunoreactive signals were detected, and band intensities were quantified using ImageJ software.

Quantitative Polymerase Chain Reaction (qPCR)
Total RNA was extracted from cardiac tissues using TRIzol. Reverse transcription was performed with the PrimeScript
RT Reagent Kit (#RR036B, TaKaRa, Otsu, Japan), and gene quantification was detected using Bio-Rad’s SYBR Green
(Hercules, CA, USA). Gene expression was analyzed using the 24" method, with GAPDH as the normalization control.

Primers used in the study from TSINGKE Biosystems (Beijing, China) are listed in Table 2.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism v.8.0 (La Jolla, CA, USA). The Shapiro—Wilk test was used to
assess normality. Data are expressed as mean + standard deviation (SD). For two-group comparisons, paired or unpaired
two-tailed Student’s t-tests were used, while for multiple groups, one-way ANOVA followed by Tukey’s multiple

Table | Primary Antibodies for Western Blot

Name Catalog Species | Dilutions Vendor
Bax 60267-1-Ig Mouse 1:5000 Proteintech
Bcl2 26593-1-AP | Rabbit 1:1000 Proteintech
a-SMA 14395-1-AP | Rabbit 1:2000 Invitrogen
Collagen Type | 67288-1-Ig Mouse 1:5000 Proteintech
TGF-B ab215715 Rabbit 1:1000 Abcam
Phospho-PERK (Thr980) | MA5-15033 Rabbit 1:1000 Invitrogen
PERK 3192 Rabbit 1:1000 CST
Phospho-elF2a. (Ser51) 9721 Rabbit 1:1000 CST
elF2a 9722 Rabbit 1:1000 CST
ATF4 11815 Rabbit 1:1000 Abcam
CHOP 15204-1-AP | Rabbit 1:1000 Proteintech
B-actin 66009-1-Ig Mouse 1:20000 Proteintech
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Table 2 Primer Sequences

Gene Species Sequences 5'-3’'

IL-1B Mouse F: TGGGCCTCAAAGGAAAGAAT
R: CAGGCTTGTGCTCTGCTTGT
TNF-a Mouse | F: ACCCTCACACTCAGATCATCTTC
R: TGGTGGTTTGCTACGACGT

Fndc5 Mouse F: ATGAAGGAGATGGGGAGGAA
R: GCGGCAGAAGAGAGCTATAACA

Fndc5 Rat F: CAGCAGAAGAAGGATGTGAG

R: GGCAGAAGAGAGCTATGACA

GADPH Rat F: GACATGCCGCCTGGAGAAAC

R: AGCCCAGGATGCCCTTTAGT
GAPDH | Mouse F: GTATGACTCCACTCACGGCAAA
R: GGTCTCGCTCCTGGAAGATG

comparisons test was applied. *P < 0.05, **P < 0.01, and ***P < 0.001 was considered statistically significant and ns
indicates not significant.

Results
Irisin Mitigated DOX-Induced Cardiac Dysfunction and Myocardial Injury

Firstly, we grouped C57BL/6J mice as depicted in Figure 1A. Compared to controls, reduced serum and myocardial irisin
levels were observed in DOX-treated mice, indicating that irisin expression may adaptively change in response to DOX
administration (Figure 1B-D). Meanwhile, DOX-treated mice showed decreased left ventricular ejection fraction (LVEF
%) and left ventricular fractional shortening (LVFS%) detected by the echocardiography (Figure 1D and F). However,
irisin markedly improved the cardiac function impaired by DOX (Figure 1D and F).

Moreover, DOX resulted in cardiac atrophy as shown in Figure 1G and H, which was restored by irisin treatment
(Figure 1G and H). Histological changes of cardiomyocytes determined by HE and WGA staining also demonstrated that
irisin improved structure disruption caused by DOX treatment (Figure 11-K). Surged LDH, CK-MB, and c¢TnT levels in
the serum further supported cardiotoxicity induced by DOX. As expected, we observed that irisin impede the increase in
serum myocardial injury markers triggered by DOX (Figure 1L-N). Collectively, these data suggest that irisin attenuated
DOX-induced cardiotoxicity and improved mice cardiac function.

Irisin Alleviated Myocardial Fibrosis and Apoptosis Caused by DOX

Previous findings have indicated that DOX induces structural disruptions in cardiomyocytes, ultimately leading to
impaired cardiac function.”®2*** As shown in Figure 2A, HE staining revealed significant damage to myocardial
structures in the DOX group, characterized by disorganized and loosely arranged cardiomyocytes, along with inflam-
matory cell infiltration. Masson trichrome staining further indicated that DOX treatment led to cardiac fibrosis and
collagen deposition (Figure 2A and B). Notably, irisin treatment effectively mitigated the structural damage and inhibited
the myocardial fibrosis induced by DOX (Figure 2A and B). This anti-fibrotic effect of irisin was further validated by the
inhibited levels of fibrosis-related proteins, including Collal, a-SMA, and TGF-B (Figure 2C).

Additionally, TUNEL staining of mouse heart sections showed that irisin reduced DOX-induced apoptosis, reflected
by a decrease in TUNEL-positive cells (Figure 2D—E). Caspase-3, a key marker of apoptotic activity, was significantly
activated in the hearts following DOX stimulation but was suppressed by irisin treatment (Figure 2F). Furthermore, irisin
upregulated the anti-apoptotic gene Bcl-2 and downregulated the pro-apoptotic gene Bax compared to the DOX-treated
mice (Figure 2G). These findings collectively suggest that irisin effectively alleviated DOX-induced cardiac fibrosis and
cardiomyocyte apoptosis.
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Figure 2 Irisin alleviated DOX-induced myocardial fibrosis and apoptosis (n = 8 per group). (A). Representative heart sections stained with HE (upper, scale bar=50 um;
mid, scale bar =20 pm) and Masson trichrome (below, scale bar=50 um). (B). Quantification of the fibrosis area of the heart sections. (C). Representative inmunoblots (top)
and the quantification (bottom) for Collal, a-SMA, and TGF-} expression in heart tissues. B-actin as a loading control. (D) Representative heart sections stained with DAPI
(blue) and TUNEL assay kit (green), scale bar=50 um, arrows point to TUNEL positive cells. (E) Quantification of the TUNEL positive cells of the heart sections. (F)
Caspase-3 activity of heart tissues. (G) Representative immunoblots and the quantification for Bcl-2 and Bax expression in heart tissues. B-actin as a loading control. Data are
expressed as mean * SD. **P < 0.01, and ***P < 0.00] was considered statistically significant.

Irisin Attenuates Myocardial Oxidative Stress and Inflammation in DOX Mice
Oxidative damage is recognized as a primary cause of DOX-induced cardiotoxicity, leading to cardiomyocyte apoptosis
and contributing to the development of cardiac dysfunction.'~> DOX administration resulted in an increased fluores-
cence intensity in DHE-stained cardiac tissue, which was reduced by irisin treatment (Figure 3A). Furthermore, we
evaluated the levels of MDA (a byproduct of lipid peroxidation), SOD activity, NADPH oxidase activity (a key
intracellular antioxidant), and GSH (another intracellular antioxidant) in the heart. Our results indicated that irisin
suppressed the elevated levels of MDA, GSH, and NADPH while preserving SOD activity compared to the DOX
group (Figure 3B-E).

Increasing evidence indicates that inflammation is another critical factor in DOX-induced myocardial injury.**¢ DOX
directly activates inflammatory pathways, creating a storm of inflammatory factors that, together with oxidative stress,
induces myocardial apoptosis.’’** Here, we found increased IL-1f and TNF-a levels in the serum of the DOX group,
which were mitigated by irisin treatment (Figure 3F and G). In addition, DOX upregulated the mRNA levels of these pro-
inflammatory cytokines, which were markedly downregulated in the irisin treated heart (Figure 3H-J). These findings
collectively suggest that irisin alleviates DOX-induced cardiotoxicity by inhibiting oxidative stress and inflammatory
responses.
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Figure 3 Irisin alleviated DOX-induced myocardial inflammation and oxidative stress (n = 8 per group). (A) Representative dihydroethidium (DHE) staining of heart
sections, scale bar=50 pm. (B=E). MDA levels (B), SOD activity (C), NADPH activity (D), and GSH (E) content in heart tissues. (F and G). IL-1B (F) and TNF-a levels (G) in
serum. (H=J). mRNA levels of IL-1B (H), IL-6 (I), and TNF-a (J) in heart tissues. Data are expressed as mean + SD. * P < 0.05, **P < 0.01, and ***P < 0.00| was considered

statistically significant.

Irisin Improved Mitochondrial Function and Attenuated ER Stress Signaling in Cardiac
Injury Induced by DOX

Excessive ROS production triggered by DOX directly results in myocardial impaired mitochondrial function.
Transmission electron microscopy revealed that mitochondria from heart of the DOX-treated group were disorganized,
swollen, and exhibited loss of cristae (Figure 4A). In contrast, irisin treatment significantly improved the mitochondrial
ultrastructure (Figure 4A). Mitochondria are the primary organelles responsible for energy production, while abnormal
mitochondrial morphology is typically associated with impaired respiratory function.**! Seahorse analysis demonstrated
that irisin effectively restored myocardial mitochondrial respiration, which was inhibited by DOX (Figure 4B-D).
Additionally, ATP content measurements indicated that irisin could partially recover the energy production in myocardial

39,40

tissue that was impaired by DOX (Figure 4E).

Under stress conditions, large amounts of misfolded proteins in the ER triggers the UPR, which is crucial for
maintaining redox homeostasis.'®'® While transient activation of the UPR is important for reducing protein load and
maintaining ER homeostasis, excessive ER stress activation can lead to energy depletion, mitochondrial damage, and
apoptosis.'*!” Prior research has suggested that irisin modulates ER-mitochondrial interactions and ameliorates myo-
cardial ischemia/reperfusion injury.>” While transient activation of the UPR is important for reducing protein accumula-
tion and maintaining ER homeostasis, excessive ER stress activation can lead to energy depletion, mitochondrial damage,
and apoptosis.'>'® Here, we manifested that the expression levels of p-PERK, p-eIF2a, ATF4, and the downstream gene
CHOP were elevated following DOX treatment compared to controls. However, irisin treatment significantly
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the ventricular myocardium in mice. Yellow arrows point to fragmentation of muscle bands and white arrows point to abnormal shape of mitochondria, scale bar=1 um. (B)
Isolated mitochondria OCR from the hearts in the presence of pyruvate and malate. (C and D) Qualification of the basal OCR (C) and FCCP-stimulated maximal OCR (D).
(E) ATP content in heart tissues. (F) Representative immunoblots and the quantification for protein expression of phospho- and total PERK, phospho-elF20, total-elF2q,
ATF4, and CHOP in heart tissues. B-actin as a loading control. Data are expressed as mean + SD. * P < 0.05, **P < 0.01, and ***P < 0.00| was considered statistically
significant.

downregulated these signaling pathways (Figure 4F). These findings collectively demonstrate that irisin effectively
ameliorates mitochondrial function and suppresses ER stress in heart toxicity induced by DOX.

Irisin Alleviated DOX-Induced H9c2 Cell Injury and Mitochondrial Homeostasis
Disruption

For further investigating the role of irisin on cardiomyocytes under DOX-induced stress in vitro, rat myocardial H9c2
cells were cultured with varying concentrations of DOX, resulting in significant decreased cell viability (Figure 5A).
Pretreatment with irisin at concentrations of 20, 30, and 40 nM showed a protective effect on cardiomyocyte viability
without exhibiting cytotoxicity following DOX exposure (Figure 5B), consistent with previous findings.>*** Based on
these results, 1 pM DOX and 20 nM irisin were selected for subsequent experiments. DOX-treated H9¢2 cells showed
increased lactate dehydrogenase (LDH) levels in the culture medium (Figure 5C). In agreement with the in vivo results,
irisin significantly enhanced mitochondrial respiration, including both basal and maximal OCR, which had been impaired
by DOX treatment (Figure 5D). Additionally, DOX exposure led to an increase in IL-1B, IL-6, and TNF-a levels, in the
supernatant (Figure SE-G). DOX also induced a marked increase in intracellular ROS generation, as indicated by the
enhanced MitoSOX™ Red fluorescence (Figure SH). Notably, irisin suppressed inflammatory responses and inhibited
mitochondrial ROS production in DOX-treated H9¢c2 cells (Figure SA—H). These findings further suggest that irisin
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Figure 5 Irisin alleviated DOX-induced H9c2 cell injury and mitochondrial homeostasis disruption (n = 6 per group). (A) Cell viability of H9c2 exposure to DOX for
24 h. (B) Cell viability of H9c2 pretreatment with irisin for 24 h with or without | M DOX for 24 h. (C) LDH level in the culture medium. (D) OCR curve (left) and
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Representative fluorescence images of H9c2 cells stained with MitoSOX™ Red, scale bar=10 pum. Data are expressed as mean + SD. **P < 0.01, and ***P < 0.001 was
considered statistically significant and ns indicates not significant.

exerts protective effects on mitochondrial function, and reduces inflammation and oxidative stress in DOX-induced
cardiomyocyte injury.

Irisin Protects Against DOX-Induced Myocardial Injury Through Regulating the PERK-
elF2a-ATF4 Pathway

To date, we have demonstrated that exogenous irisin exerts protective effects against DOX-induced myocardial injury,
aligning with findings from previous studies.”’*® Next, we sought to explore the role of endogenous irisin and the
underlying mechanisms involved in DOX-induced cardiotoxicity. Initially, decreased FNDC5 mRNA expression was
observed in both heart tissues and H9¢2 cells following DOX stimulation (Figure S1A and S1B), which help explain the
reduced cardiac irisin levels seen in Figure 1B.

To investigate whether endogenous irisin has a protective effect against the progression of DOX-induced cardiomyo-
pathy, we selectively downregulated FNDC5 expression in the mouse heart using a single injection of AAV9 carrying
FNDCS5 shRNA (Figure 6A and Figure S2A). As shown in Figure S2B, AAV9-shFNDCS5 effectively knocked down
FNDC5 mRNA in the heart, causing reduced irisin levels both in heart tissues and serum (Figure S2C and S2D).
Meanwhile, FNDCS deficiency resulted in persistently reduced irisin levels in both the heart and serum following DOX

injection (Figure 6B and C). Under normal conditions, mice among groups showed no differences in cardiac function and
body weight (Figure S2E-H). However, mice injected with AAV9-shFNDCS5 exhibited exacerbated cardiac dysfunction
after DOX treatment, as evidenced by decreased LVEF% and LVFS% compared to the DOX+shNC group (Figure 6D—
F). Interestingly, exogenous irisin replenishment improved the cardiac dysfunction caused by FNDCS5 knockdown under
DOX stress, accompanied by increased heart and serum irisin contents (Figure 6B—F). Moreover, the DOX-induced
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Figure 6 Irisin protect against DOX-induced myocardial injury through regulating the PERK-elF2a-ATF4 pathway (n = 6 per group). (A) Schematic diagram depicting the
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activation of PERK-elF2a-ATF4 pathway was enhanced in FNDC5-deficient mice, an effect that was partially reversed
by irisin treatment (Figure 6G). Consequently, the exacerbated inflammatory and fibrotic responses in the heart were
mitigated by irisin (Figure 6H and I).

In summary, the loss of irisin exacerbates the adverse cardiac effects induced by DOX, whereas irisin supplementa-
tion can ameliorate DOX-induced cardiotoxicity by inhibiting the PERK-eIF20-ATF4 pathway activation.

Discussion

In this study, we demonstrated that irisin protects against DOX-induced cardiac injury by reducing cardiomyocyte
apoptosis, oxidative stress, and inflammation. Irisin-treated mice exhibited improved cardiac function and reduced
myocardial fibrosis to some extent. Moreover, we found that irisin effectively inhibited the activation of the PERK-
elF2a-ATF4 signaling pathway, suggesting its key role in the cardioprotective effects of irisin.

The FNDC5/irisin axis has been implicated in the pathology of cardiovascular diseases, including myocardial
infarction and ischemia/reperfusion injury.?”****® Clinical studies report lower circulating levels of irisin in patients
with coronary artery disease compared to healthy controls.*’ Furthermore, irisin alleviates pressure overload-induced
cardiac hypertrophy in mice.?” Our results extend these findings by showing reduced FNDC5 expression and lower irisin
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Figure 7 The role of irisin and the underlying mechanism in protecting against DOX-induced cardiotoxicity (Created by Figdraw (www.figdraw.com)).

levels in both cardiac tissue and serum following DOX treatment, suggesting that irisin may exert its protective effects in
an autocrine or paracrine manner, particularly given the high expression of FNDCS5 in the myocardium.*®

Apoptosis is a critical contributor to the deterioration of cardiac function after DOX treatment.*®**** Our study found
that irisin treatment preserved heart contractility and reduced cardiomyocyte apoptosis after DOX treatment. Consistent

with previous findings,***%->

we observed that DOX increased the expression of pro-apoptotic factor Bax and decreased
the anti-apoptotic factor Bcl-2. Irisin treatment improved the Bcl-2/Bax ratio, suggesting its role in promoting cell
survival under DOX-induced stress. In addition, myocardial fibrosis and cardiac atrophy are key pathological character-
istics of DOX-induced myocardial injury.® A substantial body of research has shown that DOX induces significant
cardiac fibrosis, and we found that irisin treatment attenuated myocardial tissue and reduced fibrosis.*>**>! Recent
studies suggest that DOX may trigger early endothelial-to-mesenchymal transition (EndMT), causing perivascular
fibrosis in the heart. Unlike interstitial fibrosis, this form of fibrosis occurs around blood vessels, potentially leading to
vascular stiffness and impaired cardiac function.”® Differences in results may attribute to varying durations of DOX
exposure and different assessment time points.

Irisin has been found to interact with SOD2, restoring its mitochondrial localization and ameliorating oxidative stress
in the context of I/R injury.*® Excessive ROS production, with a significant reduction in antioxidant enzyme activity, is
associated with DOX cardiotoxicity.”> Consistent with previous studies,”™"* irisin reduced MDA and NADPH levels in
the myocardium and increased the content of antioxidant enzymes GSH and SOD2 under DOX challenge. Additionally,
irisin inhibited the production of pro-inflammatory cytokines such as IL-1B, IL-6, and TNF-a, which are elevated by
DOX-induced oxidative stress, further supporting its anti-inflammatory effects. DOX-stimulated ROS production and
inflammatory responses lead to lipid peroxidation and mitochondrial impairment. This study suggests that irisin improves
mitochondrial structural damage and respiratory function caused by DOX. In vitro experiments further revealed that
irisin inhibited overproduction of ROS and maintains mitochondrial function in DOX-treated H9¢c2 cells.

The role of the PERK-elF2a-ATF4 pathway in DOX-induced cardiac injury remains debated. Disruption of PERK
expression exacerbated pathological cardiac hypertrophy in the setting of pressure overload, as indicated by greater
ventricular mass, decreased function, and increased ventricular dilation and fibrosis.'® Conversely, activation of PERK-
ATF4 has been observed in the progression of liver and aortic valve fibrosis.>*>> Similarly, p-PERK and p-elF2a
expression significantly increased in angiotensin II (Ang II)-induced cardiac hypertrophy, participated in aggravated
inflammation and fibrosis.'® Overexpression of PERK or ATF4 has also been linked to cardiac atrophy and increased
mortality in hearts subjected to pressure overload.'® Our findings indicate that DOX activates the PERK-eIF2a-ATF4
pathway, a trend that is reduced by irisin treatment. Another study focusing on cardiac I/R injury also found that irisin
alleviates I/R-induced ER stress upregulation.”” To further explore this potential connection, we downregulated FNDC5

in the heart and found that these mice exhibited worsened cardiac function, aligning with previous studies.®
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More importantly, heart-specific FNDCS5-deficient mice exhibited worsened cardiac function and excessive activation
of the PERK-elF2a-ATF4 pathway following DOX stimulation. Although no differences of cardiac function were
observed across all groups at the baseline, lower cardiac irisin levels in FNDCS5-deficient mice might be a critical factor
contributing to the exacerbated myocardial injury following DOX injection. Notably, supplementation with exogenous
irisin rescued cardiac function, reduced cardiac fibrosis and inflammation, and inhibited the PERK-elF2a-ATF4 signaling
after FNDCS5 knockdown. Wang et al found that deletion of elF2a downregulates the expression of CHOP and protects
against DOX-induced H9¢2 cell death,* also suggesting that inhibition of the PERK-eIF2a-ATF pathway is beneficial
for alleviating DOX-induced cardiotoxicity.

In conclusion, our study provides strong evidence that irisin exerts cardioprotective effects in DOX-induced cardiac
injury by reducing oxidative stress, inflammation, and apoptosis, while improving mitochondrial function. Further, we
demonstrated that irisin exerts its protective effects by inhibiting the PERK-elF2a-ATF4 signaling, which is supported by
using the heart-specific FNDCS knockdown mice. Future studies will explore the involvement of other ER stress-related
pathways, such as IRE1a and ATF6. Additionally, the direct interaction of irisin with the PERK protein are yet to be fully
elucidated. One hypothesis is that irisin may exert its effects by directly binding to the PERK protein, which requires
exploration through molecular docking and surface plasmon resonance (SPR) analysis. In our forthcoming research, we
intend to undertake more in-depth investigations.

Conclusion

In conclusion, irisin effectively alleviates DOX-induced cardiac injury by reducing oxidative stress and inflammation,
preserving mitochondrial function, and improving cardiac performance. It significantly decreases heart fibrosis and
enhances ejection fraction. Furthermore, its protective effects were linked to the inhibition of the PERK-elF2a-ATF4
pathway, as demonstrated in heart-specific FNDCS5 knockdown mice, underscoring its potential in targeting DOX-
induced cardiotoxicity (Figure 7).
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