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Abstract: Oxidative stress and impaired mitophagy are the hallmarks of cardiomyocyte senescence.
Specifically, a decrease in mitophagic flux leads to the accumulation of damaged mitochondria and
the development of senescence through increased ROS and other mediators. In this study, we describe
the preventive role of A5+, a mix of polyphenols and other micronutrients, in doxorubicin (DOXO)-
induced senescence of H9C2 cells. Specifically, H9C2 cells exposed to DOXO showed an increase
in the protein expression proteins of senescence-associated genes, p21 and p16, and a decrease in
the telomere binding factors TRF1 and TRF2, indicative of senescence induction. Nevertheless,
A5+ pre-treatment attenuated the senescent-like cell phenotype, as evidenced by inhibition of all
senescent markers and a decrease in SA-β-gal staining in DOXO-treated H9C2 cells. Importantly,
A5+ restored the LC3 II/LC3 I ratio, Parkin and BNIP3 expression, therefore rescuing mitophagy,
and decreased ROS production. Further, A5+ pre-treatment determined a ripolarization of the
mitochondrial membrane and improved basal respiration. A5+-mediated protective effects might
be related to its ability to activate mitochondrial SIRT3 in synergy with other micronutrients, but
in contrast with SIRT4 activation. Accordingly, SIRT4 knockdown in H9C2 cells further increased
MnSOD activity, enhanced mitophagy, and reduced ROS generation following A5+ pre-treatment
and DOXO exposure compared to WT cells. Indeed, we demonstrated that A5+ protects H9C2 cells
from DOXO-induced senescence, establishing a new specific role for A5+ in controlling mitochondrial
quality control by restoring SIRT3 activity and mitophagy, which provided a molecular basis for the
development of therapeutic strategies against cardiomyocyte senescence.

Keywords: cardiac senescence; reactive oxygen species; polyphenols; mitophagy; SIRT3; SIRT4;
cellular and molecular rehabilitation
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1. Introduction

The aging process is characterized by progressive structural and functional declines
of the heart, and it is by far the major risk factor for the development of cardiovascular
diseases (CVD) [1]. Cellular senescence is a state of irreversible cell cycle arrest associated
with aging. Understanding the molecular pathways that lead to cellular senescence is
critical to developing new therapeutic approaches to treat CVD [2].

Several hypotheses on the biological basis of aging have been suggested, such as
oxidative stress due to increased production of reactive oxygen species (ROS) and altered
mitophagy [3]. In particular, the removal of damaged mitochondria by mitophagy is
essential for mitochondrial quality control and cardiac homeostasis. Disruption of this
process in the heart has been linked to accelerated cardiac senescence and heart failure with
the accumulation of dysfunctional mitochondria [4].

Polyphenols are naturally occurring bioactive compounds that exert important bio-
logical activities, such as antioxidant, anti-inflammatory, anti-atherogenic, and anti-aging
effects, among others [5]. Different studies suggest that some natural compounds may slow
down aging and protect against age-related diseases by decreasing ROS levels, limiting
the progression of the senescence phenotype, and stimulating both autophagy and mi-
tophagy [6]. The beneficial properties of the polyphenolic compound Resveratrol, including
its role in the aging process and in the prevention of heart diseases, are well-known [7].

A5+ is a mixture composed primarily of Polydatin but also of Ellagic acid, Pterostilbene,
Honokiol and other beneficial micronutrients. It has already been tested on different in vitro
systems, showing a protective role against virus infections, neurodegeneration, and obesity
mainly through anti-inflammatory effects [8–10].

In the context of senescence, Polydatin, a natural precursor of Resveratrol, has been
demonstrated to counteract pro-oxidative signals induced by senescent conditions in differ-
ent systems [11–13]. Pterostilbene reduced senescence-associated markers and postponed
hepatocyte senescence [14]. Further, it attenuated oxidative stress, inflammation, and aging
in keratinocytes [15]. Interestingly, Honokiol was effective in protecting cardiomyocytes
against DOXO-stimulated senescence. This protective effect was mediated by inhibiting
thireodoxin interactin protein (TXNIP) expression and suppressing the NLRP3 inflamma-
some [16].

Sirtuins are a family of histone deacetylases (HDACs) that catalyze deacetylation of
both histone and non-histone lysine residues [17]. Among the seven homologs (SIRT1-7)
identified to date, mammalian SIRTs have the potential to delay the onset of age-related
diseases and increase mitochondrial biogenesis [18]. Moreover, their stimulation can have
numerous protective effects against cardiovascular disease and could extend health and
lifespan [19,20].

In this study, we hypothesized that A5+ could ameliorate DOXO-induced cell senes-
cence by promoting autophagy/mitophagy and subsequently reducing oxidative stress in
H9C2 cells. Further, we investigated whether the protective effect of A5+ might be related
to sirtuin activation.

2. Materials and Methods
2.1. Cell Culture and Treatment Protocols

All the experiments in the present paper were performed on the rat embryonic ven-
tricular cardiac cell line, H9C2 (Cat. No.88092904, Sigma-Aldrich_MERCK, St. Louis,
MO, USA). H9C2 cells were maintained in 4.5 g/L glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 2 mmol/L L-glutamine, 10% heat-inactivated fetal
bovine serum (FBS), and 100 units/mL penicillin, and 0.1 mg/mL streptomycin (Sigma-
Aldrich_MERCK, St. Louis, MO, USA) and maintained at 37 ◦C in a humidified atmosphere
of 5% CO2 and 95% air. Cells were passaged at 80% confluence with 0.25% trypsin-EDTA
and used between passages 5 and 15 for all the experiments.
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2.1.1. Generation of SIRT4-H9C2 Silenced Cells

H9C2 cells were stably transfected with a pLKO.1 vector containing a shRNA insert
to target rat SIRT4 (Cat. No. SHCLND-NM_001107147.2; Sigma-Aldrich_MERCK, St.
Louis, MO, USA) (shSIRT4). Cells transfected with empty plasmids were used as controls
(shControl). Briefly, 2 × 105 cells were plated in 35 mm dishes for 24 h before shRNA
treatment. The following day, the plasmid expressing shRNA Sirt4 (1 µg) was introduced
into cells using FuGENE® transfection reagent (Promega Corporation, Madison, WI, USA)
according to the manufacturer’s protocol. The day after, puromycin dihydrochloride
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), at a final concentration of
1.6 µg/mL, was added for the selection of stably silenced clones.

2.1.2. A5+ and Doxorubicin Treatments

To induce a senescence-like phenotype, H9C2 cells were exposed to an incubation with
sub-lethal concentrations of doxorubicin hydrochloride (0.1 µM DOXO) (Tocris Bioscience,
Bio-Techne, Bristol, UK) for 24 h and 32 h, as previously reported by Spallarossa and
colleagues [21].

A5+ (Sirtlife S.r.l., Rome, Italy) is composed of ellagic acid (20%), polydatin (98%),
pterostilbene (20%), and honokiol (20%), mixed with recommended doses of zinc, selenium,
and chromium. It is dissolved in DMSO (Sigma-Aldrich_MERCK, St. Louis, MO, USA) at
1 mg/mL, as previously reported by Pacifici et al. [9], and further diluted with complete
DMEM, to reach the desired final concentration.

To investigate the protective effects of A5+ on DOXO-induced senescence, H9C2 wild-
type (H9C2), shControl, and shSIRT4 cells were pre-treated with 50 µM A5+ for 48 h before
supplementation with 0.1 µM DOXO in combination with A5+ for a further 24 h and then
analyzed for each experiment. Since both A5+ and DOXO were dissolved in DMSO, an
equivalent amount of vehicle was added to the control.

2.2. Western Blot Analysis

To obtain whole cell lysates, after treatments, H9C2 were pelleted at 1500 rpm (5 min at
4 ◦C) and lysed with Lysis buffer [50 mM Tris-HCl pH 7.4, 5 mM ethylenediaminetetraacetic
acid (EDTA), 250 mM sodium chloride (NaCl), and 0.1% Triton® X-100] freshly added with
protease and phosphatase inhibitors (0.1 mMol/L Dithiothreitol (DTT), 50 mM sodium
fluoride (NaF), 0.1 mM sodium orthovanadate (Na3VO4), 1 mM phenylmethylsulfonyl
fluoride (PMSF) and 1× protease inhibitor cocktail) (All components were purchased from
Sigma-Aldrich_MERCK, St. Louis, MO, USA). Protein concentration was determined by
Bradford assay (Bio-Rad, Hercules, CA, USA) using the 96-well plater reader GloMax®-
Multi Detection System (Promega Corporation, Madison, WI, USA).

Equal amounts of total cellular proteins (30 µg/lane) were boiled for 5 min at 95 ◦C,
resolved by denaturating SDS-polyacrylamide gel electrophoresis, and transferred to a
0.45 µm nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). After blocking with 5%
non-fat dry milk (Bio-Rad, Hercules, CA, USA), membranes were incubated with the
primary antibody overnight at 4 ◦C, followed by appropriated horseradish peroxidase-
coupled secondary antibodies (Horseradish peroxidase-linked anti-mouse (NA931V) and
anti-rabbit (NA934V) antibodies, GE Healthcare, Chicago, IL, USA) and developed by a
chemiluminescence-based detection system (Lite Ablot® TURBO; EuroClone, Milan, Italy).
Densitometric analysis of the bands, relative to housekeeping proteins β-Actin or GAPDH,
was determined by ImageJ Software v1.51 (NIH, Bethesda, MD, USA).

The following primary antibodies were used for Western Blot analysis: mouse mono-
clonal anti-p21 (sc-6264; Santa Cruz Biotechnology, Inc., Dallas, TX, USA); mouse mono-
clonal anti-p16 (sc-1661; Santa Cruz Biotechnology Inc., Dallas, TX, USA); rabbit polyclonal
anti-phospho-p53 (Ser15) (#9284; Cell Signaling Technology Inc., Danvers, MA, USA); rabbit
polyclonal anti-total p53 (sc-6243; Santa Cruz Biotechnology, Inc., Dallas, TX, USA); rabbit
monoclonal anti-phospho (Ser795) Rb (#9301; Cell Signaling Technology Inc., Danvers,
MA, USA); mouse monoclonal anti-Rb (sc-102; Santa Cruz Biotechnology Inc., Dallas, TX,
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USA); mouse monoclonal anti-TRF1 (NB110-68281, Novus Biologicals, Centennial, CO,
USA); mouse monoclonal anti-TRF2 (sc-271710; Santa Cruz Biotechnology Inc., Dallas, TX,
USA); mouse monoclonal anti-cyclin D1 (sc-450; Santa Cruz Biotechnology Inc., Dallas, TX,
USA); rabbit polyclonal anti-PARP1 (sc-7150; Santa Cruz Biotechnology Inc., Dallas, TX,
USA); rabbit monoclonal anti-SIRT1 (#9475; Cell Signaling Technology Inc., Danvers, MA,
USA); rabbit monoclonal anti-SIRT2 (#12650; Cell Signaling Technology Inc., Danvers, MA,
USA); rabbit monoclonal anti-SIRT3 (#5490; Cell Signaling Technology Inc., Danvers, MA,
USA); rabbit polyclonal anti-SIRT4 (S0948; Sigma-Aldrich_MERCK, St. Louis, MO, USA);
mouse monoclonal anti-SIRT5 (sc-271635; Santa Cruz Biotechnology Inc., Dallas, TX, USA);
rabbit monoclonal anti-SIRT6 (#12486; Cell Signaling Technology Inc., Danvers, MA, USA);
mouse monoclonal anti-SIRT7 (sc-365344; Santa Cruz Biotechnology Inc., Dallas, TX, USA);
rabbit monoclonal anti-acetyl (K122) SOD2/MnSOD (ab214675; Abcam, Cambridge, UK);
rabbit polyclonal anti SOD2/MnSOD (ab13533; Abcam, Cambridge, UK); rabbit polyclonal
anti LC3B (NB600-1384, Novus Biologicals, Centennial, CO, USA); mouse monoclonal
anti-Parkin (sc-32282; Santa Cruz Biotechnology Inc., Dallas, TX, USA); mouse monoclonal
anti-BNIP3 (sc-56167; Santa Cruz Biotechnology Inc., Dallas, TX, USA); mouse monoclonal
anti β-Actin (A5316, Sigma-Aldrich–MERCK, St. Louis, MO, USA); mouse monoclonal
anti-GAPDH (sc-137179; Santa Cruz Biotechnology Inc., Dallas, TX, USA).

2.3. Cell Viability Assay

In order to establish the concentration of A5+ able to promote beneficial effects without
exerting toxic effects, H9C2 cells were treated with different concentrations of A5+ (1, 5, 10,
25, 50, 100, 200, and 500 µM) for 24 h. CellTiter 96® AQueous Solution Cell Proliferation
Assay (Promega Corporation, Madison, WI, USA) was used as a metabolic assay for cell
viability. Briefly, cells were seeded in 96-well plates (5000 cells/well in a final volume of
100 µL). Following A5+ treatments, 20 µL of CellTiter 96® Aqueous Solution was added
to 100 µL of culture medium. After 2 h of incubation at 37 ◦C, absorbance at 490 nm
(proportional to cell number) was measured with the 96-well plater reader GloMax®-Multi
Detection System (Promega Corporation, Madison, WI, USA).

2.4. Cell Cycle Analysis

To evaluate cell death, the cell cycle was analyzed by flow cytometry in two different
experimental sets. In the first setting, 6, 4, or 2 × 105 H9C2 cells were seeded into 100 mm
dishes and treated with increasing doses of A5+ (25 µM, 50 µM, 100 µM), respectively,
for 24 h, 48 h, and 72 h; in the second setting, 2 × 105 H9C2 cells were treated with
0.1 µM DOXO for 24 h or with 0.1 µM DOXO in combination with A5+ for 72 h, as
described above. Subsequently, cells were harvested with trypsin-EDTA, washed twice
with ice-cold PBS, centrifuged at 800× g for 5 min at 4 ◦C, and finally fixed with pre-cold
70% ethanol overnight at 4 ◦C. The following day, cells were washed with PBS and stained
with 50 µg/mL Propidium Iodide (Sigma-Aldrich_MERCK, St. Louis, MO, USA) in the
dark for 30 min at room temperature. Fluorescence was read by the LSRFortessa X-20 flow
cytometer (Becton Dickinson, Milan, Italy). The sub-G1 fraction, which represents the total
amount of apoptotic cells, was determined and analyzed through BD FACSDiva software
(v. 8.0.2).

2.5. Glutamate Dehydrogenase Assay

Glutamate dehydrogenase (GDH) activity in control cells or in H9C2 cells treated
with 10 µM, 25 µM, and 50 µM A5+ for 24 h was measured using a coupled enzyme assay,
following the manufacturer’s instructions (MAK099, Sigma-Aldrich, MERCK, St. Louis,
MO, USA). In this assay, glutamate is consumed by GDH, generating NADH as a reaction
product, which, in turn, reacts with a probe to generate a colorimetric (450 nm) product
proportional to the GDH activity present in the sample. One unit of GDH is the amount
of enzyme that will generate 1.0 µmol of NADH per minute at pH 7.6 at 37 ◦C. Briefly, a
total of 1 × 106 cells were lysed in 40 µL of GDH assay buffer and kept for 10 min on ice.
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Afterward, lysates were centrifuged, and 10 µL of the supernatant was added to 40 µL of
GDH buffer and 100 µL of a mix containing GDH assay buffer, developer, and glutamate.
The whole mix was transferred into a 96-well plate and incubated at 37 ◦C for 3 min.
Finally, absorbance was read at 450 nm using a Glomax multidetection system (Promega
Corporation, Madison, WI, USA). The absorbance of the assay buffer was subtracted from
each experimental sample.

2.6. Confocal Microscopy Monitoring of Mitochondrial Membrane Potential (∆ψm)

Here, 5,5,6,6′-tetrachloro-1,1′,3,3′tetraethylbenzimi-dazoylcarbocyanine iodide (JC-1)
dye was used for monitoring the mitochondrial membrane potential (∆ψm) as an indicator
of mitochondrial health (T3168; Thermo Fisher Scientific, Waltham, MA, USA). In mitochon-
dria, this lipophilic cationic probe can enter and accumulate in a monomeric or aggregated
form, depending on mitochondrial membrane potential (∆Ψm). In healthy cells, where
∆Ψm is high and mitochondria are energized and negatively charged, JC-1 spontaneously
polymerizes to form red fluorescent J-aggregates. On the contrary, in unhealthy cells, where
mitochondrial integrity is compromised and ∆Ψm assumes a lower value, JC-1 remains in
a monomeric form (J-monomers), showing a green fluorescence emission. The fluorescence
shift from red to green is an indicator of mitochondrial depolarization.

For confocal microscopy monitoring of mitochondrial membrane potential, 5 × 104 cells
were grown on glass coverslips and treated with 25 µM A5+ or 50 µM A5+ for 72 h, with
0.1 µM DOXO for 24 h, and with 0.1 µM DOXO for 24 h in combination with A5+ for
72 h, as described above. Here, 72 h cultured, untreated cells were used as controls. After
treatments, cell culture medium was removed and then replaced with warm medium
(37 ◦C) containing 2 µM (final concentration) of JC-1 dye. After a 20 min incubation at
37 ◦C with 5% CO2, cells were washed in warm PBS (37 ◦C), and fluorescence was quickly
observed by LSM 510 confocal microscopy (Zeiss, Jena, Germany).

2.7. Measurement of Mitochondrial Oxygen Consumption Rate (OCR)

Mitochondrial respiration was measured by plate respirometry using a Seahorse XFp
Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA), as previously
published [22]. Briefly, H9C2 cells were seeded in XFp-dedicated plates. After treatment
with DOXO for 24 h in combination with A5+ for 48 h, culture medium was replaced with
unbuffered DMEM medium, supplemented with 2 mM L-glutamine, 11 mM glucose, and
1.2 mM pyruvate, adjusted to pH 7.35 and then incubated for 30 min at 37 ◦C in a CO2-free
incubator. Oxygen Consumption Rates (OCR), proportional to mitochondrial respiration,
were measured for the basal state and following the sequential injection of oligomycin
(1 µM), carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) (3 µM), and a
mix of antimycin A (2 µM) and rotenone (Ant/Rot, 2 µM) (all reagents from Merck KGaA,
Darmstadt, Germany) in each well, according to the Seahorse Mito Stress Test protocol [23].
Data were normalized by protein content through a Bradford assay, then analyzed through
dedicated software (XF Wave 2.6.1, Agilent Technologies, Santa Clara, CA, USA).

2.8. SA-β-Gal Staining for the Assessment of Senescence

To detect senescent cells, senescence-associated β-galactosidase activity (SA-β-gal) as-
sociated with increased lysosomal content was investigated. Staining for SA-β-gal was per-
formed with a Senescence Cell Histochemical Staining kit (CS0030; Sigma-Aldrich, MERCK,
St. Louis, MO, USA), according to the manufacturer’s protocols. Briefly, 2 × 105 H9C2 wt,
shControl, and shSIRT4 cells were seeded in 100 mm diameter dishes and treated with
0.1 µM DOXO for 24 h or with 0.1 µM DOXO in combination with A5+ for 72 h, as described
above. After treatments, the medium was removed and the H9C2 were fixed for 15 min
with β-galactosidase fixative (4% paraformaldehyde) at room temperature and then washed
three times in PBS at pH 6 at room temperature. Subsequently, the cells were incubated
with freshly prepared pH 6 SA-β-gal staining solution (1 mg of 5-bromo-4-chloro-3-indolyl
P3-D-galactoside (X-Gal) per ml of dimethylformamide/40 mM citric acid/sodium phos-
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phate, 5 mM potassium ferrocyanide/5 mM potassium ferricyanide/150 mM NaCl/2 mM
MgCl2) and incubated in a dry incubator at 37 ◦C without CO2 overnight. After staining,
cells were washed twice with pH 6 PBS. Senescence was quantitated by visual inspection
of blue/green stained cells using an inverted Zeiss IM35 (Zeiss, Jena, Germany) with a
100×magnification and a digital camera (Nikon Digital Sight DSL1, Nikon Corporation,
Tokyo, Japan). The percentage of positive cells was calculated by counting the blue-stained
cells out of the total cells in 20 randomized low-power fields for each sample.

2.9. Transmission Electron Microscopy

For ultrastructural analysis, 1 × 106 H9C2 cells were seeded for 24 h before treat-
ment with doxorubicin, A5+, or doxorubicin+A5+. After treatments, the medium was
removed and the cells were fixed with 2.5% glutaraldehyde in PBS for 48 h, as previously
described [24]. Cells were then post-fixed in osmium tetroxide, dehydrated with graded
alcohol, and embedded in EPON 812 resin. Ultrathin sections were stained with uranyl
acetate and lead citrate and observed with a TEM Philips Morgagni268D (FEI, Netherlands)
at an accelerating voltage of 80 kV. Digital images were taken with Mega View imaging
software (RADIUS 2.2) [25].

2.10. Reactive Oxygen Species Detection

ROS intracellular level was estimated using the cell-permanent 2′,7′-dichlorodihydro-
fluorescein diacetate (H2DCF-DA) fluorescent dye (Thermo Fisher Scientific, Waltham, MA,
USA), according to the manufacturer’s instructions. H2DCF-DA is a non-fluorescent chem-
ically reduced form of fluorescein, but in the presence of intracellular ROS, it is oxidized
and converted, upon cleavage, to highly fluorescent dichlorofluorescein (DCF). Briefly,
2 × 105 H9C2 wt, shControl, and shSIRT4 cells were seeded in 100 mm diameter dishes
and treated with 0.1 µM DOXO for 24 h or with 0.1 µM DOXO in combination with A5+ for
72 h, as described above. After treatments, culture medium was discarded and replaced
with fresh medium containing a final concentration of 25 µM H2DCF-DA dissolved in
DMSO. After a 30 min incubation at 37 ◦C and 5% CO2, cells were collected and washed
twice in HBSS/Ca/Mg (14025-092; Gibco, Budapest, Hungary). Subsequently, fluorescence
was read by a CytoFlex flow cytometer (Beckman Coulter, Life Sciences, Brea, CA, USA),
and median fluorescence intensity (MFI) has been considered for graphic analysis.

2.11. MnSOD Activity on Mitochondrial Fractions

Mitochondria were isolated using the Mitochondria Isolation Kit for Cultured Cells
(Cat. 89874, Invitrogen, Thermofisher Scientific, Waltham, MA, USA), following the manu-
facturer’s instructions. Briefly, ~1× 107 cells for each treatment were harvested and pelleted
at 850× g for 5 min. Then, Mitochondria Isolation Reagent A, supplemented with protease
inhibitors, was added to the cells, followed, after a few minutes of incubation on ice, by the
addition of 10 µL of Mitochondria Isolation Reagent B. Cells were then incubated on ice for
5 min, vortexing at maximum speed every minute, before adding Mitochondria Isolation
Reagent C. Cells were centrifuged at 700× g for 10 min at 4 ◦C, and the supernatant was
transferred to a new tube for an additional centrifugation step at 3000× g for 15 min at
4 ◦C to separate the cytosol fraction (supernatant) and the isolated mitochondria (pellet).
In a final step, isolated mitochondria were washed with Mitochondria Isolation Reagent C
and centrifuged at 12,000× g for 5 min to obtain a more purified fraction of mitochondria.
Mitochondria were then lysated with RIPA buffer (50 mM Tris HCl, 150 mM NaCl, 1.0%
(v/v) Triton® X-100, 0.5% (v/v) Sodium Deoxycholate, 0.1% (v/v) SDS, pH 7.4) freshly
added with protease and phosphatase inhibitors, and protein content was determined by a
Bradford assay (Bio-Rad, Hercules, CA, USA), as described previously.
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Freshly lysated mitochondria were immediately prepared for measuring the Mn-
SOD activity using the Superoxide Dismutase (SOD) Colorimetric Activity Kit (EIASODC,
Invitrogen Thermofisher Scientific, Waltham, MA, USA), based on the manufacturer’s
recommendation. Briefly, 10 µL of mitochondrial lysate or standards (serial dilutions of
4 mU/mL SOD) and 50 µL of substrate were added into a 96-well plate, and the absorp-
tion was recorded at 450 nm (background absorbance) using a Glomax multidetection
system (Promega Corporation, Madison, WI, USA). Then, 25 µL of Xanthine Oxidase (a
chromogenic detection reagent) were added to each well, and the plate was incubated
at room temperature for 20 min before being read again at 450 nm. The total MnSOD
activity (mU/mL) was calculated in relation to a SOD standard curve and normalized by
the protein abundance in each sample.

2.12. Data Collection and Statistics

Parametric statistical analysis was performed using the Student’s t-test for two groups;
two-way analysis of variance (ANOVA) was applied for multiple comparisons with Bonfer-
roni post hoc analysis. Differences between groups were considered statistically significant
at values of p < 0.05. Results are expressed as mean ± S.E.M. Data were analyzed on
GraphPad version 9 for Windows (La Jolla, CA, USA).

3. Results
3.1. DOXO Treatment Induces Senescence Changes and Reduces the Expression of Mitochondrial
Sirtuins in H9C2 Cells

In this study, we used an established cell model of doxorubicin-induced cell senes-
cence [21]. Specifically, H9C2 cells were exposed to 0.1 µM doxorubicin (DOXO) for 24 h
and 32 h.

To verify the induction of senescence, the protein expression of senescence-associated
proteins p21 and p16 was determined by WB. Both markers were markedly increased at 24 h
in the DOXO treatment group compared to the control (Figure 1a,b). In addition, at the same
time point, we observed an increase in p53 phosphorylation (pP53) at Ser15, an increase in
total p53 (Figure 1c,d), and a decrease in Rb phosphorylation (pRb) (Figure 1e). Interestingly,
0.1 µM DOXO significantly decreased protein levels of telomere binding factors 1 (TRF1) at
24 h (Figure 1f), while it induced a moderate (but significant) level of TRF2 downregulation
at both time points (Figure 1g). These results are in agreement with previous studies
showing that a moderate level of TRF2 downregulation and a consensual reduction in TRF1
expression induce senescence; otherwise, apoptosis occurs [21,26]. Accordingly, DOXO
treatment determined a marked reduction in cyclin D1 protein expression (Figure 1h) but
elicited Parp1 cleavage only after 32 h and not at 24 h, indicating that the induction of
apoptosis in H9C2 cells was present only at the latest time point (Figure 1i).

Since sirtuins are essential factors that delay cellular senescence [27], we determined
the protein expression levels of SIRT1-7. DOXO treatment caused depletion of all sirtuins
(except SIRT2) mainly after 24 h (Figure 1j–p). Nevertheless, it induced a significant
decrease only of mitochondrial sirtuins (i.e., SIRT3, SIRT4, SIRT5) and, to a lesser extent, of
SIRT6 (Figure 1l–o) at both time points. These results are in agreement with the ability of
DOXO to induce cardiac mitochondrial damage [28,29].

Based on the data obtained for senescence induction following DOXO treatment,
0.1 µM of DOXO for 24 h exposure was optimized for subsequent experiments.
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Figure 1. Doxorubicin (DOXO) promotes senescence and decreases the expression of sirtuins in H9C2
cells. H9C2 cells were incubated with 0.1 µM of DOXO for 24 and 32 h. Western blot analysis showing
the expression of (a) p21, (b) p16, (c) pP53, and (d) total p53, (e) pRB/RB, (f) TRF1, (g) TRF2, (h) cyclin
D1, (i) cleaved PARP1, (j) SIRT1, (k) SIRT2, (l) SIRT3, (m) SIRT4, (n) SIRT5, (o) SIRT6, (p) SIRT7 in
H9C2 cells stimulated with 0.1 µM of DOXO for 24 and 32 h compared to control conditions (CTRL).
The same filter was probed with anti-GAPDH or β-actin monoclonal antibodies to show equal
loading. Upper panel: A representative Western blot of three independent experiments is shown.
Lower panel: Densitometric analysis of Western blot. Data are shown as means ± SEM. * p < 0.05,
and ** p < 0.01 vs. control conditions (CTRL).
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3.2. A5+ Stimulates Mitochondrial SIRT3 and SIRT4, Influences Mitochondrial Activity, and
Promotes Mitophagy in H9C2 Cells

Firstly, viability after A5+ intervention was estimated using Cell Titer and flow cytom-
etry assays in vitro.

Importantly, exposure to a wide range of concentrations (1–500 µM) of A5+ for 24 h
had almost no cytotoxicity to H9C2 cells. A significant decrease in cell viability was detected
only at 200 and 500 µM compared to control cells (Figure 2a).

Next, we analyzed cell survival by apoptosis detection at different time points (24, 48,
and 72 h) using different A5+ concentrations (25, 50, and 100 µM). The results of the sub-G1
assay by flow cytometry demonstrated that A5+ treatment did not cause a sub-G1 peak
reflective of DNA fragmentation except at the latest time point, i.e., 72 h, at the highest
concentration, i.e., 100 µM. (Figure 2b,c).

According to these results, we decided to use 50 µM A5+ for all subsequent experiments.
To verify the ability of A5+ to modulate sirtuins, we analyzed the protein expression

by WB analysis of all sirtuins following incubation of H9C2 cells with A5+ at 50 µM for 24,
48, and 72 h. A5+ treatment resulted in a significant down-modulation of SIRT1 and SIRT5
and up-regulation of mitochondrial SIRT3 and SIRT4 after 72 h of treatment (Figure 2d–j).
According to these results, we sought to investigate whether SIRT3 and SIRT4 might
mediate the effects of A5+. SIRT3 represents a major mitochondrial deacetylase, and it
is well established that SIRT3 deacetylation activity protects against the development of
age-related human pathology, including senescence [30–32]. Interestingly, A5+ treatment
increased not only the expression of SIRT3 but also its ability to deacetylate MnSOD in
H9C2 cells (Figure 3a). Specifically, as shown by WB, A5+ decreased the acetylation level of
MnSOD compared to the control group at all time points but significantly only after 72 h
of treatment.

Several studies have reported that SIRT4 inhibits the activity of glutamate dehydroge-
nase (GDH) enzymes, limiting the metabolism of glutamate and glutamine and, therefore,
reducing ATP production [33]. We measured the activity of GDH in H9C2 cells and
found that it was significantly suppressed while SIRT4 expression levels were upregulated
following 50 µM A5+ treatment (Figure 3b).

Since mitophagy plays a vital role in regulating cardiac senescence [34], we determined
the effects of A5+ on the cytosolic autophagosome marker LC3 B, the mitophagy kinase
Parkin, and the mitophagy receptor BCL2/adenovirusE1B 19 kDa interacting protein
3 (BNIP3) in H9C2 cells compared to controls at all time points. As showed by WB
analysis, stimulation with A5+ remarkably increased the ratio of LC3 II/LC3 I (Figure 3c)
together with the protein levels of Parkin (Figure 3d) and BNIP3 (Figure 3e) in a time-
dependent manner.

We next studied the changes in the mitochondria in terms of their inner membrane
potential using the mitochondria-specific fluorescent probe 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1). JC-1 is a dichromatic dye that exhibits
potential-dependent accumulation in mitochondria. It exists as either a green-fluorescent
monomer at depolarizing mitochondria or a red-fluorescent aggregate at polarizing mito-
chondria. The ratio of green to red fluorescence allows for the assessment of mitochondrial
polarization states [35]. Representative photographs of JC-1-stained H9C2 cells in the
absence of A5+ and following 72 h treatment with 25 and 50 uM A5+ are shown in Figure 3f.
On the 3rd day, in A5+-treated cells, the mass of the mitochondria with a low membrane
potential (green fluorescence) seemed to decrease, whereas the mass of the mitochondria
with a high membrane potential (red fluorescence) seemed to increase in treated cells
compared to the control.

These results suggest that A5+ might induce attenuation in cardiac senescence, main-
taining integral mitochondrial function through mitophagy enhancement.



Cells 2023, 12, 2605 10 of 23Cells 2023, 12, x FOR PEER REVIEW  10  of  26 
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Figure 2. A5+ treatment does not impact negatively on cell viability and cell survival and modulates
the expression of sirtuins in H9C2 cells. Cell viability was evaluated by the Cell Titer assay in
H9C2 cells exposed for 24 h to (a) increasing concentration of A5+ (from 1 to 500 µM) vs. untreated
cells. Data are expressed as the average of 490 nm Absorbance (with Absorbance proportional to
cell number) from triplicate wells from 5 separate experiments. **: p < 0.01; ***: p < 0.001. Other
experimental details are described in the Material and Method section. (b) Cell survival by the
detection of apoptosis using flow cytometry. (c) Apoptosis analysis and the apoptotic rate were
evaluated in H9C2 cells after 24, 48, and 72 h of treatment with different concentrations of A5+

(25, 50, and 100 µM). All results are shown as means ± SEM from three independent experiments.
(d–j) Western blot analysis showing the expression of SIRT1-7 in H9C2 cells stimulated with 50 µM
of A5+ for 24, 48, and 72 h compared to control conditions (CTRL). The same filter was probed with
anti-GAPDH monoclonal Ab to show equal loading. Upper panel: A representative Western blotting
of three independent experiments is shown. Lower panel: Densitometric analysis of Western blot.
Data are shown as means ± SEM. * p < 0.05, *** p < 0.001 vs. control conditions (CTRL).
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Figure 3. A5+ treatment activates the mitochondrial sirtuins SIRT3 and SIRT4 and enhances mi-
tophagy in H9C2 cells. Western blot analysis (left panel) and relative densitometry of three in-
dependent experiments (right panel) show the expression of (a) K122-Ac MnSOD/MnSOD in
H9C2 cells treated with 50 µM of A5+ for 24, 48, and 72 h compared to control conditions (CTRL).
(b) Measurement of enzymatic activity of GDH following incubation with 10, 25, and 50 µM of A5+

for 24 h. The relative levels of (c) LC3 II/LC3 I, (d) Parkin, and (e) BNIP3 were investigated in
H9C2 cells treated with 50 µM of A5+ for 24, 48, and 72 h by Western blot (upper panel) and relative
densitometry of three independent experiments (lower panel). Data are shown as means ± SEM.
* p < 0.05, ** p < 0.01, vs. control conditions (CTRL). (f) Assessment of mitochondrial repolarization
using JC-1 dye. Increase in the red (~590 nm)/green (~529 nm) fluorescence intensity ration by
exposure of H9C2 cells to A5+ 25 and 50 µM for 72 h.

3.3. A5+ Alleviates Senescent-like Cell Phenotypes in Response to DOXO Treatment

To investigate whether A5+ mitigates DOXO-induced cell senescence, H9C2 cells were
exposed to DOXO (0.1 µM) for 24 h in the absence or presence of 48 h pre-treatment with
A5+ (50 µM).

Firstly, we analyzed the expression of the senescent markers p21 and p16. The aging
markers p21 and p16 were upregulated by DOXO at the protein level, but these upreg-
ulations were inhibited by A5+ pre-treatment (Figure 4a,b). Previous studies identified
telomere dysfunction paralleled by p53 phosphorylation and accumulation as key events
in the pathogenesis of DOXO-elicited cardiomyocyte senescence [21,26]. Interestingly, we
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detected a reduction in TRF1 levels (Figure 4c) and an increase in those of phosphorylated
and total p53 (Figure 4d,e) following incubation of H9C2 cells with doxorubicin and found
that both alterations were significantly prevented by A5+ pre-treatment (Figure 4c,d).
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Figure 4. A5+ attenuates senescent-associated damage induced by DOXO in H9C2 cells. H9C2 cells
were pre-treated with A5+ (50 µM) for 48 h, exposed to DOXO (0.1 µM) for the other 24 h, and
subjected to WB analysis of the specific senescent markers (a) p21, (b) p16, (c) TRF1, (d) pP53, and
(e) P53. The same filter was probed with anti-βactin and anti-GAPDH monoclonal antibodies to
show equal loading. Left panel: A representative Western blot of three independent experiments
is shown. Right panel: Densitometric analysis of Western blot. Data are shown as means ± SEM.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control conditions (CTRL), two-way ANOVA,
Bonferroni post hoc test; # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. DOXO treatment,
two-way ANOVA, Bonferroni post hoc test. (f) Percentage of SA-β-gal-positive senescent cells in cells
not treated and in cells treated with DOXO (0.1 µM) in the absence or presence of A5+ pre-treatment
(50 µM) for 48 h. (g) Representative images of senescence-associated-β-galactosidase (SA-β-gal)
staining in H9C2 cells treated as in (f). Triangles indicate SA-β-gal-positive cells. (h) Effects of A5+

pre-treatment on death in DOXO-induced senescent H9C2 cells determined by cell cycle analysis.
The histogram shows the proportions of cells in the sub-G1 phase. The data are from 3 independent
experiments. * p < 0.05 vs. CTRL; # p < 0.05 vs. senescent DOXO-treated group. (i) Representative
images generated by the flow cytometer.
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Next, we tested whether A5+ could exert a possible effect on DOXO-induced SA-β-gal
staining, a widely accepted biomarker that can distinguish senescent cells from quiescent or
proliferating cells [36]. As shown in Figure 4f, pre-treating H9C2 cells with A5+ abrogated
the enhancement in DOXO-induced H9C2 cardiomyocyte senescence. Accordingly, DOXO-
induced senescent H9C2 cells displayed wide and strongly positive staining, while those
that received A5+ pre-treatment showed less SA-β-gal staining (Figure 4g).

To further investigate the A5+-mediated attenuation in cell senescence triggered by
DOXO administration, cytofluorimetric analysis was also performed. Specifically, H9C2
cells were exposed for 24 h to DOXO in the absence and presence of A5+ in pre-treatment
conditions; thereafter, PI-stained cells were analyzed by flow cytometry assay. As indicated
in Figure 4h,i, senescence induction with DOXO was associated with a notable fraction
of cells in the subG1 phase; nevertheless, this increment was significantly reduced in the
presence of A5+.

These results demonstrated that DOXO-induced senescence in H9C2 cardiac cells was
mitigated by A5+ pre-treatment.

3.4. A5+ Rescues SIRT3 and SIRT4 Expression, Reverses the Decrease in Mitophagy, and Prevents
ROS Production in DOXO-Induced Senescent H9C2 Cells

Since A5+ treatment stimulated the protein expression of mitochondrial SIRT3 and
SIRT4 in H9C2 cells, we first investigated whether A5+ could rescue the expression of these
sirtuins following DOXO exposure. WB analysis showed that 0.1 µM DOXO markedly
reduced the expression of SIRT3 and SIRT4 in H9C2 cells, but 50 µM A5+ was able to
significantly prevent the effects of DOXO on both sirtuin expressions (Figure 5a,b).

Next, we investigated whether A5+ abolished the DOXO-induced senescent pheno-
type by restoring mitophagy. DOXO treatment remarkably decreased the ratio of LC3
II/LC3 I (Figure 5c) and the mitophagy markers Parkin (Figure 5d) and BNIP3 (Figure 5e).
Conversely, A5+ restored the LC3 II/LC3 I ratio, Parkin, and BNIP3 in H9C2-pre-treated
cells compared to controls. In order to demonstrate the effect of A5+ pre-treatment on mi-
tophagy in H9C2 cells following DOXO exposure, ultrastructural analysis by transmission
electron microscopy was performed on H9C2 cells treated with DOXO, A5+, or DOXO +
A5+ (Figure 5f).

Ultrastructural analysis of control H9C2 cells showed cells with an elongated appear-
ance with centrally located nuclei, formed by euchromatin with poor heterochromatin
and well-organized nucleoli. Mitochondria, rough endoplasmic reticulum, and few lyso-
somes were observed in the cytoplasm (Figure 5f, upper left panel). H9C2 cells exposed
to A5+ were similar to control cells. No differences in subcellular organelle organization,
except a slight increase in lysosomes, were detectable in the cytoplasm (Figure 5f, upper
right panel). DOXO-exposed H9C2 cells appeared bigger than control and A5+-treated
cells, although they maintained an elongated appearance with centrally located nuclei.
In the cytoplasm, mitochondria appeared smaller and frequently suffered. An increase
in lysosomes was evident in the cytoplasm of DOXO-exposed H9C2 cells. Moreover, a
substantial increase in the polymerization of thin and intermediate filaments below the
plasma membrane and in the cytoplasm was also detected (Figure 5f, bottom left panel).
Notably, A5+-pre-treated DOXO-exposed H9C2 cells retrieved a morphology similar to that
of control cells. In addition, several double membrane-surrounded vacuoles containing
mitochondria, representing mitophagy, were shown in the cytoplasm, as shown in Figure 5f,
bottom right panel.

Thus, ultrastructural analysis corroborated that A5+ promoted mitophagy in DOXO-
induced senescent H9C2 cells.

To determine whether an increased clearance of damaged mitochondria by A5+-
mediated mitophagy would improve mitochondrial function, we analyzed the effect of A5+

on mitochondrial membrane potential in DOXO-treated H9C2 cells using JC-1.
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Figure 5. A5+ rescues mitophagy and attenuates ROS production in DOXO-treated H9C2 cells. After
24 h of 0.1 µM DOXO exposure with or without 48 h of 50 µM A5+ pre-treatment, the expression of
(a) SIRT3, (b) SIRT4, (c) LC3 II/LC3 I, (d) Parkin, and (e) BNIP3 was determined by Western blot
analysis. (f) Ultrastructural analysis. Upper left panel: Control H9C2 cells display an elongated
appearance with normal mitochondria (m), rough endoplasmic reticulum (rer), and lysosomes (ly).
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Upper right panel: H9C2 cells treated with A5+ showed a morphology similar to that of control
cells; only a slight increase in lysosomes (ly) is detectable. Bottom left panel: DOXO-treated H9C2
cells appeared bigger than control and A5+-treated cells. Mitochondria (m) appeared smaller. An
increase in lysosomes was evident in the cytoplasm of DOXO-exposed H9C2 cells (ly). A substantial
increase in the polymerization of thin and intermediate filaments below the plasma membrane and
in the cytoplasm was detected (arrowheads). Bottom right panel: A5+-treated DOXO-exposed H9C2
cells retrieved a morphology similar to control cells. In the cytoplasm, several double membrane-
surrounded vacuoles containing mitochondria, representing mitophagy, were visible (arrows; higher
magnification in the square). (N: nucleus). Bars correspond to 1 µm. (g) The mitochondrial membrane
potential was detected by JC-1 fluorescence assay (scale bar = 25 µm) in CTRL H9C2 cells (left panel),
H9C2 cells exposed to 0.1 uM DOXO for 24 h (central panel) or pre-treated with 50 µM A5+ for
48 h and then exposed to 0.1 µM DOXO for an additional 24 h (right panel). (h) Time course of a
Mito stress test experiment, normalized for non-mitochondrial respiration, measured through plate
respirometry on CTRL H9C2 cells, H9C2 cells exposed to 0.05 uM DOXO for 24 h or pre-treated with
25 µM A5+ for 24 h and then exposed to 0.05 µM DOXO for an additional 24 h. Data are represented
as the mean ± SD of 3 replicates. (i) ROS production assessed by cytofluorimetric analysis in H9C2
cells in the absence of treatment or after 24 h of 0.1 µM DOXO exposure with or without 48 h of 50
µM A5+ pre-treatment. *** p < 0.001 vs. control conditions (CTRL), ### p < 0.001 vs. DOXO treatment,
two-way ANOVA, Bonferroni post hoc test. (j) WB analysis of MnSOD and acetylated K122-MnSOD
in the experimental setting described above. For Western blot analysis, the same filter was probed
with anti-GAPDH or β-actin monoclonal antibodies to show equal loading. Upper panel (or left
panel for K122-Ac MnSOD/total MnSOD): A representative Western blotting of three independent
experiments is shown. Lower panel (or right panel for Ac MnSOD/total MnSOD): Densitometric
analysis of Western blot. Data are shown as means ± SEM. * p < 0.05, *** p < 0.001 vs. control
conditions (CTRL), two-way ANOVA, Bonferroni post hoc test; # p < 0.05, ## p < 0.01, ### p < 0.001,
#### p < 0.0001 vs. DOXO treatment, two-way ANOVA, Bonferroni post hoc test.

Interestingly, senescent cardiac cells induced by DOXO showed a depolarized mito-
chondrial membrane potential (Figure 5g, central panel), which was markedly reversed in
the presence of A5+ pre-treatment, as indicated by the accumulation of JC-1 aggregates (as
indicated by an increase in the amount of punctate red JC-1 fluorescence and a decrease in
green monomer JC-1 fluorescence) (Figure 5g, right panel).

Importantly, mitochondrial respiration was affected by DOXO (Figure 5h). Twenty-four
hours of exposure to this agent caused a reduction in basal (−69.2 ± 6.03%, p = 0.006) and
maximal respiration (−68.64% ± 11.17%, p = 0.005) when compared to vehicle (CTRL). The
addition of A5+ improved basal respiration (A5+-DOXO + 58.08± 2.28% vs. DOXO, p = 0.03)
but not maximal respiration (p = n.s.). A5+ alone caused a decrease of 37.08 ± 10.31% of
maximal respiration when compared to vehicle (p = 0.04), with no effect on basal respiration
(p = n.s.).

These results suggest that A5+-induced attenuation in cardiac senescence may be
related to its protective effects on mitochondria and that these effects might be mediated by
mitochondrial sirtuin activation.

Next, we examined ROS production in DOXO-treated H9C2 cells. As expected, DOXO
increased ROS levels in H9C2, as evidenced by FACS analysis, but A5+ pre-treatment
attenuated this increase (Figure 5i). To investigate the influence of the SIRT3 pathway on
this process, we determined the acetylation status of manganese superoxide dismutase
(MnSOD). Surprisingly, WB analysis did not show any decrease in K122 MnSOD acetylation
following A5+ pre-treatment in H9C2 senescent cells (Figure 5j).

3.5. SIRT4 Silencing Enhances A5+ Protection against DOXO-Induced Senescence by Modulating
Mitophagy and ROS Production

Interestingly, it has been recently demonstrated that SIRT4 inhibits SIRT3-mediated
MnSOD deacetylation, leading to an increase in ROS levels during cardiac hypertrophy [37].
Since A5+ markedly increased the protein expression of SIRT3 and SIRT4 and rescued the
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expression of both sirtuins following DOXO treatment, we stably silenced SIRT4 expres-
sion by shRNA. Firstly, we found that, following DOXO treatment, SIRT4 knockdown
(shSIRT4) (Supplementary Figure S1a) markedly up-regulated the expression of SIRT3
(Figure 6a), while it did not have effects on the expression of the other sirtuins (Supplemen-
tary Figure S1b–f). Then, we determined SOD activity in the mitochondria of shControl
and shSIRT4 H9C2 cells in the absence and in the presence of A5+ treatment. In basal
conditions, A5+ and shSIRT4 cells showed higher MnSOD activity compared to shControl
cells; administration of A5+ markedly increased this activity in both types of cells, but the
increase was more significant in shSIRT4 than in shControl cells (Figure 6b, upper panel).
After DOXO treatment, MnSOD activity decreased significantly in shSIRT4 cells, whereas it
was still higher following A5+ pre-treatment and DOXO exposure. In shControl cells, all
these changes were not significant (Figure 6b, lower panel).
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Figure 6. SIRT4 knockdown reverses DOXO-induced senescence in A5+ treated H9C2 cells by
modulating mithophagy and ROS production. H9C2 cells were transfected with control shRNA
(shControl) or shRNA directed against SIRT4 (shSIRT4). shControl cells and shSIRT4 cells were either
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left untreated or treated with DOXO (0.1 µM) for 24 h in the presence or absence of 48 h A5+

(50 µM) pre-treatment. WB analysis performed with antibodies against (a) SIRT3, (c) MnSOD and
K122-acetylated MnSOD, (e) BNIP3, and (f) Parkin. GADPH was used as a loading control. Upper
panel: A representative Western blotting of three independent experiments is shown. Lower panel:
Densitometric analysis of Western blot. Data are shown as means ± SEM. * p < 0.05, ** p < 0.01
vs. untreated shControl or shSIRT4 cells, two-way ANOVA, Bonferroni post hoc test; # p < 0.05,
## p < 0.01, ### p < 0.001 vs. DOXO treatment in shControl or in shSIRT4 cells, two-way ANOVA,
Bonferroni post hoc test. (b) Upper panel: MnSOD activity in shControl and shSIRT4 cells in the
absence and in the presence of 50 µM A5+ treatment for 72 h. Lower panel: MnSOD activity in
shControl and shSIRT4 cells untreated or treated with DOXO (0.1 µM) for 24 h in the presence or
absence of 48 h A5+ (50 µM) pre-treatment. Mean ± SEM, *, p < 0.05, **, p < 0.01, vs. untreated
shControl or shSIRT4 cells; #, p < 0.05, DOXO treatment in shSIRT4 cells. (d) ROS production
in shControl and shSIRT4 cells was either left untreated or treated with DOXO (0.1 µM) for 24 h
in the presence or absence of a 48 h A5+ (50 µM) pre-treatment. Median Fluorescence Intensity
(MFI) was graphed on the right side. The data are representative of three separate experiments.
Differences between groups were analyzed by a two-way ANOVA and a Bonferroni post hoc test.
*, p < 0.05, **, p < 0.01 vs. untreated shControl or shSIRT4 cells; #, p < 0.05, ##, p < 0.01, ###, p < 0.001
vs. DOXO treatment in shControl or in shSIRT4 cells. (g) Representative images of senescence-
associated-β-galactosidase (SA-β-gal) staining in shControl and shSIRT4 cells treated without or with
DOXO (0.1 µM) in the absence or presence of A5+ pre-treatment (50 µM) for 48 h. Triangles indicate
SA-β-gal-positive cells. (h) Percentage of SA-β-gal-positive senescent cells in cells treated as in (g).

WB analysis demonstrated that shSIRT4 reduced K122 MnSOD acetylation, confirming
the inhibitory effect of SIRT4 on SIRT3-mediated deacetylation of K122 MnSOD (Figure 6c).
Moreover, the reduction in ROS production in H9C2 cells pre-treated with A5+ following
DOXO exposure was more significant in shSIRT4 H9C2 cells compared to shControl cells
(Figure 6d).

Next, we hypothesized that SIRT4 could also affect mitophagy in our experimental
model. Noteworthy, the expression levels of BNIP3 and Parkin were rescued more signifi-
cantly by SIRT4 knockdown following A5+ pre-treatment and DOXO exposure (Figure 6e,f).
The LC3 II/LC3 I ratio was not rescued in H9C2-knockdown cells compared to shControl
cells (Supplementary Figure S2). Accordingly, SIRT4 knockdown significantly rescued
SA-β-Gal activity compared to shControl cells (Figure 6g,h). In conclusion, these results
suggest that, in our in vitro model, SIRT4 silencing increased the capacity of H9C2 cells to
promote mitophagy (most likely in a SIRT3-dependent manner) and therefore prevented
cellular senescence, counteracting ROS generation.

4. Discussion

In the present study, we demonstrated the efficacy of a mixture of polyphenols, identi-
fied as A5+, in preventing DOXO-induced cell senescent phenotype in vitro by promoting
mitophagy and, therefore, reducing oxidative stress. These effects might be triggered, at
least in part, by the A5+-mediated activation of SIRT3.

These findings are in agreement with previous studies demonstrating the ability of
polyphenols to limit the progression of cell senescence [6]. Our mix of bioactive compounds
is composed mainly of Polydatin but also of Ellagic acid, Pterostilbene, and Honokiol. In-
terestingly, Honokiol was effective in protecting cardiomyocytes against DOXO-stimulated
senescence. This protective effect was mediated by inhibiting TXNIP expression and block-
ing the NLRP3 inflammasome. The resultant inhibition of inflammation resulted in the
protection of cells from senescence and led to an improvement in cardiac dysfunction [16].
It is known that the presence of low-grade inflammation is a definitive characteristic of
senescence progression [38], and a chronic pro-inflammatory state can aggravate cell senes-
cence [39]. Importantly, A5+ has already been demonstrated to exert anti-inflammatory
effects in different cell types [8–10]. Nevertheless, its impact on cellular senescence has
never been investigated. A mix of Polydatin, Curcumin, and Quercetin was able to coun-
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teract pro-inflammatory and pro-oxidative signals induced by hyperglycemic conditions
in replicative senescent HUVEC [11]. Further, a combination of Palmitoylethanolamide
and Polydatin has been shown to reduce inflammation and oxidative stress in vascular
injury [40]. In our in vitro system, A5+ attenuated DOXO-induced senescence of H9C2
cells, as demonstrated by a rescue in protein levels of the senescent markers p21 and
p16. Additionally, previous findings demonstrated the crucial role of TRF1 knockdown
in DOXO-stimulated cellular senescence and that this effect was mediated by p53 activ-
ity [21]. Accordingly, we found that A5+ pre-treatment abrogated DOXO-mediated TRF1
down-regulation and the enhancement in phosphorylated and total p53 levels.

Interestingly, metabolic analysis through plate respirometry showed that A5+ helped
to restore some of the mitochondrial parameters that were deeply affected by the exposure
to DOXO. Unexpectedly, A5+ alone showed an action on maximal respiration, leaving basal
respiration unaltered. This peculiar mechanism of action prompts further studies on the
metabolic impact of this molecule on mitochondrial metabolism.

In an attempt to identify a potential mechanism involved in A5+-mediated protection
of H9C2 cells from DOXO-induced senescence, we focused on mitophagy since widespread
targeted depletion of mitochondria through mitophagy blocks the expression of features
typical of cellular senescence, such as the pro-inflammatory and pro-oxidant senescence-
associated secretory phenotype and changes in the expression of the cyclin-dependent
kinase inhibitors p16 and p21, while still preserving the cell cycle arrest [41]. In our
study, A5+ treatment was able to increase the ratio of the cytosolic autophagosome kinases
LC3 II/LC3 I and the expression of the mitophagic markers Parkin and BNIP3. Most
importantly, A5+ restored mitophagy in DOXO-induced senescent H9C2 cells. The role
of A5+ in mitophagy had important biological implications as it induced a decrease in
the amount of cellular ROS, a byproduct of cell senescence [42]. In particular, BNIP3-
dependent mitophagy seems to play an important role in limiting mitochondrial ROS
levels [43], and, in our system, the involvement of BNIP3 in the protective effects of A5+

was evident in H9C2-treated cells but even more so after A5+ pre-treatment in DOXO-
induced senescent H9C2 cells. Interestingly, it has been recently demonstrated that, in
allergic rhinitis, Polydatin inhibits mitochondrial damage and mitochondrial ROS by
promoting PINK1-Parkin-mediated mitophagy similarly to what we showed for A5+ [44].

The activation of mitophagy was paralleled by an enhancement in the expression
of the mitochondrial sirtuins SIRT3 and SIRT4 and of their targets. Interestingly, it has
been widely demonstrated that polyphenols like resveratrol, Pterostilbene, Polydatin and
Honokiol can activate anti-inflammatory and antioxidant sirtuin pathways through the
activation of autophagy and mitophagy [45,46]. In the heart, Polydatin alleviates MI
and diabetic myocardial disease by maintaining mitochondrial function and enhancing
autophagy by upregulating SIRT3 activity [47,48]. SIRT3 could activate mitophagy via
different pathways. It promoted angiogenesis in cardiac microvascular endothelial cells
by enhancing mitophagy via the PINK1/Parkin axis, thereby inhibiting ROS production
and restoring vessel sprouting and tube formation [49]. Further, it could also activate
mitophagy through an enhancement in BNIP3 expression, ameliorating non-alcoholic
fatty liver disease [50]. Nevertheless, in the aged heart, SIRT3 promoted mitochondrial
oxidative stress resistance and enhanced the ability to scavenge ROS not only by regulating
mitochondrial biogenesis and mitophagy but also by deacetylating MnSOD [51–53]. Pre-
treating H9C2 cells with A5+ and then exposing them to DOXO remarkably enhanced
Parkin and BNIP3 expression and reduced ROS production, but it did not result in MnSOD
deacetylation. It is noteworthy that in a study of angiotensin II (Ang II)-induced cardiac
hypertrophy in mice, it was demonstrated that SIRT4 inhibited the binding of MnSOD to
SIRT3, resulting in increased MnSOD acetylation and elevated ROS accumulation upon Ang
II stimulation [37]. Taking into account these findings, we silenced SIRT4 in our cells and,
accordingly, detected, in the presence of A5+ pre-treatment followed by DOXO exposure,
a significant decrease in MnSOD acetylation compared to shControl cells, confirming
the inhibitory effect of SIRT4 on SIRT3-mediated deacetylation of MnSOD. Importantly,
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in shSIRT4 cells, MnSOD activity was already higher in basal conditions compared to
shControl cells, increased following A5+ treatment, and remained high after A5+ pre-
treatment and DOXO exposure. Accordingly, the inhibition of ROS production was more
significant in SIRT4-knockdown H9C2 cells compared to shControl cells.

Noteworthy, SIRT4 silencing also determined further activation of mitophagy, as evi-
denced by enhanced expression of Parkin and BNIP3. SIRT4 has already been reported to
negatively regulate Parkin-mediated mitophagy. Specifically, moderate overexpression of
SIRT4 in fibroblast models of senescence increased the levels of the inner-membrane-bound
long form of the GTPase OPA1 that promoted mitochondrial dysfunction and decreased
Parkin-associated mitophagy [54]. Further, in the same study, SIRT4 overexpression re-
sulted in increased mitochondrial ROS levels and autophagic flux. Interestingly, as shown
previously, in our in vitro system, SIRT4 knockdown H9C2 cells upon stimulation with
A5+ and DOXO showed a more significant decrease in the amount of cellular ROS and
no significant increase in autophagy compared to shControl cells. Together, these results
suggested that SIRT4 might have an important role in managing the players involved in
the antioxidant response in senescent H9C2 cells, in particular by increasing ROS produc-
tion through inhibition of SIRT3-mediated MnSOD deacetylation and through a decrease
in mitophagy.

One of the limitations of the present work is that the H9C2 cell line is phenotypically
distinct from cardiac myocytes, even though they share several properties [55,56]. This
myoblastic cell line shows similar morphological characteristics to immature embryonic
cardiomyocytes; nevertheless, it has been demonstrated that they retain several electrical
and hormonal signaling pathways found in adult cardiomyocytes [57,58]. Further, it
has already been used as a model to study DOXO-induced nuclear, mitochondrial, and
cytoskeletal alterations [59] and DOXO-induced cell senescence [21,26].

In conclusion, A5+ has shown the benefit of ROS scavenging and mitophagy stimula-
tion in preventing H9C2 cell senescence but has also evidenced that simultaneous activation
of mitochondrial SIRT3 and SIRT4 might not always be synergistic, as evidenced in our
in vitro model (Figure 7). Nevertheless, we detected a decrease in ROS production and
an increase in mitophagy following pre-treatment with A5+ and DOXO stimulation in
shControl cells, even though to a lesser extent, and these effects, most likely, might be due
to the potential synergistic effects of SIRT3 with other micronutrients present in A5+. For
instance, zinc has already been demonstrated to induce mitophagy, leading to attenuation
of mitochondrial superoxide generation in the setting of hypoxia/reoxygenation in cardiac
cells [60]. Selenium, as well, has shown cardioprotective effects on AGE-induced heart
failure by suppressing ROS-mediated myocyte apoptosis [61]. Nevertheless, it is important
to emphasize that SIRT3 and SIRT4 opposite effects in DOXO-induced cardiomyocyte
senescence might suggest one of the reasons why both short- and long-term clinical trials
have failed to consistently support the cardioprotective effects of supplemental antioxidant
intake in cardiomyocytes [62,63].
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