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ABSTRACT

Meteorin-like (METRNL) protein is a newly identified myokine that functions to modulate energy expenditure
and inflammation in adipose tissue. Herein, we aim to investigate the potential role and molecular basis of
METRNL in doxorubicin (DOX)-induced cardiotoxicity. METRNL was found to be abundantly expressed in car-
diac muscle under physiological conditions that was decreased upon DOX exposure. Cardiac-specific over-
expression of METRNL by adeno-associated virus serotype 9 markedly improved oxidative stress, apoptosis,
cardiac dysfunction and survival status in DOX-treated mice. Conversely, knocking down endogenous METRNL
by an intramyocardial injection of adenovirus exacerbated DOX-induced cardiotoxicity and death. Meanwhile,
METRNL overexpression attenuated, while METRNL silence promoted oxidative damage and apoptosis in DOX-
treated H9C2 cells. Systemic METRNL depletion by a neutralizing antibody aggravated DOX-related cardiac
injury and dysfunction in vivo, which were notably alleviated by METRNL overexpression within the car-
diomyocytes. Besides, we detected robust METRNL secretion from isolated rodent hearts and cardiomyocytes,
but to a less extent in those with DOX treatment. And the beneficial effects of METRNL in H9C2 cells disappeared
after the incubation with a METRNL neutralizing antibody. Mechanistically, METRNL activated SIRT1 via the
cAMP/PKA pathway, and its antioxidant and antiapoptotic capacities were blocked by SIRT1 deficiency. More
importantly, METRNL did not affect the tumor-killing action of DOX in 4T1 breast cancer cells and tumor-bearing
mice. Collectively, cardiac-derived METRNL activates SIRT1 via cAMP/PKA signaling axis in an autocrine
manner, which ultimately improves DOX-elicited oxidative stress, apoptosis and cardiac dysfunction. Targeting
METRNL may provide a novel therapeutic strategy for the prevention of DOX-associated cardiotoxicity.

1. Introduction

less active antioxidant network and negligible regenerative capability
[3]. Accordingly, previous studies by us and other laboratories deter-

Doxorubicin (DOX)-based chemotherapy remains the cornerstone in
cancer treatment; however, its clinical application and therapeutic value
are evidently impeded by the life-threatening cardiotoxicity that even-
tually provokes left ventricular dysfunction and congestive heart failure
[1]. Uncontrolled reactive oxygen species (ROS) generation is identified
as the leading cause of DOX-induced cellular injury and cardiac
dysfunction via inducing oxidative damage to the biomacromolecules
and activating the downstream proapoptotic pathways [2]. Besides, the
heart itself is especially vulnerable to free radicals damage due to the

mined that restraining oxidative stress and apoptosis were sufficient to
ameliorate DOX-related cardiac damage and dysfunction [4-9]. Dexra-
zoxane is currently the only FDA-approved cardioprotectant for patients
with anthracycline chemotherapy [10]. While given the incidence of
bone marrow suppression, hepatotoxicity, tumor-killing capacity
reduction and secondary malignancies occurrence, developing safe and
effective adjuvant therapies to attenuate DOX-induced cardiotoxicity
shows great significance.

Physical activity helps to maintain the mitochondrial function and
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redox homeostasis, and stimulates diverse cardioprotective adaptions to
cancer patients with anthracycline chemotherapy [11,12]. Jensen et al.
found that exercise preconditioning also decreased DOX accumulation
within the heart, thereby preventing cardiac damage and systo-
lic/diastolic impairment [13]. Moreover, exercise does not affect the
toxic effects of DOX to cancer cells [14]. Based on the convenience,
security and efficiency, aerobic exercise is recommended as a
non-pharmacological method to protect against DOX-induced car-
diotoxicity [15]. Nevertheless, the physical endurance is obviously
decreased in cancer patients due to cachexia, cardiopulmonary
dysfunction or other complications [16]. Therefore, understanding the
molecular basis and then artificially imitating the beneficial effects of
exercise may provide novel insights to mitigate cardiac injury for
DOX-treated cancer patients. Myokines are kinds of peptides or cyto-
kines produced by muscle fibres and mediate multiple health benefits of
physical activity [17]. They not only modulate systemic metabolism in
an endocrine manner, but function as cardioprotectants to prevent
pathological remodeling and ischemia-reperfusion injury [18]. Wang
et al. demonstrated that the myokine, fibroblast growth factor 21
(FGF21) inhibited oxidative stress and apoptosis, thereby protecting
against DOX-induced cardiac injury and dysfunction [19]. Our recent
findings also proved that other two myokines, fibronectin type III
domain-containing 5 (FNDC5) and osteocrin significantly reduced
oxidative damage and apoptosis in DOX-treated hearts or car-
diomyocytes [4,6]. Besides, Suzuki et al. previously reported that the
protective effects against DOX-induced cardiotoxicity of intracoronary
myoblasts infusion might be associated with the secretion of a certain
bioactive factors [20]. These compelling evidences identify myokines as
a promising target to overcome DOX-induced cardiotoxicity, especially
for those who cannot tolerate the normal exercise.

Meteorin-like (METRNL) protein is a newly identified myokine that
acts to regulate energy expenditure and inflammation in adipose tissue
[21-23]. Besides, METRNL is reported to be abundantly expressed in the
heart and plays critical roles during the pathogenesis of cardiovascular
diseases [21,22]. Liu and colleagues observed that serum METRNL
concentrations were decreased in patients with coronary artery disease
and also negatively correlated with the Gensini score [24]. A very recent
study revealed that METRNL suppressed endoplasmic reticulum stress
and apoptosis in H9C2 cells upon oxygen-glucose deprivation and
reperfusion stimulation [25]. Herein, we aimed to investigate the po-
tential role and molecular basis of METRNL in DOX-induced
cardiotoxicity.

2. Methods
2.1. Reagents and antibodies

DOX, H89, 2/,5'-dideoxyadenosine (2'5'-dd-Ado) and brefeldin A
(BFA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cell
counting kit-8 (CCK-8) was obtained from Dojindo Laboratories
(Kumamoto, Japan), while TdT-mediated dUTP nick end-labeling
(TUNEL) staining kit was purchased from Millipore (Billerica, MA,
USA). The assay kits for silent information regulator 1 (SIRT1) activity,
NAD/NADH level, protein kinase A (PKA) activity, cAMP level, catalase
(CAT) activity and 3-nitrotyrosine (3-NT) level were obtained from
Abcam (Cambridge, UK). Dihydroethidium (DHE), 2/,7’-dichlorodihy-
dro fluorescein diacetate (DCFH-DA) and caspase3 activity assay kits
were obtained from Beyotime Biotechnology (Shanghai, China).
Malondialdehyde (MDA) content, 4-hydroxynonenal (4-HNE) level and
total superoxide dismutase (SOD) activity detecting kits were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Neutralizing antibody against METRNL and recombinant METRNL
protein were obtained from R&D system (Minneapolis, USA). Antibodies
against SOD2, heme oxygenase-1 (HO-1), NF-E2-related factor 2 (Nrf2),
METRNL and SIRT1 were obtained from Abcam (Cambridge, UK). Anti-
B cell lymphoma 2 (BCL-2), anti-BCL-2-associated X protein (BAX) and
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anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were pur-
chased from Cell Signaling Technology (Danvers, MA, USA). Prolifer-
ating cell nuclear antigen (PCNA) antibody was obtained from Santa
Cruz Biotechnology (Dallas, TX, USA).

2.2. Animals and treatments

All animal experiments were approved by the Animal Care and Use
Committee of Renmin Hospital of Wuhan University and performed in
compliance with the Guidelines for Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996). Male C57BL/6 mice (8-10-week-old) were pur-
chased from the Institute of Laboratory Animal Science, Chinese Acad-
emy of Medical Science (Beijing, China), and kept in a specific pathogen
free barrier system with free access to the standard laboratory chow diet.
After acclimation for one week, the mice received a single intravenous
injection (1 x 10*! viral genome per mouse) of a cardiotrophic adeno-
associated virus serotype 9 (AAV9; Hanbio Biotechnology Co., Ltd.;
Shanghai, China) carrying Metrnl under control of a cTnT promoter to
specifically overexpress METRNL in hearts or a negative control AAV9
(Ctr) [4,6]. To knock down endogenous METRNL, the mice were
intramyocardially injected with adenoviral vectors (AdV; Hanbio
Biotechnology Co., Ltd.; Shanghai, China) containing the short hairpin
RNA against Metrnl (shMetrnl) or a scramble RNA (shRNA) [26]. Four
weeks post-AAV9 or three days after AdV treatment, mice were intra-
peritoneally injected with DOX (4 mg/kg/week) for consecutive 4 weeks
to imitate the cardiotoxicity upon chronic DOX exposure [5]. Mice were
then sacrificed for functional and molecular analysis one week after the
final DOX treatment, while the survival data were calculated weekly for
9 weeks from the first DOX injection. In neutralizing study, the mice
were intraperitoneally injected with a neutralizing antibody (NAb)
against METRNL (30 pg/day per mouse, once every two days for
consecutive 3 times) or isotype-controlled IgG after the final DOX in-
jection, which then maintained for one week before sacrifice [21]. In
another set of experiment, one week after NAb administration, the mice
were exposed to a single intravenous injection of AAV9 for additional 4
weeks to replenish cardiac METRNL.

To validate the role of SIRT1, cardiac-restrict Sirtl knockout (cKO)
mice were constructed as previously described [26]. Briefly, Sirt1 con-
ditional floxed mice (Provided by X Gao, Nanjing University) were bred
with mice carrying the a-Mhc-MerCreMer transgene (Jackson Labora-
tory) to generate double transgenic mice, while the a-Mhc-MerCreMer
transgenic littermates were selected as the control (Con). To delete
SIRT1 in cardiomyocytes, the double transgenic mice were intraperito-
neally injected with tamoxifen (25 mg/kg/day, dissolved in corn oil) for
consecutive 5 days.

2.3. Echocardiography and hemodynamics

Echocardiography was conducted using a MyLab 30CV ultrasound
system (Esaote SpA, Genoa, Italy) as previously described [27,28]. Mice
were anesthetized by 1.5% isoflurane and then the functional parame-
ters were recorded in a blinded manner. Hemodynamic parameters were
collected using a Millar 1.4F catheter transducer (SPR-839; Millar In-
struments, Houston, TX) [4,6].

2.4. Cell culture and isolation

H9C2 cell lines were cultured in DMEM medium with 10% fetal
bovine serum (FBS) and then serum deprived for 16 h to achieve syn-
chronization. To overexpress METRNL, cells were infected with the
adenovirus (DesignGene Biotechnology; Shanghai, China) carrying
Metrnl (AdMetrnl) or a control vector (AdCtrl) at a multiplicity of
infection of 80. Besides, HOC2 cells were transfected with the small
interfering RNA against Metrnl (siMetrnl, 50 nmol/L) using Lipo 6000™
for 4 h to knock down endogenous METRNL or a scramble RNA (siRNA)
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as the negative control [4,5]. Four hours after adenovirus or siRNA
treatment, cells were kept in normal medium for additional 24 h to allow
gene manipulation. Next, the cells were incubated with DOX (1 pmol/L)
for 24 h to imitate DOX injury in vitro [4-6]. To neutralize the extra-
cellular METRNL, NAb (1 pg/mL) or IgG was added at the same time
with DOX. In a separated study, cells were treated with BFA (2.5
pmol/L) in serum-free medium for 4 h to block protein secretion after
AdMetrnl infection [29]. To verify the involvement of SIRT1, cells were
preinfected with siSirtl1 (50 nmol/L) or siRNA for 4 h and kept for
additional 24 h before AdMetrnl and DOX treatment. Besides, 2'5'-ddAdo
(200 pmol/L) or H89 (10 pmol/) was used to inhibit cAMP/PKA
pathway along with DOX stimulation [30]. For exchange protein
directly activated by cAMP (EPAC) silence, cells were pretransfected
with siEpac (50 nmol/L) before AdMetrnl infection.

To clarify METRNL secretion from the murine hearts and adult car-
diomyocytes, the mouse heart was excised and perfused on a Langen-
dorff apparatus (55 mmHg, 37 °C). The outlet perfusate within 2 h was
collected with the first 30 min removed. Then the perfusate samples
were centrifuged at 3000 rpm for a total of 45 min (Repeated for 3 times
every 15 min). In addition, the adult mice cardiomyocytes (CMs) were
isolated by the Langendorff perfusion system as our previously described
and cultured in vitro for 4 h with the medium collected to detect
METRNL secretion [31]. Cardiac endothelial cells (ECs) were isolated
from adult mice using CD31 microbeads, while cardiac fibroblasts (CFs)
were isolated using feeder removal microbeads with magnetic cell sep-
aration technology as our previously described [26].

2.5. Western blot and quantitative real-time PCR

Total proteins were extracted using RIPA lysis and the nuclear pro-
teins were prepared by a commercial kit as our previously described [7,
27,32]. Then the isolated proteins were separated with sodium dodecyl
sulfate polyacrylamide gels and transferred onto polyvinylidene fluoride
membranes. Next, the membranes were blocked with 5% skim milk
(Room temperature, 1 h) and probed with the primary antibodies (4 °C,
overnight), followed by the incubation with secondary antibodies at
room temperature for additional 1 h. Protein bands were visualized by
the ECL reagent using a ChemiDoc™ XRS + system and analyzed using
an Image Lab software (Bio-Rad Laboratories, Inc.). Total RNA was
isolated by a TRIzol reagent and transcribed to cDNA by the Maxima
First Strand ¢cDNA Synthesis Kit (Roche; Basel, Switzerland). Quantifi-
cation was performed on the Roche LightCycler® 480 detection system
and normalized to Gapdh [7,30].

2.6. Intracellular ROS detection

Intracellular ROS production was detected by DHE staining in vivo
and DCFH-DA staining in vitro as our previously described [5,6]. Frozen
heart sections were stained with DHE (5 pmol/L), while HOC2 cells were
incubated with DCFH-DA (5 pmol/L) at 37 °C for 30 min in the dark. The
images were captured using a fluorescence microscope (Olympus;
Tokyo, Japan) in a blinded manner.

2.7. Immunofluorescence and TUNEL staining

Nrf2 localization in H9C2 cells was determined by immunofluores-
cence staining [26,28]. Briefly, cell coverslips were fixed with 4%
paraformaldehyde for 15 min and permeabilized in 1% Triton X-100 for
5 min at room temperature respectively. After blocking with 10% goat
serum, the cells were stained with anti-Nrf2 (1:100 dilution) at 4 °C
overnight, followed by the incubation with Alexa Fluor®568-conjugated
secondary antibodies at 37 °C for 1 h. Finally, the cell nuclei were
probed by DAPI and the fluorescence images were recorded by a fluo-
rescence microscope in a blinded manner. TUNEL staining in cardiac
sections and cell coverslips was performed using a commercial kit as our
previously described [4,6,7]. Cell apoptosis was calculated as the ratio
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of TUNEL-positive nuclei to DAPI-stained nuclei in six images per heart.
2.8. Biochemical analysis

Serum levels of cardiac injury markers (Lactate dehydrogenase, LDH;
cardiac isoform of tropnin T, cTnT; creatine kinase isoenzymes, CK-MB)
and hepatotoxic biomarkers (Alanine transaminase, ALT; aspartate
transaminase, AST) were measured with an ADVIA® 2400 automatic
biochemical analyzer (Siemens Ltd.; Tarrytown, NY, USA) [4-6]. The
levels of 3-NT (A marker for protein peroxidation), MDA, 4-HNE (Two
lipid peroxidation products), LDH releases, NAD+, cAMP and the ac-
tivities for total SOD, CAT, SIRT1, PKA and caspase3 in heart samples or
cells were detected by the commercial kits according to the manufac-
turer’s instructions. The concentrations of METRNL in cardiac homog-
enates, perfusate and medium were measured by enzyme-linked
immunosorbent assay (ELISA) methods. Cell viability was assessed using
the CCK-8 kit according to our previous studies [4-6].

2.9. Tumor studies in vitro and in vivo

DOX-sensitive 4T1 breast cancer cells were kindly provided by Dr. Q
Yang (Renmin hospital of Wuhan University) and cultured in RPMI 1640
medium supplemented with 15% FBS. To investigate the effect of
METRNL on the tumor-killing action of DOX, 4T1 cells were incubated
with recombinant METRNL protein (0, 50 and 500 ng/mL) in the pres-
ence of DOX (1 pmol/L) for indicating times [21]. In addition, we also
constructed tumor-bearing mice to evaluate the influence of METRNL on
DOX chemotherapeutic capacity in vivo [33]. Briefly, the female BALB/c
athymic nude mice (4-week-old) received injections of 1 x 10° 4T1 cells
at the right mammary fat pad and then were exposed to intraperitoneal
injections of recombinant METRNL protein (10 mg/kg/day for 3 weeks)
together with DOX (4 mg/kg/week for 4 times). One week after the final
DOX treatment, mice were sacrificed for the analysis of cardiac function
and tumor parameters, while the survival rate was calculated weekly for
7 weeks from the first DOX injection. Tumor diameters were recorded
twice a week and calculated using the following formula: tumor volume
= 1/2 x length x width x height. In another set of experiment, the
control tumor-bearing mice were infused with recombinant METRNL
protein (10 mg/kg/day for 3 weeks) or vehicle, and the serum concen-
trations of ALT and AST were analyzed one week after the final METRNL
injection to determine the hepatotoxic effects.

2.10. Statistical analysis

Data in this study were presented as mean =+ standard deviation (SD)
and analyzed by SPSS 22.0 software. The differences between two
groups were assessed by an unpaired Student’s t-test, while differences
among three or more groups were compared using the one-way analysis
of variance (ANOVA) analysis followed by Tukey post-hoc test. Survival
data were analyzed by the Kaplan-Meier method followed with a
Mantel-Cox log rank test. A P value less than 0.05 was considered sta-
tistically significant.

3. Results

3.1. METRNL is downregulated in hearts and cardiomyocytes upon DOX
stimulation

We first compared the METRNL abundance across different tissues
and detected a higher Metrnl mRNA expression in cardiac muscle than
that in skeletal muscle or adipose tissue, the two predominant origins of
METRNL in previous studies (Fig. 1A) [21,22]. However, cardiac Metrnl
mRNA was significantly decreased by DOX injection, accompanied with
a slight reduction in skeletal muscle (Fig. 1A). Western blot and ELISA
data further confirmed that DOX treatment suppressed METRNL
expression in murine hearts (Fig. 1B and C). Besides, Metrnl mRNA level
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Fig. 1. METRNL is downregulated in hearts and cardiomyocytes upon DOX stimulation. (A) Relative mRNA levels of METRNL in different mouse tissues under
DOX treatment (n = 6). (B-C) Cardiac METRNL expression detected by Western blot and ELISA (n = 6). (D) Relative Metrnl mRNA level in the adult mouse car-
diomyocytes isolated from the hearts with or without DOX treatment (n = 6). (E) Relative Metrnl mRNA level in H9C2 cells under DOX stimulation with different
times (n = 6). (F) METRNL protein alteration in H9C2 cells after DOX incubation for 24 h (n = 6). Values represent the mean + SD. *P < 0.05 versus the

matched group.

was also decreased in the adult cardiomyocytes isolated from
DOX-treated mice (Fig. 1D). Accordingly, DOX stimulation inhibited
METRNL expression in H9C2 cells, as evidenced by the reduced mRNA
and protein levels (Fig. 1E and F).

3.2. METRNL overexpression alleviates DOX-induced cardiotoxicity in
mice

To investigate the role of METRNL in DOX-induced cardiotoxicity,
mice with AAV9 injection were exposed to repeated DOX treatments to
mimic the clinical cardiotoxic effects (Fig. 2A). As shown in Figs. STA-B,
AAV9 injection caused a robust and persistent expression of METRNL in
the adult murine hearts and cardiomyocytes. DOX administration
induced severe cardiac injury in mice, as verified by the increased serum
levels of LDH, ¢TnT and CK-MB and cardiac Anp and Bnp mRNA levels,
which were all decreased in mice with METRNL overexpression (Fig. 2B
and Fig. S1C). Correspondingly, METRNL overexpression markedly
preserved fractional shortening (FS) and the peak rates of isovolumic
pressure development and pressure decay (+dP/dt) in left ventricles
upon DOX insult (Fig. 2C-E). Meanwhile, the decreased ratio of heart
weight to tibia length (HW/TL) was also prevented by METRNL
(Fig. 2F). More importantly, the survival rate was higher in mice with
METRNL overexpression after DOX treatment (Fig. 2G). However, no
change in food intake or water consumption was observed in mice by
METRNL overexpression (Fig. S1D).

3.3. METRNL overexpression inhibits oxidative stress and apoptosis in
DOX-treated hearts

Oxidative stress and apoptosis contribute to the development of
DOX-related cardiac injury [2]. As shown in Fig. 3A, DOX injection
notably increased cardiac ROS generation that was decreased by
METRNL replenishment. Excessive free radicals cause protein/lipid
peroxidation, and eventually provoke oxidative damage and cell
apoptosis [2,4]. Herein, we observed increased levels of biomarkers
related to protein (3-NT) and lipid (MDA and 4-HNE) peroxidation in
DOX-treated hearts, but to a less extent in those with METRNL over-
expression (Fig. 3B and C). Besides, the activities of SOD and CAT, the
two important antioxidant enzymes, were inhibited in DOX-stimulated
hearts, but increased after METRNL overexpression (Fig. 3D). Nrf2
acts as a critical transcription factor to maintain redox homeostasis [34].
We found that METRNL overexpression restored Nrf2 protein level and
nuclear accumulation in hearts with DOX treatment, and that the
downstream HO-1 and SOD2 protein levels were also preserved
(Fig. 3E-G). TUNEL staining labels DNA breakpoints with 3'-OH ter-
minals that is well-accepted to detect DNA damage and cell apoptosis
[35]. As shown in Fig. 4A and B, DOX increased DNA fragmentation and
cell apoptosis in the hearts, which were significantly inhibited by
METRNL overexpression. As expected, METRNL increased BCL-2 protein
abundance, and decreased BAX expression and caspase3 activity in
hearts with DOX stimulation (Fig. 4C-E).



C. Hu et al.

(A)

Redox Biology 37 (2020) 101747

(C)

DOX Echo, PV Survival 8000 H 4
AAV9 = Sacrifice analysis o
¥ \ 20 20 20N 2N | ¥ £ 6000
mr====1 T T T T T T T 1 = *
-4th week 0O 1 2 3 4 5 6 7 8 9 =
(Weeks) T 4000 -
o
AAV9 treatment schedule b
2000 -
NS DOX
(B) B ctr 1 metrni (D)
*
5 - * 4 - 63 - 3 — 8000 A #
) 5 S Q L
S 41 = &)
99 HQ 3 - S T
e == T 2 - # £ 6000 -
@ 31 0] > *
> # > 2 4 # Q E
QD 2 - o pos =
T [ = 1 4 T 4000 -
a1 - ey o o
- (&) S -?
0 - 0 - 0 - 2000 -
NS DOX NS DOX NS DOX NS DOX
(E) (F) (G)
DOX
100 \ 2B 2 2
50 - 7 - —_
3 A L — |
40 - # € 6 - Qo 751 — Ns+c #
X 2 * 2 50 { — Ns+Metmi
o 307 . =8 9 — DOX+Ctrl
L [ .S 25 4
20 ; 4 4 5 — DOX+Metrnl
I (n 0 L L L L L L L L J
10 3 01234586789
NS DOX NS DOX Weeks post-DOX injection

Fig. 2. METRNL overexpression alleviates DOX-induced cardiotoxicity in mice. (A) Schematic protocol for AAV9 and DOX treatment. (B) Serum levels of LDH,
¢TnT and CK-MB in mice with or without METRNL overexpression after DOX injection (n = 8). (C-E) Hemodynamic and echocardiographic parameters of cardiac
function (n = 8). (F) Statistical data of HW/TL (n = 8). (G) The survival curves up to 9 weeks after the first DOX injection in mice with or without METRNL
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3.4. METRNL deficiency exacerbates DOX-induced cardiac injury and
dysfunction in mice

Mice with AdV injection received DOX treatment to explore whether
METRNL deficiency aggravated DOX-induced cardiac injury and
dysfunction (Fig. S2A). As shown in Figs. S2B-C, AdV injection signifi-
cantly reduced endogenous METRNL expression in DOX-treated murine
hearts. Hemodynamic and echocardiographic data indicated that DOX-
elicited cardiac impairment was aggravated by METRNL knockdown
(Figs. S2D-E). Meanwhile, METRNL-deficient mice had further
decreased HW/TL and elevated serum levels of LDH, ¢TnT and CK-MB
upon DOX injection (Figs. S2F-G). Besides, METRNL silence also
increased the morality rate in DOX-treated mice (Fig. S2H). Further
findings revealed that METRNL knockdown promoted intramyocardial
ROS production and oxidative damage upon DOX stimulation
(Figs. S3A-C). Nrf2 protein abundance and nuclear accumulation as well
as the downstream HO-1, SOD2 expression were all decreased in
METRNL-deficient hearts (Figs. S3D-F). Accordingly, total SOD and CAT
activities in heart samples were inhibited by METRNL knockdown
(Fig. S3G). In addition, METRNL silence increased BAX expression and

caspase3 activity, while decreased BCL-2 level, thereby exacerbating
DNA damage and cell apoptosis in DOX-injured hearts (Fig. S3H-L).
However, METRNL expression pattern, either overexpression or
knockdown, did not affect oxidative stress, apoptosis and cardiac func-
tion under basal conditions.

3.5. METRNL modulates DOX-induced oxidative damage and apoptosis
in vitro

In line with the in vivo data, DOX-triggered decreases of Nrf2, HO-1,
SOD2, BCL-2 expression and increases of BAX expression, caspase3 ac-
tivity were prevented in AdMetrnl-infected H9C2 cells (Figs. S4A-D).
Further studies implied that METRNL overexpression suppressed Nrf2
nuclear export and the reduction of antioxidant enzymatic activities
upon DOX stimulation (Figs. S4E-F). DCFH-DA and TUNEL staining
identified a decreased intracellular ROS generation, DNA fragmentation
and cell apoptosis after METRNL overexpression (Fig. S4G). Accord-
ingly, the increased MDA and 3-NT production and decreased cell
viability were ameliorated in AdMetrnl-infected cells (Figs. S4H-I). The
efficiency of AdMetrnl was determined by PCR analysis (Fig. S4J). In
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Fig. 3. METRNL overexpression inhibits oxidative stress in DOX-treated hearts. (A) Representative images of DHE staining in heart samples (n = 6). (B-C) The
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contrast, METRNL silence aggravated oxidative damage and apoptosis in
H9C2 cells upon DOX incubation (Figs. SS5A-G).

3.6. Cardiac-derived METRNL prevents DOX-induced cardiotoxicity in an
autocrine manner

We next employed a commercial NAb against METRNL to block its
systemic action. As depicted in Figs. S6A-C, NAb injection exacerbated
DOX-induced oxidative stress, DNA damage and apoptosis. Cardiac
impairment in DOX-treated mice was further compromised by blocking
the endogenous METRNL (Fig. 5A). Many tissues can express and secrete
METRNL, we thus overexpressed METRNL in cardiomyocytes using
cardiotropic AAV9 vectors to verify the role of cardiac-derived METRNL
in DOX-induced cardiac injury and dysfunction (Fig. 5B and Fig. S1B).
Intriguingly, METRNL overexpression in cardiomyocytes is sufficient to
attenuate DOX-induced cardiac dysfunction, accompanied by the de-
creases of cardiac injury markers (Fig. 5C-D and Fig. S6D). Previous

studies proved that METRNL could be released into the extracellular
fluid by skeletal muscle cells and adipocytes [21,22]. In the above study,
we detected robust METRNL expression in cardiac muscle and car-
diomyocytes; however, it remains unclear whether METRNL is secreted
by the cardiomyocytes. Herein, we measured substantial METRNL re-
leases from the isolated murine hearts under Langendorff perfusion,
adult mouse cardiomyocytes and H9C2 cell lines (Figs. S6E-F and
Fig. 5E). To clarify whether METRNL release is a result of passive
leakage, we treated H9C2 cells with BFA and found that the robust
METRNL levels in the medium from AdMetrnl-infected H9C2 cells were
decreased by BFA incubation (Fig. 5F). Besides, METRNL secretion from
the cardiomyocytes was suppressed by DOX treatment (Fig. S5E and
Figs. S6E-F). We next used NAb to block the action of extracellular
METRNL and found the protective effects of METRNL overexpression
were abrogated in HOC2 cells with NADb cotreatment (Fig. 5G-H and
Fig. S6G).
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3.7. METRNL exerts the cardioprotective effects via activating SIRT1 in
vitro and in vivo

SIRT1 is identified as an important cardioprotective molecule and
plays vital roles in regulating oxidative stress and apoptosis [36,37].
Previous studies by us and other laboratories proved that SIRT1 acti-
vation remarkably alleviated DOX-induced cardiac injury and dysfunc-
tion [8,19]. As show in Figs. S7A-D, DOX significantly decreased SIRT1
protein abundance and activity in H9C2 cells that were restored by
METRNL overexpression, but further inhibited by METRNL knockdown.
To validate the necessity of SIRT1, H9C2 cells were preincubated with
siSirt] and the transfection efficiency was verified in Fig. S7E. The
inhibitory effects of METRNL on DOX-induced oxidative damage and
apoptosis were negated by SIRT1 silence (Figs. S7F-H). Consistent with
the in vitro data, the reduced SIRT1 expression and activity in
DOX-treated hearts were preserved by METRNL overexpression (Fig. 6A
and B). To further confirm the role of SIRT1 in vivo, cardiac-specific
Sirtl knockout mice were used (Fig. S7I). As depicted in Fig. 6C and
D, METRNL overexpression prevented DOX-induced oxidative stress and
apoptosis in control hearts, yet failed to do so in cKO mice. Corre-
spondingly, the improved cardiac injury and function by METRNL were
completely abolished in SIRT1-deficient hearts (Fig. 6E-G).

3.8. METRNL activates SIRT1 via cAMP/PKA signaling axis

In the above study, we determined increases of SIRT1 protein and
activity by METRNL. SIRT1 is a well-known NAD + dependent deace-
tylase and its activation not only involves an upregulation of protein
abundance but also relies on the increase of NAD + concentrations.
Interestingly, no alteration of NAD + levels in DOX-treated hearts or
H9C2 cells was observed after METRNL overexpression (Fig. S8A). The
above findings have proved that METRNL protected against DOX-
induced oxidative stress and apoptosis through an autocrine manner,
while the second messengers are required for the transmission of
extracellular signals to intracellular molecular network. The cAMP acts
as an important second messenger and is proved to activate SIRT1 via
NAD + independent manners [38,39]. We thus detected cAMP levels,

and found METRNL increased cAMP abundance in DOX-treated hearts
and HI9C2 cells, accompanied by an activation of PKA (Figs. S8B-C). In
addition to PKA, EPAC is the other well-designated downstream effector
of cAMP pathway [30]. As indicated in Fig. S8D, SIRT1 activation by
METRNL was blunted in HOC2 cells with 2'5’-dd-Ado or H89 treatment,
but not in siEpac-transfected cells. Accordingly, the antioxidant and
antiapoptotic effects of METRNL were blocked by cAMP/PKA inhibition,
yet preserved in cells with EPAC knockdown (Figs. SSE-H).

3.9. METRNL does not affect the tumor-killing capacity of DOX

To evaluate the therapeutic potential of METRNL in the context of
DOX therapy, 4T1 breast cancer cells were incubated with DOX and
recombinant METRNL protein. As shown in Fig. SOA, METRNL did not
affect the tumor-killing action of DOX. In addition, we also constructed
tumor-bearing mice to investigate whether METRNL interfered with the
chemotherapeutic capacity of DOX (Fig. S9B). DOX-treated BALB/c
nude mice with recombinant METRNL protein injections had increased
serum and cardiac METRNL levels (Fig. S9C). As expected, DOX treat-
ment delayed tumor growth in vehicle-treated mice, while no signifi-
cance in tumor volume or weight was observed between DOX + Vehicle
and DOX + METRNL groups (Figs. S9D-E). Nonetheless, the compro-
mised cardiac function and increased mortality rate after DOX injection
were prevented by METRNL infusion, and no hepatotoxic effect of
METRNL was observed during the treatment (Figs. SOF-I).

4. Discussion

DOX shows a high affinity to the heart and is especially retained in
the mitochondrial inner membrane due to the formation of a nearly-
irreversible complex with cardiolipin. The DOX-cardiolipin complexes
not only interfere with the normal electron transport chain to increase
free radicals production, but also provoke apoptotic programs given the
fact that cardiolipin is important to maintain mitochondrial membrane
potential and also serves as an anchor point for cytochrome c to prevent
its cytoplasmic leakage [40]. Besides, DOX-derived reactive semi-
quinone free radicals during the redox cycling process in turn accelerate
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Fig. 5. Cardiac-derived METRNL prevents DOX-induced cardiotoxicity in an autocrine manner. (A) Hemodynamic and echocardiographic parameters of
cardiac function in mice with or without NAb injection (n = 5). (B) Schematic protocol for NAb, DOX and AAV9 treatment. (C-D) Hemodynamic and echocar-
diographic parameters of cardiac function (n = 5). (E) Adult mouse CMs were isolated from the mice with or without DOX injection and then incubated in serum-free
medium for additional 4 h to detect METRNL secretion (n = 6). (F) HO9C2 cells were infected with the adenovirus and cultured in normal medium for 24 h to allow
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analysis by CCK-8 method (n = 8). (H) LDH release in H9C2 cells (n = 6). Values represent the mean + SD. *P < 0.05 versus the matched group.

superoxide anions generation [2]. The increased mitochondrial iron
accumulation by DOX treatment also amplifies ROS synthesis through a
Fenton-type reaction [41]. Excessive free radicals directly trigger
oxidative damage to the cardiomyocytes and motivate intracellular
proapoptotic pathways, thereby causing cardiac injury and dysfunction.
Nrf2 functions as a redox-sensitive transcription factor and is seques-
tered in the cytoplasm by Keap 1, which in turn translocates into the
nucleus to initiate the transcription of multiple antioxidant genes when
challenged with oxidative stress [34]. Consistently, cardiac Nrf2
expression and transcription activity were found to be decreased upon

DOX treatment, but prevented by FNDC5 overexpression, accompanied
with an amelioration of oxidative damage and cardiac dysfunction in
our previous study [4]. Herein, METRNL also increased cardiac Nrf2
protein abundance and nuclear accumulation, thereby activating the
downstream antioxidant enzymes and attenuating DOX-induced cardiac
impairment.

SIRT1 is a NAD + dependent histone deacetylase and plays indis-
pensable roles in multiple pathophysiological processes, ranging from
cell proliferation, differentiation, migration, aging to death [42]. Matsui
et al. found that SIRT1 overexpression notably increased Nrf2 expression
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and nuclear translocation, thereby amplifying the endogenous antioxi-
dant capacity [43]. Besides, SIRT1 also promoted FoxO activation and
then upregulated SOD2 transcription [36]. As expected, Wang et al.
reported that FGF21 enhanced Nrf2 transcription activity and reduced
cardiac ROS generation via SIRT1, while SIRT1 silence abolished this
antioxidant effect [19]. Additionally, SIRT1 activation causes p53
deacetylation and subsequently decreases cell apoptosis, in contrast,
inhibiting SIRT1 augments p53 activity and apoptosis. Results from
Zhang et al. revealed that SIRT1 activation by resveratrol reduced p53
acetylation and apoptosis in DOX-injured hearts [44]. Our previous
findings also determined the antiapoptotic and cardioprotective effects
of SIRT1 against DOX-induced cardiotoxicity [8]. We herein showed
that METRNL activated SIRT1 and then protected the heart from
DOX-induced oxidative stress and apoptosis. However, relatively little is
known about how METRNL activates SIRT1. Despite the increases of
SIRT1 protein abundance by METRNL, its activation also relies on
NAD+. Unexpectedly, we did not observe any changes of intracellular
NAD + levels after METRNL overexpression. METRNL is a secretory
myokine and its cardioprotective effects were blocked after neutralizing

the extracellular action. Second messengers are required for the trans-
mission of extracellular signals to intracellular molecular network and
cAMP acts as an important second messenger to activate SIRT1 in NAD
+ independent manners [38,39]. The cAMP not only directly interacts
with its receptor protein but also activates the downstream protein ki-
nases to control gene transcription [45]. We herein found that PKA
instead of EPAC was required for SIRT1 activation by METRNL.
Gerhart-Hines et al. found that PKA phosphorylated SIRT1 on the highly
conserved serine 434 residue to increase the intrinsic enzymatic activity
[38]. Besides, cAMP/PKA activation also promoted the dissociation of
SIRT1 from its endogenous inhibitor [39]. The cAMP responsive element
binding protein serves as a critical transcription factor in cAMP/PKA
signaling axis and is recruited to SIRT1 chromatin to directly promote
SIRT1 expression [46]. This might partially explain the observation of
an increased SIRT1 expression after METRNL overexpression. EPAC is
also an effector of cAMP pathway and our previous data found that
cAMP-dependent EPAC activation was sufficient to relief oxidative stress
and apoptosis in hearts upon hyperglycemic or septic stimulation [30,
47]. However, SIRT1 activation and the beneficial effects were
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preserved in METRNL-overexpressed cells with siEpac transfection.

Considering the translational value of the present findings, the
combined effects of METRNL and DOX on tumor growth were also
measured in vivo and in vitro. The results implied that METRNL was
capable of reducing DOX-induced cardiotoxicity but preserving its
antitumor potency. Previous studies determined that the same molecule
or intervention may cause different, or even diametrically opposite,
impacts in different cell types or disease models [48-50]. Besides, the
biological identities vary enormously from the cancer cells to mamma-
lian cardiomyocytes, such as the proliferative capacity and metabolic
status, etc. Particularly, the membranic components of cancer cells are
reported to be different from that in noncancerous cells; therefore,
further studies are needed to determine whether the METRNL receptor
disappears or a specific receptor exists on the surface of cancer cells,
including the 4T1 cells [51,52]. Of note, we tested only in one cancer
cell line, and it is unclear whether the preservation of tumor-killing
capacity by DOX could extend to all malignant cell types.

In summary, we determine a robust expression and secretion of
METRNL from the heart and cardiomyocytes that are decreased by DOX
treatment. Besides, METRNL activates SIRT1 via cAMP/PKA signaling
axis to prevent DOX-elicited oxidative stress, apoptosis and cardiac
dysfunction in an autocrine manner. More importantly, METRNL does
not affect the tumor-killing capacity of DOX. Yet, the precise receptor of
METRNL remains unclear and desperately need further investigation.
Based on this findings, we speculate that METRNL is required for a
healthy microenvironment to decrease oxidative damage and apoptosis
in DOX-treated hearts, thereby serving as a promising therapeutic target
to overcome DOX-induced cardiotoxicity.
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