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ABSTRACT

Cardiotoxicity remains a major limiting factor in the clinical implementation of anthracycline chemotherapy. Though the etiology of doxorubicin-dependent heart
damage has yet to be fully elucidated, the ability of doxorubicin to damage DNA and trigger oxidative stress have been heavily implicated in the pathogenesis of
chemotherapy-associated cardiomyopathy. Here, we demonstrate that fibronectin type III domain-containing protein 5 (FNDC5), the precursor protein for myokine
irisin, is depleted in the hearts of human cancer patients or mice exposed to chemotherapeutics. In cardiomyocytes, restoration of FNDC5 expression was sufficient to
mitigate reactive oxygen species (ROS) accumulation and apoptosis following doxorubicin exposure, effects dependent on the irisin encoding domain of FNDC5 as
well as signaling via the putative irisin integrin receptor. Intriguingly, we identified two parallel signaling cascades impacted by FNDC5 in cardiomyocytes: the ROS-
driven intrinsic mitochondrial apoptosis pathway and the ROS-independent Ataxia Telangiectasia and Rad3-Related Protein (ATR)/Checkpoint Kinase 1 (Chk1)
pathway. In fact, FNDC5 forms a co-precipitable complex with Chk1 alluding to possible intracellular actions for this canonically membrane-associated protein.
Whereas FNDC5 overexpression in murine heart was cardioprotective, introduction of FNDC5-targeted shRNA into the myocardium was sufficient to trigger Bax up-
regulation, ATR/Chk1 activation, oxidative stress, cardiac fibrosis, loss of ventricular function, and compromised animal survival. The detrimental impact of FNDC5
depletion on heart function could be mitigated via treatment with a Chk1 inhibitor identifying Chk1 hyperactivity as a causative factor in cardiac disease. Though our
data point to the potential clinical utility of FNDC5/irisin-targeted agents in the treatment of chemotherapy-induced cardiotoxicity, we also found significant down
regulation in FNDC5 expression in the hearts of aged mice that attenuated the cardioprotective impacts of FNDC5 overexpression following doxorubicin exposure.
Together our data underscore the importance of FNDC5/irisin in maintenance of cardiac health over the lifespan.

1. Introduction are particularly problematic for childhood cancer survivors [2], an ever

growing population, whose risk for congestive heart failure is increased

Anthracyclines (doxorubicin, daunorubicin, idarubicin, and epi-
rubicin), which remain amongst the most used cancer chemotherapeu-
tics due to their efficacy in the treatment of solid tumors and
hematological malignancies, can trigger life-threatening and dose-
limiting cardiac toxicity. In a large meta-analysis, 17.9 % of
doxorubicin-treated patients were found to have developed sub-clinical
cardiac dysfunction with 6.3 % presenting with heart failure [1].
Adverse cardiac complications resulting from anthracycline exposure

by 2.4 fold or 5.2 fold with cumulative anthracycline doses of <250
mg/m? or >250 mg/m?, respectively [3]. Thus, there is considerable
interest in delineating the molecular mechanisms driving anthracycline
cardiotoxicity and identifying novel means to protect the heart from
damage during and after chemotherapy.

The ability of doxorubicin to kill cancer cells involves recruitment of
two intersecting pro-apoptotic pathways: activation of the DNA damage
signaling cascade [4] and production of reactive oxygen species (ROS)
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[5-10]. Cardiomyocytes are particularly sensitive to oxidant damage
from anthracyclines due to their high metabolic demand and mito-
chondrial volume as compared to glycolytic cells [11]. However,
doxorubicin doses required to trigger oxidative myocyte damage in vitro
[11] are several fold higher than levels achieved in human cancer pa-
tients [12], emphasizing the potential importance of repeated drug
exposure and accumulation of cellular damage over time. Indeed, at
lower doses, doxorubicin does not kill cardiomyocytes, but instead
triggers a senescence-like state characterized by oxidative stress, mito-
chondrial dysfunction, Ca?* dyshomeostasis, and disrupted electrical
conduction [13]. Importantly, increased cellular senescence has been
observed in the hearts of doxorubicin-treated cancer patients [14], and,
in mice, elimination of therapy-induced senescent cells improves cardiac
function following doxorubicin treatment [15]. Several
senescence-related pathways are activated by doxorubicin including the
DNA repair proteins Ataxia Telangiectasia and Rad3-Related Protein
(ATR) and Checkpoint Kinase 1 (Chk1), which are recruited to the site of
single stranded DNA breaks [16]. ATR phosphorylates Chkl on two
conserved serine residues (317 and 345) driving enhanced Chk1 activity
critical for initiation of DNA repair [17,18]. Indeed, preventing ATR
activation is cardioprotective in doxorubicin-treated mice [19]. How-
ever, given the importance of the DNA damage signaling response in
cancer killing actions of doxorubicin, direct modulation of ATR/Chk1
activity might also compromise doxorubicin’s therapeutic efficacy.

In the search for factors capable of preventing heart failure, there is
increasing interest in the cardioprotective impacts of the exercise-
induced chemokine irisin. Irisin is generated from proteolytic cleavage
of the fibronectin type III domain-containing protein 5 (FNDC5) gene
product by proteases of the disintegrin and metalloproteinase (ADAM)
family [20]. FNDC5 cleavage separates the irisin-containing fibro-
nectin-type III domain from the extracellular signal peptide responsible
for membrane targeting and protease recruitment, and the hydrophobic
transmembrane and carboxy-terminus [21]. Irisin production is highest
in cardiac muscle and depletion of plasma irisin has linked to cardio-
vascular diseases [22-24]. Irisin administration also improves cardiac
function in several rodent heart failure models [25-27]. Further,
knockout of FNDC5 exacerbated cardiac fibrosis and loss of ventricular
function in mice following chronic doxorubicin administration [28]
whereas cardiac FNDC5 overexpression is cardioprotective [29]. Several
irisin targets have been implicated in the cardioprotective actions of
FNDC5 though most studies have heavily focused on mechanisms
driving acute myocyte loss as opposed to the potential long-term impacts
of FNDC5/irisin on myocyte functional integrity. Intriguingly, FNDC5
also regulates cardiogenesis and expression of FNDC5 is increased in
fully differentiated cardiomyocytes [30-32]. Notably, cardiac-specific
FNDC5 overexpression or irisin infusion attenuates aging-related car-
diac dysfunction and prevents myocyte senescence in vitro [33].

Here, we delineate a novel signaling mechanism for FNDC5 in the
myocardium whereby the FNDC5 protein interacts directly with Chkl
and prevents Chkl-driven myocyte death following doxorubicin expo-
sure and in the aging myocardium. Intriguingly, though FNDC5 does
limit doxorubicin-driven oxidative stress in the heart, the FNDC5-Chk1
pathway is ROS-independent. Our data suggest that maintenance of
FNDCS5 expression is essential for long-term cardiac health and resil-
ience to cardiotoxic insult.

2. Materials and methods
2.1. Reagents

A full list of reagents can be found in Table S1.
2.2. Mice

Male Swiss albino mice (25-30 g) were raised on a balanced labo-
ratory diet and given tap water and food ad libitum throughout the study

Redox Biology 80 (2025) 103527

as per NIN, Hyderabad, India. Mouse housing facilities were held at 20
+ 2 °C, 65 %-70 % humidity, on a 12/12-h day/night cycle. Animals
were maintained according to International Animal Ethics Committee
Guidelines. Unless otherwise noted, experiments have been performed
using animals between 2 and 4 months of age. Experimental mice were
euthanized by inhalation anesthesia followed by cervical dislocation and
disposed of following CPCSEA guidelines. All experiment were per-
formed by a user blinded to experimental group.

2.3. Drug treatment regimens

For the chronic chemotherapy treatment, mice were given multiple
doses of doxorubicin (cumulative dose of 45 mg/kg i.p.; 9 mg/kg every
other week), 5-FU (cumulative dose of 200 mg/kg i.p.; 40 mg/kg every
other week), or cisplatin (cumulative dose of 40 mg/kg i.p.; 8 mg/kg
every other week) for a total of 10 weeks. 9 weeks after the final drug
dose, mice were euthanized, and multiple tissues/blood were collected
for the downstream analysis.

2.4. Cloning and construct generation

The full-length FNDC5 coding sequence was PCR-amplified from
human blood cDNA using our previously published protocol [34].
FNDC5 deletion constructs were generated using overlapping
primer-based PCR amplification, and subsequently cloned into the
PEGFP-N1 vector. Information about the primers used for constructing
all the constructs are provided Table S2. To generate viral constructs for
in vivo overexpression of FNDC5, we first isolated the full length of
FNDCS5 sequence from mouse brain tissue and cloned it into the PMD20
vector, as described above. Subsequently, the lentiviral vector for
mFNDC5 was generated via subcloning into the pLenti CMV Puro DEST
cloning vector (Addgene, Watertown, MA, USA) and this lentiviral
vector was then packaged using the pMD2.G VSV-G envelope-expressing
plasmid (Addgene) and psPAX2 (Addgene). Lentiviral particles were
generated in AC-16 cells following a standard protocol.

2.5. Intracardiac gene delivery

To overexpress FNDC5 in heart, a construct encoding mouse FNDC5
or vector-only control was introduced to the murine heart via intracar-
diac injection when mice were either young (2 months old) or aged (24
months old). A total of 70 pL of lentivirus, which contained 2 x 108
particles of either mFNDC5-Lenti or an empty control vector virus, were
prepared for delivery with Invivofectamine 3.0 (Thermo Fisher Scien-
tific, Waltham, MA, USA) and administered directly into the heart. 8-10
weeks after viral injection, the chronic doxorubicin treatment protocol
was initiated as described above. Mice were euthanized 10 weeks after
the final drug dose and tissues were collected for downstream analyses.

To deplete FNDCS5 in heart, 1 week old wild type mice received 5 x
108 lentiviral vector particles containing scramble or FNDC5-targeted
small hairpin RNA (shRNA) (Santacruz Biotechnology, Paso Robles,
CA, USA) in a 40 pl volume via intra-cardiac injection as previously
described [35]. ShRNA particles were packaged for delivery with Invi-
vofectamine 3.0 (Thermo Fisher Scientific). Immunoblotting was per-
formed on heart tissue extracted from adult experimental mice to assess
the efficiency of in vivo delivered shRNA. Following shRNA adminis-
tration, body weight (1X/week), food intake (1-2X/week), and survival
were monitored. A separate cohort of animals received injections of the
Chk1 inhibitor LY2606368 (cumulative dose of 250 mg/kg i.p.; 50
mg/kg every other week) or saline beginning 15 days after viral injec-
tion for 10 weeks. A final group of mice were administered doxorubicin
according to the chronic protocol outlined above. The treatment
continued for 10 weeks after which mice were euthanized and samples
collected for downstream analyses.
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2.6. Histology and immunohistochemistry (IHC)

Paraffin-embedded formalin-fixed mouse and human heart tissue
sections were stained with Masson trichome (Sigma, St. Louis, MO) to
detect collagen deposition indicative of cardiac fibrosis. Regents were
used following the manufacturer’s protocols. Immunohistochemical
staining of both mouse and human tissue sections was carried out as per
a standard protocol [35]. For IHC and Masson Staining in murine
experimental cohorts, 7-10 sections were stained from the heart of each
animal with 5 pictures randomly selected from each slide. For IHC and
Masson staining in human patient samples, 7-10 sections were stained
from each heart with 5 pictures randomly selected from each slide. The
blue-stained collagen in tissue section image stained with Masson tri-
chrome was processed using the "Threshold" tool of ImageJ software
(NIH, USA) and the fraction of the total area that was stained blue was
quantified. Quantification of immunostaining was also performed using
built-in tools in the Image J software package.

2.7. Cardiovascular Phenotyping

We employed two-dimensional echocardiography to determine car-
diac function. Using an ultrasound system (Vivid S5 system, GE
Healthcare, USA) in M-mode, we measured the left ventricular param-
eters and ejection fraction on lightly sedated mice, both before and after
drug treatments or the introduction of FNDC5 shRNA into the heart via
intracardiac injection.

2.8. Immunoblotting

Tissues were swiftly isolated from mice and flash-frozen in liquid
nitrogen. Tissue homogenates and cell lysates were prepared in RIPA
buffer containing protease and phosphatase inhibitors (Abcam, Cam-
bridge, UK), quantified, and probed as previously described [36].
Twenty pg of protein per sample was subjected to SDS-PAGE and
immunoblotting using standard techniques. Immunoblots were devel-
oped using the chemiluminescence method with secondary antibodies
labeled with HRP. Antibody dilution and catalog information can be
found in Table S3. Densitometric quantification of western blots was
performed utilizing Image J software (NIH). Protein expression was
normalized to loading control (B-Actin) and expressed relative to control
conditions.

2.9. Isolation and culture of murine ventricular cardiomyocytes (VCM)
and fibroblasts (VCF)

Primary ventricular cardiomyocytes (VCM) and fibroblasts (VCF)
were isolated from 8 to 10-week-old adult mice according to a published
protocol [37]. Cells were transduced with lentiviral vectors encoding
shFNDCS5 or control shRNA (Santacruz Biotechnology) according to the
manufacturer’s instructions.

2.10. Cell culture

The AC-16 human cardiomyocyte cell line & H9C2 rat car-
diomyocyte cell line (Merck, Darmstadt, Germany) was maintained in
DMEM supplemented with 10 % FBS (Gibco, Waltham, MA, USA) within
a 37 °Cincubator with 5 % CO,. Information on cell lines can be found in
Table S4.

2.11. Drug treatment of cultured cells

For FNDC5 overexpression in cultured AC-16 cells or murine VCM
and VCF, lentiviral FNDC5 was introduced into cells using Invivofect-
amine 3.0 (Thermo Fisher Scientific) according to the manufacturer’s
protocol. A group of cells were transduced with an empty vector as a
control. Cells were pre-treated with the integrin oVp5 inhibitor
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cilengitide (10 pM, 24 h), the Chk1 inhibitor LY2603618 (10 pM, 24 h),
or the glutathione donor and ROS scavenger N-acetyl cysteine (NAC; 5
mM, 12 h) followed by treatment with doxorubicin (3 pM, 16 h). To
attenuate FNDC5 expression in cells, cells were transfected with FNDC5-
targeted shRNA (Santacruz Biotechnology, Paso Robles, CA, USA) or a
scramble control. Cells were pre-treated as above with NAC, the Chk1
inhibitor, or irisin (200 ng/ml, 24 h) followed by doxorubicin treatment
(3 uM, 16 h).

2.12. Immunoprecipitation

Lysates were prepared from AC-16 cells (3 x 10°), and the protein
concentration was measured using the BCA protein assay (Thermo
Fisher Scientific). 200 pg of protein was incubated in IP lysis buffer (50
mM Tris, 5 mM EDTA, 250 mM NaCl and 0.1 % Triton X-100) and bait
antibodies (GFP, FNDCS5, or control mouse IgG) for 12 h on a rotor at
4 °C. 30 pl of Protein G sepharose beads (Abcam) were pre-cleared,
equilibrated and then added to lysate. After a 2-h incubation, bead
slurries were centrifuged and washed 3X with IP buffer. The Immuno-
complex were eluted using non-reducing Laemmli buffer at 95 °C and
were then subjected to SDS-PAGE and immunoblotting with the corre-
sponding prey antibody (FNDC5 or Chk1).

2.13. ELISAs and enzymatic assays

A summary of commercially available kits used for the quantification
of superoxide dismutase (SOD), glutathione peroxidase (GPX), cell death
(apoptosis; cytoplasmic histone-associated DNA fragments), mitochon-
drial Ca®t, mitochondrial membrane potential (A, and irisin is
available in Table S5. Cells, tissues, or samples were collected and
processed in according to the instructions provided by the manufacturer.

2.14. Measurement of ROS generation

ROS generation was estimated in both tissues and primary cells using
the cell-permeable oxidation-sensitive probe, CM-H;DCFDA as
described previously [38]. In summary, the cells were harvested via
centrifugation, subjected to triple wash with ice-cold PBS, re-suspended
in PBS and incubated with 5 pM CM-H,;DCFDA (Sigma) for 20 min at
37 °C. After incubation cells were again washed and lysed in PBS with 1
% Tween 20. The determination of ROS levels was performed by the
ratio of dichlorofluorescein excitation at 480 nm to emission at 530 nm.
The CM-H,DCFDA assay is utilized as a general oxidative stress indicator
and not as a detector of a specific oxidant due to known limitations of the
probe [39].

2.15. Cell senescence model

To induce senescence of AC-16 & HOC2 cells, cells were starved at
0.1 % FBS DMEM medium overnight to achieve synchronization, and
then doxorubicin (0.1 pM, 24 h) was added into the cell culture medium.
Cells were maintained in culture for a further 5 days with media changed
daily to maintain doxorubicin concentration.

2.16. YASARA homology modelling of FNDC5 & in-silico molecular
docking and molecular dynamics (MD) simulations

For generating protein-protein interaction model between human
CHK1 and FNDCS5, the alpha-fold 3D structures available on Uniprot
database for human Isoform 1 of CHK1 (Alpha fold ID: AF-014757-F1 |)
and human FNDC5 protein (Alpha fold ID: AF-Q8NAU1) were used.
First, the binding modes of CHK1 in complex with FNDC5 were gener-
ated using ZDOCK webserver application (https://zdock.umassmed.
edu) [40,41]. The molecular complex between CHK1-FNDC5 with
highest binding energy was further evaluated for solution stability under
biological conditions by performing a 359.25 ns molecular dynamics
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(MD) simulation in explicit water solvent using YASARA Dynamics
software (version 21.8.27.W.64 employing the AMBER14 force field)
[42].

The MD simulation was performed as per the details and parameters
described previously [43,44]. The MD simulation was performed with
CHK1 molecule as receptor molecule (Met1-Thr476; excluded segment
Asp262-Arg376; named as Chain A) and the FNDC5 fragment as the
ligand (residues Met76-Ile179; named as Chain B). The MD snapshots
were saved after every 250 ps and total 1438 MD trajectories were
generated during the MD simulations which were analyzed using
YASARA macro “md_analysis.mcr”. The various energy terms were
calculated using AMBER14 forcefield parameters [45,46]. The MD
simulation and trajectory analysis was performed on HP Z Series
Workstation (64 GB of RAM, 24 Core Intel Processor and 64-bit Win-
dows 10 operating system). The trajectories generated after MD simu-
lation experiments were used to estimate the root mean square
deviations (RMSD) and radius of gyration (Rg), chain-wise root mean
square fluctuations (RMSF), solvent accessible surface area (SASA), and
hydrogen bonding between protein and solvent. For the analysis of
amino acid residues present on protein-protein interaction interface, the
solvent accessible surface area (SASA) calculations were performed
using the InterProSurf Webserver (http://curie.utmb.edu/usercomplex.
html) [47]. The residues showing a significant change in the SASA value
were considered most likely to be on the interaction interface (Table S6).

2.17. In silico pathway analysis

To determine the pathway enrichment of FNDC5 the pathway
analysis was performed in silico using the Enrichr (https://maayanlab.
cloud/Enrichr/enrich) tool. The pathways predicted to be

impacted by FNDC5 in heart with their p-values are provided in
Table S8.

2.18. Histological characterization of chemotherapy patient samples

To categorize patient samples according to their cardiac health sta-
tus, tissues from chemotherapy patients were stained with Masson
Trichome (as above) to detect fibrotic remodeling. In collaboration with
a pathologist, sections were evaluated and assigned. “Control” samples
were obtained from individuals with no history of cancer or chemo-
therapy treatment as well as no known cardiac issues. An effort was
made to ensure that controls contained an equal male/female ratio
(~50 %) and age range (50-80) as samples isolated for the “chemo-
therapy-exposed” group. Detailed information about the cause of death
and any co-morbid conditions for all individuals is provided in Table S7.

2.19. Additional statistical analysis information

A Student’s t-test was employed to compare groups in datasets
comprising only two groups (1A, 2A, 8B, 8C). Nominal p-values are
reported for these datasets, and no adjustments were applied.

For the remaining datasets with more than two groups, either a one-
way ANOVA (1 variable; 2B, 3C-D, 4A, 4E, 5A, S4) or a two-way ANOVA
(2 variables; 1B, 1C, 2C, 3A-B, 4B-D, 4F-H, 5B-C, 6C, 7A-E, 8A, 8D, S1,
S2A-C, S3A-E, S5A-E, S7A-B) was utilized, and post-hoc adjustments
were performed using the Sidak method to account for multiple com-
parisons. Adjusted p-values are reported for datasets analyzed in this
manner. Kaplan Meier curves were generated to visualize mouse sur-
vival over time following FNDC5 depletion in heart and statistical
comparisons performed (7F). A standard linear regression was generated
to assess the correlation between FNDC5 expression in heart and patient
age (8E).

2.20. Study approval

We have performed the mouse experiments at the Aryakul College of
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Pharmacy & Research, Lucknow and AIIMS Bhopal. Animals were ob-
tained post clearances from the Animal Ethics Committee (1896/PO/
Re/S/16/CPCSEA/2022/3 - Aryakul College of Pharmacy & Research
and AIIMS/BPL/IAEC/2024/051 - AIIMS Bhopal were handled
following International Animal Ethics Committee Guidelines and in
agreement with the Guide for the Use and Care of Laboratory Animals
(NIH). We have used post-mortem human tissue samples and collected it
from the Department of Forensic Medicine, Sagore Dutta Medical Col-
lege &Hospital, Kolkata, West Bengal post obtaining the ethical clear-
ance from CBMR Ethics Committee (IEC/CBMR/Corr/2018/14/2).
Detailed patient information for samples utilized in this work has been
provided in the supplementary.

3. Results

FNDCS5 is downregulated in cancer patients exposed to anthracyclines
and associated with activation of the ATR/Chkl DNA damage signaling
cascade — FNDC5 expression is high in cardiac muscle and an in silico
analysis of signaling cascades predicted to be impacted by FNDC5
include those critical for heart function (e.g., adrenergic signaling,
cardiac muscle contraction, GAP junction formation, and calcium
signaling) and/or implicated in cardiovascular disease (e.g., dilated
cardiomyopathy and hypertrophic cardiomyopathy) (Table S8). Though
circulating irisin levels have been measured in individuals with heart
failure [22-24], cardiac expression of the irisin precursor FNDC5 has not
be assayed in cancer patients with chemotherapy-induced cardiomy-
opathy. We obtained post-mortem heart tissue samples from individuals
with a history of chemotherapy who died of heart failure (chemo-
therapy) or controls with no history of adverse cardiac events and
confirmed elevations in cardiac fibrosis (Fig. 1A) and markers of hy-
pertrophy and heart failure such as p myosin heavy chain (8-MHC) and
atrial natriuretic peptide (ANP) in hearts from the chemotherapy
exposed group (Fig. 1C). Significant depletion in FNDC5 expression as
measured via either immunohistochemistry (Fig. 1B) or immunoblot
(Fig. 1C) was also evident in the chemotherapy-exposed myocardium.
We also noted robust induction of the ATR/Chkl DNA damage cascade
including the DNA damage marker yH2AX, ATR, Chk1l phosphorylation
on the ATR target site (S345), and Chk1-target p73 (Fig. 1B and C) as
well as the pro-apoptotic Bcl-2 family member Bax, a major mediator of
mitochondrial-dependent apoptosis.

FNDCS5 overexpression in heart prevents doxorubicin-induced activation
of the ATR/Chk1 pathway — To investigate a possible causative role for
FNDC5 depletion in induction of ATR/Chkl in the chemotherapy
exposed myocardium, we first tested if doxorubicin treatment led to
FNDC5 down-regulation in murine heart, confirming a significant
reduction in FNDC5 immunoreactivity following treatment with doxo-
rubicin (Fig. 2A), 5-flurouracil (Fig. S1A), or cisplatin (Fig. S1B). To
manipulate FNDC5 expression in heart we utilized intracardiac injection
of adenoviral vectors encoding FNDC5 shRNA (FNDC5 KD) or a
construct encoding full-length FNDC5 (FNDC5 OE). Importantly,
decreasing or increasing FNDC5 expression had a corresponding impact
on circulating levels of irisin peptide (Fig. 2B) validating our approach.
Supraphysiological FNDC5 expression also mitigated doxorubicin-
induced activation of the ATR/Chk1 signaling cascade and decreased
expression of ANP, but not p-MHC in heart tissue (Fig. 2C). Notably,
cardiac FNDC5 overexpression alone was sufficient to decrease cardiac
ATR expression, Chk1 phosphorylation and p73 levels (Fig. 2C).

Tuning FNDCS5 expression modulates cardiomyocyte sensitivity to
doxorubicin-dependent cytotoxicity — Next, we overexpressed or knocked
down FNDC5 expression in cultured human (AC-16 cells) or primary
murine ventricular cardiomyocytes (VCM). It is important to note that,
whereas overexpression of FNDC5 did decrease Chk1 phosphorylation in
AC-16 cells, VCM, or ventricular cardiac fibroblasts it also led to in-
duction of ANP, Troponin T, and §-MHC after 48 h (Fig. S2), all of which
are markers of heart failure and indicators of cardiomyocyte dysfunc-
tion. Thus, cardiomyocyte viability likely requires maintenance of
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Fig. 1. — FNDCS is depleted in the hearts of human cancer patients following chemotherapy exposure. (A) Representative Masson Trichrome staining and quan-
tification in control (n = 10) and patients with a history of chemotherapy (n = 10) [scale bar = 100 pm]. (B) Representative immunostaining and quantification of
cardiac FNDC5, ATR, and p73 in control (n = 10) and patients with a history of chemotherapy (n = 10) [scale bar = 100 pm]. (C) Representative immunoblots and
quantification of cardiac FNDC5, yH2Ax, ATR, pChk1, p73, Bax, p-MHC, and ANP expression in controls and patients with a history of (n = 12/group). A detailed
information regarding history of chemotherapy patients and controls is provided in Table S1 B-Actin serves as a loading control for immunoblots. The data were
analyzed by student’s t-test or two-way ANOVA with Sidak’s post-hoc test. ****P < 0.0001. The data are presented as mean + SEM.

FNDCS5 levels within a prescribed range. To prevent significant FNDC5-
dependent cellular stress, we confined experiments investigating the
impact of FNDC5 on doxorubicin-dependent myocyte damage to earlier
time points. After 16 h, FNDC5 overexpression in AC-16 cells resulted in
a small, but significant decrease in doxorubicin-dependent Chk1 phos-
phorylation, expression of p73 and Bax and induction of ANP and
B-MHC (Fig. S3A). Importantly, preventing FNDC5 depletion resulted in
a 50 % reduction in death of AC-16 cells following doxorubicin treat-
ment (Fig. S3B). Conversely, FNDC5 knockdown (KD) was sufficient to
increase expression of phospho-Chkl, p73, Bax, f-MHC, and ANP
(Fig. S3C) and increase oxidative stress (Fig. S3D) and apoptosis
(Fig. S3E) in AC-16 cells. In addition, FNDC5 depletion sensitized cells to
doxorubicin treatment as evidenced by increased pChk1, p73, Bax, and
ANP levels as well as ROS and apoptosis in doxorubicin treated FNDC5
KD cells as compared to control cells with intact FNDC5 expression
(Figs. S3C-E).

The ability of FDNC5 to prevent ATR/Chk1 activation and cell death
requires irisin — To test if the ability of FNDC5 to ameliorate the car-
diotoxic actions of doxorubicin involved irisin signaling, we treated
FNDC5 knockdown AC-16 cells with recombinant irisin and confirmed
that induction of phospho-Chk1, p73, Bax, f-MHC, and ANP (Fig. 3A) as
well as the increase in apoptosis (Fig. 3B) resulting from FNDC5
depletion were reduced following irisin supplementation. Next, we
exposed AC-16 cells to doxorubicin following expression of FNDC5 or a
vector control and in the presence or absence of the irisin integrin aV§5
receptor inhibitor cilengitide [48]. These experiments confirmed that
FNDC5 overexpression prevented doxorubicin-dependent up-regulation
of phospho-Chk1, p73, Bax, p-MHC, and ANP (Fig. 3C) and apoptosis
(Fig. 3D), but the impact of FNDC5 overexpression was lost in the
presence of cilengitide. Together, these data suggest that the ability of

FNDC5 to modulate Chk1 activity requires irisin release and signaling
via its cell surface receptor. Deletion of the irisin-encoding segment of
FNDC5 also partially blocked the ability of FNDC5 to prevent
doxorubicin-dependent release of pro-inflammatory cytokines tumor
necrosis factor o (TNFa) and interleukin 6 (IL-6) (Fig. S4). Together,
these data demonstrate that the ability of FNDC5 to protect car-
diomyocytes from doxorubicin-dependent damage requires release and
autocrine signaling of irisin.

FNDCS5 blocks ATR/Chk1 activation via a ROS-independent mechanism
— Given prior evidence linking FNDC5 to suppression of doxorubicin-
dependent oxidative stress [29], we hypothesized that the ability of
FNDCS5 to prevent ATR/Chk1 activation may also involve antioxidant
action in cardiomyocytes. Indeed, we found that bidirectional modula-
tion of FNDC5 expression in AC-16 cells resulted in corresponding
changes in levels of antioxidants GPX and SOD (Fig. 4A). In addition,
whereas FNDC5 depletion sensitized cells to doxorubicin-dependent
induction of GPX and SOD (Fig. 4B), FNDC5 overexpression also
partially suppressed oxidative stress following doxorubicin exposure
(Fig. 4C). Irisin supplementation was sufficient to mitigate GPX and SOD
activation and ROS generation following FNDCS5 depletion (Fig. 4D) and
inhibition of irisin signaling with cilengitide prevented the beneficial
impact of FNDC5 overexpression on GPX, SOD, and ROS in
doxorubicin-treated cardiomyocytes (Fig. 4E). Thus, the antioxidant
effects of FNDC5 require irisin release and signaling.

Chk1 phosphorylation is activated by mitochondrial-derived oxidant
generation, and, in turn, impacts translation of the mitochondrial
genome [49]. In seeking to identify a potential mechanism linking
FNDCS5 signaling to ROS generation in myocytes, we hypothesized that
FNDC5 might influence mitochondrial function, a key source of intra-
cellular H30, production that drives Chkl phosphorylation [49].
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Indeed, viral FNDC5 overexpression in AC-16 cells was sufficient to in-
crease expression in both mitochondrial (e.g., complex 1 protein NADH
dehydrogenase subunit 1, ND1) or nuclear (e.g., complex II protein cy-
tochrome b-c1 complex subunit 2, UQCRC2) encoded mitochondrial
electron transport chain proteins (Fig. 4F). Moreover, whereas doxoru-
bicin altered mitochondrial Ca?* flux (Fig. 4G) and triggered loss of
mitochondrial membrane potential (Ayy) (Fig. 4H), initial steps in the
intrinsic apoptotic signaling cascade, the impact of doxorubicin on
mitochondrial function was mitigated following FNDC5 overexpression
(Fig. 4G and H). Together these data demonstrate that FNDC5 plays a
role in ensuring mitochondrial integrity and limiting oxidative stress.
As the ATR-Chk1 cascade can be activated in response to oxidative
stress, effects that require Chk1 phosphorylation on $296 [50], we hy-
pothesized that the ability of FNDC5 to influence Chkl would be
ROS-dependent. However, whereas the ROS scavenger N-acetyl cysteine
(NAC) decreased doxorubicin-driven Chk1 phosphorylation at S296 16
h following drug addition, FNDC5 overexpression had no impact
(Fig. 5A). Indeed, the ability of FNDCS5 depletion to trigger up-regulation
of pChk1 (S345), p73, and B-MHC was not affected by NAC, though we
did note a decrease in Bax induction (Fig. 5B), ANP generation (Fig. 5B),
and cell death (Fig. 5C) in FNDC5 knockdown cells following NAC
pre-treatment. These data allude to the possibility that FNDC5 impacts
two parallel pathways in myocytes: ROS/Bax/apoptosis and the
ATR/Chk1/p73 pathway. In addition, whereas release of compensatory
hypertrophic factors such as ANP appear dependent on oxidative stress,
the maladaptive switch from production of a-to f-MHC, which impairs
cardiomyocyte contractility [51,52], is ROS-independent. In further
support of parallel mechanisms driving doxorubicin-driven cardiotox-
icity, either NAC (Fig. S5B) or an inhibitor of Chk1 (LY2606368, Chk1i)
(Fig. S5D) decrease doxorubicin-dependent myocyte apoptosis.

However, the effect of NAC on Bax expression was greater as compared
to the Chk1/p73 axis (Fig. S5A). Conversely, Chk1li did not impact Bax
expression in doxorubicin treated cells (Fig. S5C) but did decrease
doxorubicin-driven ROS generation (Fig. S5E).

FNDCS5 binds to Chk1 — We next considered an alternate hypothesis
involving a direct interaction between the uncleaved FDNC5 molecule
and Chkl. First, we performed molecular docking experiments with
human Chkl (Metl-Lys261; Met377-Thr476) and FNDC5 (Met76-
1le179) (Figs. S6A and S6B). The Chk1-FNDC5 complex with the highest
binding affinity is depicted in Fig. 6A. Residues exhibiting the most
significant change in solvent accessible surface area (SASA) upon
binding of FNDC5 and Chk1 are summarized in Table S6 and depicted
for Chkl (Y227, D235, M433, L456, 1471) and FNDC5 (W93, W165,
F172, Y176, 1178) in red (Fig. 6A). Molecular dynamics (MD) simula-
tions were performed to evaluate the stability of the Chk1-FNDC5
complex [53] (Figs. S6C-G) and confirmed that the secondary struc-
ture (Fig. S6D) and binding energy (Fig. S6E) of both proteins remained
consistent throughout the simulation. Indeed, FNDC5 and Chk1 form a
co-precipitable complex in AC-16 cells that could be disrupted via
elimination of the irisin-encoding domain of FNDC5 (Fig. 6B), which
includes W93, a residue identified in our molecular modeling experi-
ments. Finally, whereas altering FNDC5 expression in cardiomyocytes
failed to impact the subcellular localization of Chk1, FNDC5 depletion or
overexpression led to increased or decreased levels of phosphorylated
Chk1 specifically in the nucleus (Fig. 6C). These data demonstrate that,
though FNDC5 and Chk1 form a complex in cells, the primary function
of FNDCS5 in in modulation phosphorylation and nuclear translocation.

FNDCS5 depletion damages the heart via a Chk1-dependent mechanism —
To test if FNDC5-dependent Chk1l regulation is cardioprotective, we
evaluated the impact of Chk1 inhibition following FNDC5 depletion in
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one- or two-way ANOVA with Sidak’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001,

vitro and in vivo. In AC-16 cells, treatment with a Chk1 inhibitor did
decrease phospho-Chk1, p73, f-MHC, and ANP (Fig. S7A), but failed to
impact Bax expression (Fig. S7A) and had only a small impact on cell
death (Fig. S7B). Similar, though not identical results were obtained in
vivo following introduction of FNDC5 shRNA into the hearts of young
adult mice (2 months). Chkli decreased phospho-Chk1, p73, -MHC,
and ANP as well as Bax expression resulting from FNDC5 depletion in
the murine myocardium (Fig. 7A and B). Chk1 inhibition also amelio-
rated the deleterious impact of FNDC5 knockdown on cardiac fibrosis
(Fig. 7C) and ventricular function (Fig. 7D). The impacts of Chk1 inhi-
bition on cardiac oxidative stress induced by FNDC5 depletion were
more modest with Chk1i treatment decreasing GPX and SOD activity but
not CMH,-DCFDA fluorescence (Fig. 7E). Importantly, cardiac FNDC5
knockdown also compromised the long-term survival of mice (Fig. 7F).
Together, these data point to a role for FNDC5 in the prevention of
cardiac damage via its ability to inhibit Chk1.

FNDC5 overexpression fails to prevent doxorubicin-dependent car-
diotoxicity in aged mice As FNDC5 knockdown compromised murine
longevity, we next tested the impact of FNDC5 overexpression on
doxorubicin-induced cardiomyopathy in aged (24 months old) mice. We

*P < 0.0001. ns = not significant. Data are presented as mean + SEM.

were surprised to observe that, unlike results obtained in younger ani-
mals, FNDC5 overexpression failed to suppress yH2AX, p73, ANP, or
B-MHC up-regulation following exposure of aged mice to doxorubicin,
though FNDC5 overexpression did decrease Chkl phosphorylation
(Fig. 8A). These results may be due to age dependent FNDC5 depletion
in the heart (Fig. 8B), a phenomenon we also observed in higher passage,
senescent cultured myocytes following serum starvation and low dose
doxorubicin exposure (Fig. 8C). Indeed, whereas knockdown of FNDC5
in heart had no impact on total expression of ATR or Chkl in young
mice, FNDC5 depletion triggered robust yH2AX, ATR, and Chkl in-
duction in aged mice (Fig. 8D) indicating a remarkable sensitivity of
aged mice to genomic instability resulting from loss of FNDC5. In sup-
port of a possible role for FNDC5 depletion in cardiac aging in humans
we noted that, in both chemotherapy exposed patients and unexposed
control subjects, FNDC5 expression significantly declines as a function
of age (Fig. 8E). The outline of the story is presented as the schematic in
Fig. 9.
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0.001, ****P < 0.0001. ns = not significant. Data are presented as mean + SEM.

4. Discussion

Dose limiting cardiotoxicity remains a critical barrier to the clinical
implementation of chemotherapeutic regimens containing doxorubicin.
One pharmacological strategy employed to limit doxorubicin car-
diotoxicity is the topoisomerase inhibitor dexrazoxane. However,
whereas cardiac-specific topoisomerase-IIf (TOP2B) deletion is car-
dioprotective following doxorubicin exposure in preclinical models [4]
and dexrazoxane is approved for clinical use in the pediatric population
[54,55], there is evidence that the drug induces genomic instability [56]
that may be detrimental in cancer patients. Thus, alternative targets are
sought that would allow for cardioprotection without impairing the
therapeutic efficacy of chemotherapeutic agents or inducing more se-
vere adverse events. Here, we identify FNDC5, downregulated in
response to doxorubicin in humans or mice exposed to chemotherapy
and in the aged murine myocardium, as a novel cardioprotective factor
that prevents doxorubicin-dependent cardiac damage via two parallel
mechanisms: suppression of the ATR/Chkl DNA damage signaling
cascade and alleviation of oxidative stress and mitochondria-dependent
cell death. FNDC5 knockdown in heart was sufficient to trigger Chk1l
phosphorylation on the ATR-targeted site S345 and increase expression
of pro-apoptotic Bax. Conversely, FNDC5 overexpression in heart miti-
gated doxorubicin-dependent ATR induction, Chkl phosphorylation,
and p73 up-regulation. Intriguingly, FNDC5 forms a co-precipitable
complex with Chkl in cardiomyocytes, evidence alluding to direct
modulation of Chkl activity by either FNDC5 or irisin. Regardless,
maintenance of FNDC5 expression and irisin production may represent a
viable means to improve cardiac function in patients at high risk for

chemotherapy-dependent cardiomyopathy.

The unique susceptibility of cardiomyocytes to doxorubicin-
dependent cytotoxicity remains an area of ongoing speculation, but
one hypothesis posits that their high metabolic demand and mitochon-
drial volume of sensitizes cardiomyocytes to oxidant damage [11].
Indeed, elimination of ROS-generating enzymes such as NADPH oxi-
dases (NOXs) [10] improves whereas depletion of antioxidants such as
SOD worsens doxorubicin-dependent heart damage [57]. Prior reports
have demonstrated that irisin suppresses ROS production in vascular
endothelial cells and neurons by targeting NOXs, inducible nitric oxide
synthase (iNOS), and/or inflammatory signaling cascades [58-60].
Similarly, in cardiomyocytes, irisin treatment or FNDC5 overexpression
reduces doxorubicin-dependent oxidative stress and apoptosis by
improving mitochondrial dynamics, effects shown to require the tran-
scription factor nuclear factor erythroid 2 p45-related factor 2 (Nrf2), a
key regulator of cellular redox balance, or the kinase AKT [28,29]. Our
data largely agree with these prior reports confirming that FNDC5
overexpression decreases oxidative stress triggered by doxorubicin
whereas cardiac FNDC5 knockdown alone was sufficient to increase ROS
and sensitize cardiomyocytes to doxorubicin-induced oxidative damage.
Intriguingly, however, whereas antioxidant treatment did partially
prevent Chkl phosphorylation at S345 in doxorubicin exposed car-
diomyocytes, it fails to decrease Chkl activation following FNDC5
depletion.  Similarly, = Chkl inhibition partially mitigates
doxorubicin-dependent ROS generation, but has no effect on Bax
up-regulation, an initiator of the mitochondrial apoptosis pathway.
Thus, the pathway we have uncovered linking FNDC5/irisin to
ATR/Chk1 signaling is distinct from the previously identified function of
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FNDC5/irisin in control of mitochondrial function and oxidative stress,
which, nonetheless, represents a critical contributor to the car-
dioprotective impacts of FNDC5/irisin in the doxorubicin-exposed
heart. Similarly, the ability of FNDC5 to modulate mitochondrial

function is unlikely to involve control of mitochondrial translation as
this specifically requires phosphorylation of Chkl at S296 [49], a site
not impacted by FNDCS5.

FNDCS is a transmembrane protein with most of the protein in the
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extracellular space including the fibronectin III domain containing the
irisin sequence [61]. Chk1, conversely, shuttles between the cytoplasm
and nucleus [62]. Thus, it is somewhat puzzling that these two proteins
form a co-precipitable complex in cardiac myocytes. Whereas it is
possible the Chk1-FNDC5 interaction is an artifact generated following
disruption of cellular membranes, our in silico molecular modeling does
predict stable complex formation between the two proteins. Thus,
functional FNDC5 may, as is the case for other integrin family members
such as fibronectin, direct intracellular signaling when internalized into
an endocytic compartment [63]. Whereas modulation of FNDC5
expression fails to impact levels of Chkl in the cystosol vs nucleus,
FNDC5 does potently block nuclear accumulation of active, phosphor-
ylated Chkl (S345). These data rule out a function for FNDC5 in
sequestration of Chk1 in the cytosol and indicated, instead, actions that
require recruitment of an intermediary. As deletion of the fibronectin
type III domain, which contains the irisin sequence, impairs
FNDC5-Chk1 co-precipitation, it is also possible that irisin is produced
intracellularly and capable of directing cell signaling independent of
membrane receptors. However, our observations that cilengitide, an
inhibitor of the irisin integrin receptor [48], prevents FNDC5 from
suppressing Chk1 phosphorylation and irisin supplementation counter-
acts Chk1 activation following FNDC5 knockdown suggest that extra-
cellular secretion of irisin contributes to FNDC5-dependent Chkl
regulation, at least in cultured cardiomyocytes.

Prior studies investigating the cardioprotective impacts of FNDC5/
irisin were conducted utilizing a single large bolus dose of Dox (15 mg/
kg, 8 days) or a shorter, low dose chronic treatment (4 mg/kg weekly for
4 weeks) [29] compared to our protocol (9 mg/kg, every other week for
10 weeks) [28] designed to better mimic chemotherapy treatment in
human cancer patients. Thus, there may be multiple temporal phases
wherein maintenance of FNDC5 expression may counteract the car-
diotoxic impact of doxorubicin. Initially, the ability of FNDC5/irisin to
suppress oxidative stress [28,29] is likely essential to preventing myo-
cyte loss. However, given cardiac Chkl has been linked to cardiac
renewal and repair [64,65], targeting this pathway may aid in
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restoration of myocyte functional integrity. Chk1 might also represent a
key target of FNDC5 during cardiogenesis, wherein FNDC5 has been
previously linked to myocyte maturation and attenuation of cardiac
senescence [30-33]. It is also important to note that, whereas FNDC5
depletion is clearly deleterious to cardiac function, we also found that
FNDCS5 overexpression in AC-16 cells, VCM or VCF led to up-regulation
of heart failure markers ANP, Troponin T, and f-MHC indicating that
excess FNDC5 expression may also be cardiotoxic. Indeed, another
group also found that the enhancement in mitochondrial respiration in
cardiomyocytes exposed to high levels of irisin increased oxidative stress
and myocytes apoptosis [66], a result supported by our observation that
FNDC5 overexpression in heart leads to induction of several key com-
ponents of the mitochondrial electron transport chain. Similarly, treat-
ment with Chk1 inhibitors or Chkl genetic knockout results in cardiac
atrophy and functional impairment due to loss of Chkl-dependent
regulation of mitochondrial redox homeostasis [67]. As inhibition of
Chk1 fails to prevent ROS generation following FNDC5 knockdown, we
suspect that FNDC5/irisin may only regulate non-mitochondrial Chk1 or
play a role in localizing Chk1 away from the mitochondria. Regardless,
the therapeutic benefit of FNDC5 overexpression or irisin treatment in
mice exposed to doxorubicin is likely derived, therefore, from counter-
balancing doxorubicin driven FNDC5 depletion as opposed to the
introduction of supraphysiological irisin levels.

We are not the first to observe that FNDC5 expression decreases with
age in mice. However, whereas FNDC5 overexpression in heart pre-
vented age-related impairments in cardiac function [33], we noted that
the ability of FNDC5 to suppress doxorubicin-dependent yH2AX, p73,
and ANP expression was lost in aged mice. In addition, the deleterious
impact of FNDC5 knockdown on ATR/Chk1 expression was dramatically
enhanced in older mice consistent with the already depleted FNDC5
stores. Intriguingly, whereas FNDC5 decreased Chk1 phosphorylation in
young control mice, the opposite trend was observed in aged mice. In
humans, there is a significant reduction in plasma irisin but not FNDC5
mRNA in skeletal muscle in older adults consistent with impaired pro-
cessing of FNDC5 [68]. Paradoxically, however, expression of the
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metalloproteinase ADAM10, shown to cleave FNDC5 to form irisin in
heart [20], is increased in cardiac tissue from aged mice [69]. In our
human heart samples, we did note age-dependent decreased in FNDC5
expression in both control and chemotherapy-exposed individuals sup-
porting this assertion that decreased FNDC5 expression, possibly due to
post-transcriptional regulation, may be the primary driving force for loss
of local irisin production in the aged heart.

Irrespective of the exact cause, FNDC5 depletion with age may have
severe consequences in the elderly particularly for cancer patients un-
dergoing chemotherapy. Prior studies have demonstrated that, with age,
antioxidant defense mechanisms and DNA repair processes become
impaired [70-72] leading to accumulation of oxidative DNA damage
[73,74], mitochondrial dysfunction, oxidative stress, and inflammation
[75,76]. In addition, age is associated with exacerbation of
chemotherapeutic-driven DNA damage [77] and myocyte death [78].
Thus, we hypothesize that FNDC5 functions to counterbalance
age-dependent myocyte dysfunction and FNDC5 depletion may, in fact,
contribute to the decline in resiliency to cytotoxic stress in the
myocardium that occurs with age. However, as FNDC5 OE fails to
improve heart failure indicators in aged mice exposed to doxorubicin,
signaling downstream of FNDC5 clearly cannot fully counteract the
deleterious impact of age in the presence of a potent myocyte poison.
The enhanced ATR induction and yYH2AX phosphorylation we observed
in the absence of FNDCS5 in older mice, then, likely reflects the myocytes’
attempt to jump start DNA repair in the face of insurmountable DNA
damage. Ultimately, this proves a futile endeavor given repair processes
are impaired and inevitably leads to cell death.

Amongst the cell types present in heart, FNDC5 expression is highest
in cardiomyocytes with some detectable expression in fibroblasts but
negligible expression in endothelial cells or immune cell types [79]. As a
caveat to our in vivo experiments, we should note that our viral delivery
strategy does not confine FNDC5 overexpression to only myocytes and
could result in aberrant ectopic FNDC5 expression in cell types that do
not normally produce FNDC5 and/or release irisin. The addition of
paracrine signaling between cardiomyocytes and neighboring cell types
may explain, for example, why the impact of FNDC5 overexpression in
vivo in heart on doxorubicin-dependent ATR/Chk1/p73 expression is
more robust compared to the effects observed in cultured myocytes.
Mimicking age- or doxorubicin-dependent FNDC5 depletion via intro-
duction of FNDC5 shRNA into the heart may, however, more reliably
identify functions of endogenous FNDC5. Indeed, FNDC5 knockdown in
either myocytes or the murine myocardium led to oxidative stress, Chk1
phosphorylation, and induction of both p73 and Bax underscoring the
likely contribution of myocyte intrinsic FNDC5 action and/or autocrine
irisin signaling to doxorubicin-dependent cardiotoxicity. It is important
to note that FNDC5 overexpression also decreased Chkl phosphoryla-
tion in VCF. Though this could be due to direct binding between FNDC5
and Chk1 intracellularly, it may also reflect signaling via irisin and
suggest that VCF express receptors for irisin and could be irisin
responsive in vivo. The generation of cell type specific FNDC5 knockouts
will be required to tease apart the autocrine, paracrine, and endocrine
contributions of irisin signaling vs intracellular FNDCS5 activity in heart.

Irisin has been proposed as a potential therapy for a host of human
diseases including cardiovascular [80,81], neurological [82,83], and
metabolic disorders [84] and cancer [85]. Our results suggest that
obtaining a means to counterbalance FNDC5 depletion in the hearts of
patients exposed to anthracyclines such as doxorubicin during cancer
treatment might significantly mitigate the detrimental impact of doxo-
rubicin on heart function. However, based on our data, there are two
caveats to this assertion. First, irisin activity must be carefully tuned so
as not to reach supraphysiological levels at which stage irisin signaling
may place mitochondrial respiration into overdrive resulting in
enhanced oxidative stress and cell death. Second, the beneficial impact
of irisin on cardiac health is likely to decline as a function of age, a
phenomenon that may limit the clinical utility of FNDC5/irisin-targeted
therapies as a cardioprotective strategy in cancer patients, the majority
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of whom are over the age of 60.
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