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ABSTRACT

Although it is known that the expression and activity of sirtuin 1 (SIRT1) significantly decrease in doxorubicin
(DOX)-induced cardiomyopathy, the role of interaction between SIRT1 and sestrin 2 (SESN2) is largely unknown.
In this study, we investigated whether SESN2 could be a crucial target of SIRT1 and the effect of their regulatory
interaction and mechanism on DOX-induced cardiac injury. Here, using DOX-treated cardiomyocytes and
cardiac-specific Sirtl knockout mice models, we found SIRT1 deficiency aggravated DOX-induced cardiac
structural abnormalities and dysfunction, whereas the activation of SIRT1 by resveratrol (RES) treatment or
SIRT1 overexpression possessed cardiac protective effects. Further studies indicated that SIRT1 exerted these
beneficial effects by markedly attenuating DOX-induced oxidative damage and apoptosis in a SESN2-dependent
manner. Knockdown of Sesn2 impaired RES/SIRT1-mediated protective effects, while upregulation of SESN2
efficiently rescued DOX-induced oxidative damage and apoptosis. Most importantly, SIRT1 activation could
reduce DOX-induced SESN2 ubiquitination possibly through reducing the interaction of SESN2 with mouse
double minute 2 (MDM2). The recovery of SESN2 stability in DOX-impaired primary cardiomyocytes by SIRT1
was confirmed by Mdm2-siRNA transfection. Taken together, our findings indicate that disrupting the interaction
between SESN2 and MDM2 by SIRT1 to reduce the ubiquitination of SESN2 is a novel regulatory mechanism for
protecting hearts from DOX-induced cardiotoxicity and suggest that the activation of SIRT1-SESN2 axis has
potential as a therapeutic approach to prevent DOX-induced cardiotoxicity.

1. Introduction

treatment strategies. Of particular interest, oxidative stress and
myocardial cell apoptosis have been verified to be critical contributors

Doxorubicin (DOX), an anthracycline chemotherapeutic agent, re-
mains a widely used for the treatment of a variety of cancers owing to its
potent therapeutic effects. However, its clinical application is largely
compromised by cumulative and dose-dependent cardiotoxicity, which
may ultimately lead to irreversible structural changes in the myocar-
dium and progressive heart failure [1]. The pathogenesis of
DOX-induced cardiotoxicity is complex and not clearly elucidated,
including mitochondrial dysfunction, fibrosis, oxidative stress, endo-
plasmic reticulum stress, inflammatory response, apoptosis and dysre-
gulation of autophagy [2-6]. Thus, it is highly important to clarify the
mechanisms of DOX-induced cardiotoxicity for developing effective

to the development of DOX-induced cardiotoxicity [7]. Therefore,
maintaining cardiac redox homeostasis and attenuating cell apoptosis
are promising therapeutic strategies for DOX-induced cardiotoxicity.
Sirtuin 1 (SIRT1) is a nicotinamide adenine dinucleotide (NAD™)-
dependent deacetylase that governs multiple cellular fates such as car-
diomyocyte survival, metabolic homeostasis and senescence [8-10]. A
clinical study indicated that cardiac SIRT1 was downregulated (54.92%
+ 7.80% in advanced heart failure samples compared with healthy
control hearts), which may be a contributing factor in the increase of
proapoptotic molecules and decrease of antioxidants [11]. Moreover,
increasing studies proved that the activation of SIRT1 prevented
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oxidative damage and controlled cardiomyocyte apoptosis in response
to DOX [7,12]. AMP-activated protein kinase (AMPK) is a classical and
key downstream target of the SIRT1 signaling, which exerts a beneficial
role in the treatment of cardiac diseases, such as myocardial ische-
mia/reperfusion injury and angiotensin II-induced cardiac hypertrophy
and dysfunction [13,14]. Our previous study demonstrated that DOX
stimulation indeed decreased phosphorylation of AMPK, and when
SIRT1 was activated by fibroblast growth factor 21, the AMPK phos-
phorylation was largely enhanced to protect against DOX-induced car-
diotoxicity through reducing liver kinase B1 acetylation [7]. Recently,
sestrin 2 (SESN2), a conserved stress-induced protein, has been proved
to be a positive regulator of AMPK activation in the heart and decreased
in both human hearts with DOX-induced chronic cardiomyopathy and
dilated cardiomyopathy [15,16]. Wang et al. found that SESN2 inhibi-
tion was a primary contributor to DOX-triggered cardiomyocyte
apoptosis, cardiac mitophagy and mitochondrial dysfunction, and the
overexpression of SESN2 could prevent DOX-induced cardiotoxicity
through improving mitochondrial function and rescuing mitophagy
[17]. In contrast, genetic ablation of Sesnl and Sesn2 could aggravate
DOX-induced cardiac pathologies, which was associated with the sup-
pression of the AMPK signaling [18]. However, whether SESN2 mediates
the antioxidative and anti-apoptotic effects of SIRT1 on AMPK activa-
tion in cardiomyocytes has not been identified.

Therefore, the aims of this study were (i) to determine whether
SESN2, as a scaffold protein, plays a key role in SIRT1/AMPK-improved
DOX-induced cardiotoxicity through inhibiting oxidative stress and
apoptosis; (ii) if so, to study the likely mechanism by which SIRT1
regulates SESN2 activation in cardiomyocytes. By using transgenic mice
with a cardiac-specific knockout of Sirtl gene in combination with pri-
mary cardiomyocytes and H9c2 cells treated with SIRT1 and AMPK
activators (resveratrol (RES), AICAR), and/or transfected with Sirtl-
short hairpin RNA (Sirtl1-shRNA), pcDNA3.1-Sirtl, Sesn2-small inter-
fering RNA (Sesn2-siRNA), pCMV6-Sesn2, Ampk-shRNA and mouse
double minute 2 (Mdm2)-siRNA, we have discovered for the first time
that the activation of SIRT1 prevented DOX-induced cardiac oxidative
stress and apoptosis in a SESN2-dependent manner. The mechanistic
study further revealed that SIRT1 might decrease the recruitment of
MDM2 to SESN2, thereby reducing its ubiquitin-dependent proteasomal
degradation.

2. Materials and methods
2.1. Animals and treatments

Male cardiac-specific Sirt1 knockout (Sirt1flox/flox Myh6-creEsr1,
Sirt1-CKO) mice on the C57BL/6J background were generated by
crossing Sirt1 X/ mice with Myh6-creEsr1 mice, followed by 1-week
tamoxifen administration. Male Sirt1-CKO mice aged 8-10 weeks were
applied to the study at 2 weeks after the last administration of tamox-
ifen. Age-matched male littermates (Sirt1/10/foxy were served as con-
trols. All mice were raised at 22 °C with a 12:12-h light/dark cycle with
free access to rodent standard diet and tap water. All experimental
procedures for animal studies were approved by the Institutional Animal
Care and Use Committee of Shandong University (permit number: 2020-
D-07). Animals were acclimatized for 2 weeks before experimentation.
For animal study, SirtI-CKO mice and Sirt7®/f°* mice were randomly
divided into four groups (six mice per group), respectively: (i) Control
group (Ctrl); (ii) RES (MedChemExpress, NJ, USA) treatment group
(RES); (iii) DOX (MedChemExpress) treatment group (DOX); (iv) DOX
and RES co-treatment group (DOX/RES). DOX was intraperitoneally
injected once a week with a dose of 5 mg/kg or the same volume of
vehicle (saline) was conducted for 4 weeks (20 mg/kg cumulative dose
of DOX). RES (10 mg/kg/day) or the same volume of vehicle (saline)
was intraperitoneally injected every day for 5 weeks. The dosages of
DOX and RES were chosen based on the previous studies [6,7,19,20].
There was no infection and mortality during medication administration.
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At the end of the experiments, all mice were anaesthetized by an
intraperitoneal injection of sodium pentobarbital (50 mg/kg), and the
effect of anesthesia was verified by the lack of a toe pinch withdrawal
response. Then, mice were euthanized by exsanguination, and hearts
were harvested for subsequent analyses.

2.2. Cell culture and treatments

Neonatal primary cardiomyocytes were isolated as previously
described [21]. H9c2 cells (an embryonic rat myocardium-derived cell
line) were purchased from the American Type Culture Collection (ATCC,
VA, USA) and cultured in high-glucose Dulbecco’s modified Eagle’s
medium (Macgene, Beijing, China) supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NY, USA) and 1% antibiotics (10000U/ml
penicillin and 10 mg/ml streptomycin, Gibco). Primary cardiomyocytes
and H9c2 cells were incubated at 37 °C in the mixture of 95% atmo-
spheric air and 5% CO», and the medium was replaced every other day.
Cells were treated with DOX (1 pM) in the presence or absence of RES
(20 pM) for 24 h [6]. To study the regulatory effects of AMPK on SIRT1
and SESN2, primary cardiomyocytes were pretreated with AMPK acti-
vator AICAR (0.5 mM, Beyotime Biotechnology, Shanghai, China) for
30 min and subsequently stimulated with DOX (1 pM) for 24 h.

2.3. Transfection

Primary cardiomyocytes or H9c2 cells were transfected with nega-
tive control-shRNA (NC-shRNA), Sirt1-shRNA, Ampk-shRNA, nuclear
factor erythroid 2-related factor 2 (Nrf2)-shRNA, pcDNA3.1-vector,
pcDNA3.1-Sirtl, NC-siRNA, Sesn2-siRNA, pCMV6-Entry, pCMV6-Sesn2
(GenePharma, Shanghai, China) or Mdm2-siRNA (RiboBio, Guangzhou,
China) by using Lipofectamine 3000 reagent (Invitrogen, Grand Island,
NY, USA) according to the manufacturer’s instructions.

2.4. Echocardiography

High-resolution transthoracic echocardiography (Vevo 2100, Visual
Sonics, Toronto, ON, Canada) was performed on mice narcotized with
isoflurane (RWD Life Science Co., Ltd., Shenzhen, China) as we previ-
ously reported [22-25]. Chest hair was removed and bubble-free ul-
trasonic coupling agent was applied to acquire parasternal long-axis
views. The main cardiac parameters include ejection fraction (EF),
fractional shortening (FS), left ventricular internal dimension (LVID), LV
posterior wall thickness (LVPW), interventricular septum thickness
(IVS) and LV volume (LV vol).

2.5. Histological and cellular staining

Hearts of mice were fixed in 10% formalin, and then treated with
dehydration, embedding and sectioning. Hematoxylin & eosin (H&E,
Cat# G1005, Servicebio Technology, Wuhan, China) staining was per-
formed to examine cardiac histological morphology. Fluorescein
isothiocyanate-conjugated wheat germ agglutinin (FITC-conjugated
WGA, excitation (Ex)/emission (Em) wavelengths: 490/520 nm, Cat#
L4895, Sigma-Aldrich, St. Louis, MO, USA) staining was used to detect
myocyte cross-sectional areas. Cardiac collagen deposition was exam-
ined by Masson’s trichrome staining (Cat# G1006, Servicebio Tech-
nology) and Sirius red staining (Leagene Biotechnology, Beijing, China).
To evaluate myocardial reactive oxygen species (ROS) production
levels, sections were stained with dihydroethidium (DHE) fluorescence
kit (Ex/Em wavelengths: 535/610 nm, Cat# S0063, Beyotime Biotech-
nology). Apoptosis was detected in tissue sections using Terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) Cell
Apoptosis Detection Kit (Cat# KGA704, Keygen Biotech, Jiangsu, China)
or In Situ Cell Death Detection Kit from Sigma-Aldrich (Cat#
12156792910), and nuclei were counter-stained with DAPI (Cat#
ab104139, Abcam, Cambridge, UK). Immunohistochemical (IHC)
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staining with anti-tumor necrosis factor-o (TNF-a, 1:300, Cat# ab6671,
Abcam), anti-4-hydroxynonenal (4-HNE, 1:300, Cat# ab46545, Abcam)
and anti-3-nitrotyrosine (3-NT, 1:300, Cat# AB5411, Millipore, Bill-
erica, MA, USA) antibody and immunofluorescent staining with anti-
nuclear factor kB p65 (NF-xB p65, 1:300, Cat# 8242, Cell Signaling
Technology, Danvers, MA, USA), anti-NRF2 (1:200, Cat# ab31163,
Abcam) and anti-NAD(P)H quinone dehydrogenase 1 (NQO1, 1:50,
Cat# sc-32793, Santa Cruz Biotechnology, Dallas, TX, USA) antibody
were performed as described previously [26]. DHE (final working con-
centration: 5 pM) and 2',7’-dichlorofluorescein diacetate (DCFH-DA,
final working concentration: 10 pM, Ex/Em wavelengths: 488/525 nm,
Cat# S0033, Beyotime Biotechnology) probes were used for the detec-
tion of ROS levels in H9c2 cells. The co-localization of SIRT1 and SESN2
in H9c2 cells was detected by immunofluorescent staining with
anti-SIRT1 (1:100, Cat# 8469, Cell Signaling Technology) and
anti-SESN2 (1:100, Cat# 10795-1-AP, Proteintech, Chicago, IL, USA)
antibody. Stained sections or cells were determined by the light micro-
scope (Nikon, Tokyo, Japan) or fluorescence microscope (Nikon) and
quantified using Image J software.

2.6. Real-time quantitative PCR

Gene expression was tested by real-time quantitative PCR (RT-qPCR)
as previously described [27]. Briefly, total RNA was isolated from car-
diac tissues using TRIzol reagent (Cwbio, Jiangsu, China), and used for
the cDNA synthesis by reverse transcription using HiFiScript cDNA
Synthesis Kit (Cwbio). Taking cDNA as template, RT-qPCR was per-
formed with real-time PCR detection system (Bio-Rad, Hercules, CA,
USA) using UltraSYBR Mixture (Cwbio). Primers used as follows: mouse
atrial natriuretic peptide (Anp), mouse brain natriuretic peptide (Bnp),
mouse connective tissue growth factor (Ctgf), mouse interleukin-1f
(Il1b), mouse catalase (Cat), mouse superoxide dismutase (Sod), mouse
glyceraldehyde-3-phosphate dehydrogenase (Gapdh), rat Tnfa, rat Il1b
and rat Gapdh were purchased from Sangon Biotech (Shanghai, China).
The primer sequences are described in the Supplementary Table S1.

2.7. Flow cytometry

ROS production levels were examined by DCFH-DA staining, and cell
apoptosis was detected using FITC Annexin V Apoptosis Detection Kit
(Ex/Em wavelengths: FITC: 490/520 nm, PI: 535/617 nm, Cat#
556547, BD Biosciences, NY, USA) according to the manufacturer’s in-
structions. Finally, ROS levels and cell apoptosis were detected with a
flow cytometer (CytoFLEX S, Beckman, USA).

2.8. Western blot analysis

Heart tissues, primary cardiomyocytes and H9c2 cells were homog-
enized in RIPA lysis buffer (Beyotime Biotechnology) including protease
and phosphatase inhibitors (Beyotime Biotechnology). Then tissue or
cell proteins were collected by centrifuging at 12000 rpm at 4 °C for 25
min. Nuclear proteins were extracted with the Nuclear-Cytosol Extrac-
tion Kit (Beyotime Biotechnology) according to the instructions. Protein
samples, diluted with loading buffer and heated at 95 °C for 5 min, were
subjected to electrophoresis and transferred to nitrocellulose mem-
branes (GE Healthcare Life Sciences, Chicago, IL, USA). The membranes
were blocked in 5% nonfat milk for 1 h, and then incubated overnight at
4 °C with the following antibodies: anti-SIRT1 (1:1000), anti-NF-kB p65
(1:1000), anti-NRF2 (1:1000), anti-Histone H3 (1:1500, Cat# BF9211,
Affinity Biosciences, Cincinnati, OH, USA), anti-heme oxygenase-1 (HO-
1, 1:1000, Cat# 10701-1-AP, Proteintech), anti-SESN2 (1:2000), anti-
phosphorylated AMPKa (P-AMPKa, 1:1000, Cat# 2535, Cell Signaling
Technology), anti-AMPKa (1:1000, Cat# 2532, Cell Signaling Technol-
ogy), anti-P-mammalian target of rapamycin (mTOR) (1:1000, Cat#
5536, Cell Signaling Technology), anti-P-S6 Ribosomal Protein (P-S6,
1:1000, Cat# 2211, Cell Signaling Technology), anti-S6 (1:2000, Cat#
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2217, Cell Signaling Technology), anti-cleaved caspase-3 (1:1000, Cat#
9664, Cell Signaling Technology), anti-MDM2 (1:1000, Cat# sc-965,
Santa Cruz Biotechnology) and anti-GAPDH (1:1000, Cat# GB11002,
Servicebio Technology). The immunoreactive bands were detected with
the horseradish peroxidase-conjugated secondary antibody (1:1000,
Proteintech), and visualized using an enhanced chemoluminescence
detection kit (Millipore). Densitometric analysis was performed using
Image Quant 4.2 software (Tanon, Shanghai, China).

2.9. Immunoprecipitation assay

Immunoprecipitation (IP) assays were performed as described pre-
viously [28]. Briefly, heart tissues, primary cardiomyocytes and H9c2
cells were lysed in IP buffer containing protease and phosphatase in-
hibitors. Then lysate was immunoprecipitated overnight at 4 °C with
anti-SESN2 antibody and protein A/G PLUS-agarose beads (Santa Cruz
Biotechnology). The immunocomplexes were detected by western blot
with anti-SIRT1 (1:1000), anti-ubiquitin (1:1000, Cat# ab7780, Abcam)
and anti-MDM2 (1:1000) antibody.

2.10. Statistical analysis

Data were presented as means + standard deviation (SD). Normal
distribution of the data was assessed using Shapiro-Wilk test. If no
normal distribution was found, we cased logarithmic transformation of
the data. After the transformation, all data obeyed normal distribution,
thus comparisons among different groups were performed by one-way
analysis of variance (ANOVA) or two-way ANOVA followed by
Tukey’s or Sidak’s post hoc test as appropriate with GraphPad Prism. P
< 0.05 was considered statistically significant.

3. Results

3.1. Cardiac SIRT1 activation indicated the resistance to DOX-induced
cardiac structural and functional abnormalities

To examine the cardioprotective effects of SIRT1 in vivo, Sirt1-CKO
mice were generated by crossing Sirt?°/f* mice with Myh6-creEsr1
mice, followed by 1-week tamoxifen administration. As shown in
Fig. 1A, there was almost no expression of SIRT1 protein in cardiac
tissues of Sirt1-CKO mice. Moreover, RES administration recovered
DOX-reduced expression of SIRT1 in hearts of Sirt1*/f9% mice (Fig. 5A).
To explore the role of SIRT1 in DOX-induced cardiotoxicity, echocar-
diography was performed to examine cardiac function. The results
demonstrated that compared with Ctrl group, DOX application induced
cardiac dysfunction without affecting the heart rate, as evidenced by
decreased EF and FS and increased systolic LVID and systolic LV vol in
Sirt1/*/foxX mice. These cardiac function indexes were more pronounced
in Sirt1-CKO mice compared with Sirt?©/fo% mice, whereas RES treat-
ment significantly improved DOX-induced cardiac dysfunction in
Sirt10X/floX mice, but not in Sirtl-CKO mice (Fig. 1B-F and Supple-
mentary Fig. S1).

DOX-induced cardiotoxicity is characterized not only by cardiac
dysfunction, but also by myocardial remodeling including myocardial
hypertrophy and fibrosis [7,29]. H&E staining revealed obvious
myocardial fibre disruption in DOX-impaired mice (Supplementary
Fig. S2A). Cardiomyocyte size was increased in response to DOX by
analysis of myocyte area via FITC-conjugated WGA staining (Fig. 1G).
Furthermore, Masson’s trichrome and Sirius red staining showed
collagen accumulation in hearts of DOX-impaired mice (Fig. 1H and I
and Supplementary Figs. S2B and C). Morphological hypertrophy and
fibrosis of hearts were further confirmed by elevated mRNA levels of
hypertrophic markers Anp and Bnp, and fibrotic marker Ctgf, respec-
tively (Fig. 1J-L). All of these indexes were more significantly increased
in Sirt1-CKO/DOX group than Sirt1*f°*/DOX group and almost
completely inhibited by RES treatment only in Sirt/f* mice
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Fig. 1. The activation of sirtuin 1 (SIRT1)
by resveratrol (RES) improved doxoru-
bicin (DOX)-induced cardiac dysfunction
and myocardial remodeling. (A) Western
blot analysis of SIRT1 expression in different
organs of Sirt?©/foX and Sirt1-CKO mice.
(B-F) Cardiac function was examined by
echocardiography (n = 5-6). (G) FITC-
conjugated WGA staining of cardiac tissues
and quantification of myocytes cross-
sectional areas (n = 6). (H, I) Representa-
tive (H) Masson’s trichrome and (I) Sirius
red staining images of cardiac tissues and
quantification of cardiac fibrotic areas (n =
6). (J, K) RT-qPCR for measuring mRNA
expression of hypertrophic markers atrial
natriuretic peptide (Anp) and brain natri-
uretic peptide (Bnp) in cardiac tissues (n =
5-6). (L) Cardiac connective tissue growth
factor (Ctgf) mRNA expression was measured
by RT-qPCR (n = 5-6). Data were presented
as mean + SD. *P < 0.05, ns indicates no
significance. (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the Web version of this
article.)

development of cardiomyocyte hypertrophy. Meanwhile, DOX could
directly cause myocardial fibrosis at the initial stage by exacerbation of
proinflammatory events [30,31]. Therefore, cardiac expression of in-
flammatory cytokines was detected in our mouse model. The results
showed that TNF-a protein and I11b mRNA levels were increased in DOX
groups of Sirt1*/f% and Sirt1-CKO mice. RES treatment prevented
DOX-associated inflammation only in Sirt2?*f°% mice (Fig. 2A and B).
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Fig. 2. The activation of SIRT1 by RES
improved DOX-induced inflammation in
mice hearts and H9c2 cells. (A) Cardiac
inflammatory response was detected by IHC
staining for tumor necrosis factor-o (TNF-a,
brown considered positive staining) fol-
lowed by a quantitative analysis of the pos-
itive stains (n = 6). (B) Relative myocardial
interleukin-1p  (II1b) mRNA level was
measured by RT-qPCR (n = 5-6). (C, D)
H9c2 cells were transfected with NC-shRNA
or Sirtl-shRNA for 24 h, and then treated
with RES (20 pM) or DOX (1 pM) or both for
24 h. Relative Tnfa and Il11b mRNA levels
were measured by RT-qPCR. Three inde-
pendent experiments were performed. (E)
Western blot analysis and densitometric
quantification of nuclear nuclear factor kB
p65 (NF-kB p65) expression in cardiac tis-
sues of each group (n = 6). Histone H3 as an
internal control. (F) Nuclear accumulation
of NF-kB p65 (indicated by white arrows)
determined by immunofluorescent staining
with anti-NF-kB p65 antibody (red) in car-
diac tissues. (G) Western blot analysis and
densitometric quantification of nuclear NF-
kB p65 expression in H9c2 cells of different
groups. Three independent experiments
were performed. Histone H3 as an internal
control. Data were presented as mean + SD.
*P < 0.05, ns indicates no significance. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)



J. Wang(a) et al.

Moreover, these results were further confirmed by in vitro studies with
H9c2 cells (Fig. 2C and D).

Among the intracellular signaling systems that regulate inflamma-
tory and immune responses, NF-kB is of particular importance because it
is recognized to be the master transcription factor controlling expression
of a host of proinflammatory genes [32]. Therefore, we detected the
regulatory effect of SIRT1 on NF-kB p65 expression by western blot and
immunofluorescent staining both in vivo and in vitro. Clearly, DOX
significantly increased the nuclear expression of NF-kB p65, and this
effect was abolished by treatment with RES only in Sirt2*#°* mice or
HO9c2 cells transfected with NC-shRNA (Fig. 2E-G).

3.3. DOX-caused redox imbalance and apoptosis were prevented by
SIRT1 activation

Under pathological inflammatory conditions, the production of
reactive species may significantly increase, some of which diffuse from
phagocytes and induce oxidative stress [33]. Similarly, ROS production
from damaged mitochondria could also activate NLR family pyrin
domain containing 3 inflammasome to result in IL-1p secretion and
localized inflammation [34]. Thus, to explore whether ROS elimination
participated in the protective effects of SIRT1 against cardiotoxicity,
ROS levels were examined in different groups using DHE probes. As
shown in Fig. 3A and D, the fluorescence intensity of DHE was evident in
cardiac tissues of Sirt1*f%/DOX group and further elevated in
Sirt1-CKO/DOX group. Moreover, cardiac oxidative damage, assessed by
examining the levels of 4-HNE and 3-NT, was noted in Sirt1*foX/pox
group and further increased in Sirt1-CKO/DOX group (Fig. 3B, C, E and
F). RES treatment prevented all these effects in Sirt /9% mice, but not
in Sirt1-CKO mice (Fig. 3A-F).

The transcription factor NRF2 plays a pivotal role in the cellular
response to oxidative stress by upregulating multiple antioxidant en-
zymes [35]. NRF2 deficiency aggravated DOX-impaired cardiac func-
tion, whereas NRF2 activation protected against cardiotoxicity in
response to DOX [35,36]. Here, we found that RES treatment blocked
DOX-induced downregulation of nuclear NRF2 and preserved its tran-
scriptional activity, as confirmed by increased mRNA levels of Cat and
Sod and protein levels of HO-1 and NQO1. However, the beneficial ef-
fects of RES were abolished in the cardiac tissues of Sirt1-CKO mice
(Fig. 3G-L and Supplementary Fig. S3). These findings indicated a
causative role of NRF2-dependent antioxidant activity as a part of
SIRT1-mediated protection against cardiotoxicity.

It is known that DOX-induced inflammation and excessive ROS
generation could result in cardiomyocyte apoptosis and eventually
aggravate cardiac injury [37,38]. As shown in Fig. 4A and B, increased
numbers of TUNEL-positive cells were observed in hearts of Sirt20X/-
fox,pOX group and further increased in Sirt1-CKO/DOX group as
detected by TUNEL staining. RES treatment prevented this effect only in
Sirt1foX/foX HOX group.

To further confirm the antioxidative and anti-apoptotic effects of
SIRT1 in vitro, ROS levels were examined using fluorescent probes DHE
and DCFH-DA, and apoptosis rate was detected by flow cytometry
analysis using annexin V/propidium iodide (PI) double staining after
transfection with NC-shRNA or Sirt1-shRNA in different groups of H9c2
cells. The results indicated that compared with the NC-shRNA data, the
ability of RES to attenuate DOX-induced excessive ROS production and
cardiomyocyte apoptosis was significantly restricted after transfection
with Sirt1-shRNA (Fig. 4C-F).

3.4. The activation of SESN2 improved DOX-induced cardiotoxicity in a
SIRT1-dependent manner

AMPK is a crucial energy sensor that has been verified to be a target
of SIRT1. As expected, the knockout of Sirtl blocked RES-induced
phosphorylation of AMPKa in hearts of DOX-treated mice (Fig. 5A).
But the precise mechanism of the link between SIRT1 and AMPK in DOX-
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induced cardiotoxicity was still unclear. We next detected SESN2 pro-
tein expression, since it is regarded as an upstream activator of AMPK,
and the activation of SESN2/AMPK pathway was involved in myocardial
protection [39,40]. Western blot analysis showed that the expression of
SESN2 was significantly inhibited following DOX stimulation. More-
over, the knockout of Sirt1 hindered RES-upregulated SESN2 expression
in hearts of DOX-impaired mice (Fig. 5A).

In addition, mTOR is generally considered as a downstream target of
AMPK. Meanwhile, the activation of AMPK by spermidine could
downregulate mTOR expression to improve myocardial infarction-
induced cardiac dysfunction [41]. Moreover, S6 is regarded as a
downstream target of mTOR, and its phosphorylation status is
commonly considered a functional readout of mTOR activity. To
investigate whether SIRT1-mediated AMPKa activation could regulate
mTOR in our model, the phosphorylation levels of mTOR and S6 were
measured by western blot. Unexpectedly, P-mTOR and P-S6 levels were
decreased in hearts of DOX-treated mice, and RES treatment did not
apparently change DOX-suppressed mTOR activity both in hearts of
Sirt10X/foX and Sirt1-CKO mice (Fig. 5A).

To further verify the above findings in vitro, H9c2 cells were trans-
fected with NC-shRNA or Sirt1-shRNA for 24 h, and then treated with
RES (20 pM) or DOX (1 pM) or both for 24 h. Consistent with the data in
vivo, we found that Sirt1 silencing abolished RES-mediated activation of
SESN2 and AMPKa in DOX-treated H9c2 cells. Moreover, DOX-induced
downregulation of P-mTOR and P-S6 was also not affected by RES
treatment and Sirtl knockdown (Fig. 5B). Subsequently, we confirmed
the regulatory effects of SIRT1 on SESN2 and AMPKa by transfection
with pcDNA3.1-Sirtl plasmid. SIRT1 upregulation increased the
expression of SESN2 and P-AMPKa in primary cardiomyocytes treated
with DOX (Fig. 5C). Taken together, these data showed that RES
reversed DOX-induced downregulation of SESN2 and P-AMPKa was
SIRT1-dependent. This was also accompanied by almost complete
improvement of DOX-impaired cardiac function via SIRT1 activation by
RES in an mTOR-independent manner.

3.5. SESNZ2 is a scaffold protein for SIRT1 and AMPKa in response to
DOX injury

Subsequently, to determine the pivotal role of SESN2 in the regula-
tion of AMPK expression and cardiac-protection, we performed both
knockdown of Sesn2 gene expression with Sesn2-siRNA and over-
expression of SESN2 with pCMV6-Sesn2 plasmid (Fig. 6). Sesn2 knock-
down not only abolished the ability of RES on AMPKa activation but also
significantly blocked RES-exerted antioxidative role detected by fluo-
rescent probe DHE and anti-apoptotic property examined by cleaved
caspase-3 protein expression in DOX-treated cardiomyocytes (Fig. 6A
and B), whereas overexpression of SESN2 by transfection with pCMV6-
Sesn2 plasmid could largely prevent DOX-impaired AMPKa activation
and DOX-induced oxidative stress and apoptosis (Fig. 6C and D). How-
ever, downregulation or upregulation of SESN2 had no apparent change
on the expression of SIRT1 (Fig. 6A and C), suggesting that SIRT1 acti-
vated AMPKa to improve DOX-induced cardiac injury via upregulation
of SESN2. Further mechanism study suggested that the antioxidative
effect of SIRT1 was dependent on NRF2 activation via SESN2 (Supple-
mentary Fig. S4).

Considering the fact that AMPK can also activate SIRT1 by increasing
intracellular NAD" levels [42], the regulatory effects of AMPK on SIRT1
and SESN2 were also tested in DOX-treated H9c2 cells and primary
cardiomyocytes. The results demonstrated that silencing of Ampk with
Ampk-shRNA abolished the activation of SIRT1 and SESN2 by RES in
HO9c2 cells treated with DOX (Supplementary Fig. S5A). Conversely, the
activation of AMPKa by AICAR could recover DOX-decreased protein
expression of SIRT1 and SESN2 in primary cardiomyocytes (Supple-
mentary Fig. S5B). These data suggested that AMPK also promoted
SESN2 expression by forming a positive feedback loop with SIRT1 in
response to DOX damage.
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this article.)

3.6. SIRT1 reduced DOX-induced SESN2 ubiquitination possibly by
disturbing the interaction of SESN2 and MDM2

To further determine the possible correlation of SIRT1with SESN2 in
cardiomyocytes, the co-localization of SIRT1 and SESN2 was detected
via immunofluorescence. We found that SIRT1 and SESN2 were pre-
dominantly localized in the cytoplasm in normal cardiomyocytes. DOX
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treatment led to translocation of cytosolic SIRT1 and SESN2 into the
nucleus. Additionally, RES could further increase the expression of nu-
clear SIRT1 and SESN2 (Fig. 7A). To assess whether the same location of
SITR1 and SESN2 in the nucleus reflected a physical protein interaction,
primary cardiomyocyte lysates were immunoprecipitated with anti-
SESN2 antibody, and followed by western blot analysis for the pres-
ence of SIRT1 under different treatment condition. Surprisingly, SIRT1
did not interact with SESN2 under any treatment condition (Fig. 7B),
implying that SIRT1 did not directly increase SESN2 expression.

Previous studies have shown that the stabilization of SESN2 was
associated with ubiquitin-proteasome system [43,44]. Here, we immu-
noprecipitated SESN2 protein followed by the anti-ubiquitin antibody
detection and observed that DOX stimulation increased SESN2 ubiq-
uitination, which was restored by RES in H9c2 cells (Fig. 7C). This
suggested that the activation of SIRT1 by RES reversed DOX-decreased
SESN2 expression probably through inhibiting
ubiquitination-mediated degradation. Under conditions of cellular
stress, endogenous SIRT1 was reported to coimmunoprecipitate with
MDM?2, indicating that these two proteins may interact in cells [45].
Based on this study, we hypothesized that SIRT1-mediated SESN2 deu-
biquitination could be modulated by MDM2. Consistent with this hy-
pothesis, co-IP analysis indicated that there was an interaction between
SESN2 and MDM2, which was increased following DOX stimulation. As
expected, overexpression of SIRT1 by RES and pcDNA3.1-Sirt] plasmid
could disturb DOX-enhanced interaction of SESN2 and MDM2 both in
primary cardiomyocytes and H9c2 cells (Fig. 7D and E and Supple-
mentary Fig. S6A). However, SIRT1 deficiency abolished RES-reduced
interaction of SESN2 and MDM2 both in DOX-treated mice hearts and
H9c2 cells (Supplementary Figs. S6B and C). To further explore the
regulatory effect of MDM2 on SESN2, Mdm2 was efficiently knockdown
in primary cardiomyocytes transfected with Mdm2-siRNA (Supplemen-
tary Fig. S6D). Knockdown of Mdm2 reversed DOX-induced SESN2
downregulation (Fig. 7F), suggesting that MDM2 acts as a key E3 ligase
to ubiquitinate SESN2. Taken together, all these results implied the
activation of SIRT1 could reduce DOX-induced SESN2 ubiquitination
possibly through disturbing the interaction of SESN2 and MDM2 in
cardiomyocytes.

4. Discussion

Accumulative evidence has demonstrated that DOX treatment
resulted in severe cardiac oxidative stress and apoptosis both in clinical
patients and preclinical mice models, which plays a critical role in the
development of cardiac dysfunction and complications. In spite of its
critical importance, the mechanisms for impaired redox homeostasis
and excessive cardiomyocyte apoptosis during chemotherapy remain
largely unknown. The present work provided three new findings
implicating SIRT1-initiated pathway in DOX-induced cardiotoxicity.
The first finding is to confirm the relationship between SIRT1 levels and
DOX-induced morphological and functional abnormalities: cardiac
morphological structure, function and SIRT1 levels were impaired in
DOX-treated mice, which could be largely improved by RES treatment.
But these favorable effects on the myocardium were blunted in mice
with cardiac-specific deletion of Sirtl. The second innovative finding is
that the benefits of upregulated SIRT1 expression in DOX-induced car-
diotoxicity required the activation of SESN2-mediated anti-apoptosis
and antioxidant signaling. Our third novel finding is that SIRT1
increased the expression of SESN2 by interfering with the ubiquitination
and degradation of SESN2 via MDM2 in DOX-treated cardiomyocytes.

Emerging evidence demonstrated that SIRT1 activation is essential
for the regulation of multiple cellular functions. Our previous study also
indicated that the activation of SIRT1 prevented DOX-induced car-
diotoxicity [7]. Consistent with previous study, DOX stimulation indeed
decreased myocardial levels of SIRT1, and the activation of SIRT1 by
RES improved cardiac dysfunction and alleviated myocardial fibre
disruption, fibrosis, hypertrophy and inflammation in DOX-treated mice
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and cardiomyocytes (Fig. 1B-L, 2 and Supplementary Fig. S2). Sufficient
evidence revealed that DOX-induced cardiotoxicity is closely associated
with increased oxidative stress in cardiomyocytes. DOX accumulation
rapidly increases mitochondrial ROS production in cardiomyocytes by
redox cycling, which damages mitochondrial function and then leads to
more sustained oxidative stress [46,47]. Here, we observed that SIRT1
activation obviously alleviated oxidative stress by promoting nuclear
NRF2 accumulation and function in DOX-treated cardiomyocytes,
whereas the deletion of Sirt] exacerbated DOX-induced oxidative stress
(Figs. 3, 4C-E and Supplementary Fig. S3). However, in the present
study, only unspecific ROS formation was assessed but no specific
read-out for superoxide was measured. Apoptosis is regarded as another
major contributor to DOX-induced cardiotoxicity. Indeed, activating
SIRT1 by RES could decrease DOX-induced cardiomyocyte apoptosis,
and the deletion of Sirt1 abolished this protective effect provided by RES
(Fig. 4A, B and F). Collectively, these results indicated that SIRT1 acti-
vation could inhibit oxidative stress and reduce cardiomyocyte
apoptosis to ameliorate DOX-induced cardiac morphological and func-
tional abnormalities.

The second innovative finding of this study is that the benefits of
increased SIRT1 expression in DOX-induced cardiotoxicity required the
activation of SESN2-mediated antioxidant and anti-apoptotic signaling.
The importance of SESN2 to cardiac function has been proved in earlier
study with Sesn2-knockout mice accompanied with exacerbated post-
ischemic contractile dysfunction [15]. SESN2 has also been verified to
play a protective role in DOX-induced cardiomyopathy through rescuing
mitophagy and improving mitochondrial function [17]. In this study, we
provided direct evidence that the overexpression of SIRT1 restored
DOX-induced downregulation of SESN2. In contrast, the inhibition of
SIRT1 blocked the effect of RES on SESN2 upregulation in response to
DOX injury both in vivo and in vitro (Fig. 5). We also demonstrated that
SESN2 downregulation abolished RES-increased AMPKa activation and
cardiac-protective properties, whereas overexpression of SESN2 could
rescue AMPKa activation and prevent DOX-induced oxidative stress and
apoptosis in cardiomyocytes (Fig. 6). These results confirmed that
SESN2 is a key mediator of SIRT1 action on AMPKa activity to protect
against oxidative stress and cell apoptosis. Of note, we further found that
the knockdown of Ampk could abolish RES-induced SIRT1 and SESN2
activation in DOX-treated cardiomyocytes (Supplementary Fig. S5A).
However, the activation of AMPKa by AICAR could increase the
expression of SIRT1 and SESN2 in DOX-treated cardiomyocytes (Sup-
plementary Fig. S5B). These findings can be partly explained by the fact
that AMPK can enhance SIRT1 activity by increasing NAD™ levels [42].
However, more studies are necessary to explore the detailed mechanism
of SESN2 regulation by AMPK.

Our third important new finding of this study is that SIRT1-mediated
increased SESN2 expression was related to the inhibition of MDM2-
mediated SESN2 ubiquitination in DOX-treated cardiomyocytes. The
stability of SESN2 is closely associated with the ubiquitin-proteasome
system. Previous studies have shown that E3 ubiquitin ligases ring box
protein 1 and ring finger protein 186 are interactive partners for SESN2
which mediate its ubiquitination [43,44]. The function of another E3
ubiquitin ligase MDM2 expressed in hearts was proved to be modulated
by SIRT1 through deacetylating Lys182 and Lys185 of MDM2 [45].
Based on these findings, we hypothesized that SIRT1 upregulated SESN2
expression possibly through inhibiting MDM2-mediated SESN2 ubiq-
uitination and subsequent degradation. As expected, our results showed
that the ubiquitination levels of SESN2 were increased, and also the
interaction of SESN2 and MDM2 was enhanced in DOX-treated car-
diomyocytes. All these changes were reversed by SIRT1 activation
(Fig. 7C-E and Supplementary Fig. S6A). However, the inhibitory effect
of RES on DOX-enhanced interaction of SESN2 and MDM2 was blocked
by Sirtl knockout or knockdown (Supplementary Figs. S6B and C).
Furthermore, knockdown of Mdm2 eliminated DOX-downregulated
SESN2 expression in primary cardiomyocytes, suggesting that MDM2
acts as a key E3 ligase to ubiquitinate SESN2 (Fig. 7F and Supplementary
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Fig. S6D).

Another noteworthy finding of our study is that the cardioprotective
effect of SIRT1 activation was independent of mTOR in response to DOX-
induced toxicity. Unexpectedly, the phosphorylation levels of AMPKa
and mTOR were both downregulated in DOX-treated mice hearts and
cardiomyocytes (Fig. 5A and B), despite AMPK is generally considered as
an upstream negative regulator of mTOR [48]. Consistent with our re-
sults, some studies demonstrated that mTOR inhibition was a primary
contributor to DOX-induced cardiotoxicity [35,49,50]. Conversely,
others found that the phosphorylation levels of cardiac mTOR were
increased by DOX stimulation [51,52]. These controversial reported
findings might be related to the specific species and dosages of DOX.
More importantly, the mTOR pathway is very complex with various
upstream signaling and downstream effector molecules. Therefore, the
effect of alteration in mTOR expression on DOX-induced cardiotoxicity
needs to be further investigated. Lastly, we did not evaluate female
Sirt1/foX and Sirt1-CKO mice because different and extended repro-
ductive strategies are required to produce cohorts of both male and fe-
male mice and respective Sirt?/f9% Jitters. Although DOX-related
cardiotoxicity is currently thought to be more prevalent in males [53,
54], it is critical to determine the impact of sex hormones on
SIRT1/SESN2-regulated cardioprotective effect in the follow-up study.

In summary, our current study revealed that the activation of SIRT1
could improve DOX-induced cardiotoxicity through preventing oxida-
tive damage and apoptosis. This is partly due to increased SESN2
expression by reducing MDM2-mediated SESN2 ubiquitination and
subsequently increased AMPKa phosphorylation levels, as illustrated in
Fig. 7G. Therefore, it is important to develop pharmacological in-
terventions targeting SIRT1/SESN2 signaling pathway for the preven-
tion and treatment of DOX-induced cardiotoxicity.
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