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ARTICLE INFO ABSTRACT

Keywords: Reactive oxygen species (ROS) are normally produced in skeletal muscle. However, an imbalance in their reg-
Skeletal muscle cells ulatory systems can lead to their accumulation and ultimately to oxidative stress, which is one of the causes of
Dog the ageing process. Companion dogs share the same environment and lifestyle as humans, making them an
ROS . . . . . .

Ageing excellent comparative model for the study of ageing, as well as they constitute a growing market for bioactive

molecules that improve the quality of life of pets. The anti-ageing properties of oleuropein aglycone (OLE), a
bioactive compound from olive leaves known for its antioxidant properties, were investigated in Myok9 canine
muscle cell model. After incubation with OLE, senescence was induced in the canine cellular model by hydrogen
peroxide (H202). Analyses were performed on cells after seven days of differentiation. The oxidative stress
induced by H20, treatment on differentiated canine muscle cells led to a significant increase in ROS formation,
which was reduced by OLE pretreatment alone or in combination with H,O, by about 34% and 32%, respec-
tively. Cells treated with H,O, showed a 48% increase the area of senescent cells stained by SA-p-gal, while OLE
significantly reduced the coloured area by 52%. OLE, alone or in combination with HyO2, showed a significant
antioxidant activity, possibly through autophagy activation, as indicated by the expression of autophagic

Oleuropein aglycone

markers.

1. Introduction

Ageing is a complex natural and biological process that impairs the
body’s ability to maintain effective metabolic processes and increases
the likelihood of disease. The aetiology of ageing is multifactorial and is
characterised by inadequate protein intake, increased protein catabo-
lism, increased release of inflammatory cytokines, mitochondrial
dysfunction and diffuse oxidative stress (Romani et al., 2022). In skeletal
muscle, ageing is characterised by a progressive and general loss of
muscle mass and strength. Physiologically, large amounts of reactive
oxygen species (ROS) are generated during muscle contraction, making
skeletal muscle susceptible to oxidative stress and cellular senescence,
especially in the older people (McArdle et al., 2002). Although low levels
of ROS are necessary for physiological homeostasis, excessive accumu-
lation of ROS can lead to cellular damage at the molecular level and
promote the ageing process (Du et al., 2019; lakovou and Kourti, 2022).

Domesticated dogs are increasingly recognised as suitable models for
arange of biomedical research areas, as they have clear advantages over
other commonly used laboratory animals (Hoffman et al., 2018). Dogs
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that live with their owners are kept into old age and typically receive a
high level of care, including nutritional care, resulting in $326 per
household being spent annually on canine healthcare (US AVMA, 2022).
By modelling the human condition, complex issues such as the contri-
bution of the environment as well as the impact of ageing on disease
susceptibility and progression can be investigated with long-term
treatment protocols in dogs (Creevy, et al., 2016; Creevy et al., 2022).

In old dogs, skeletal muscle wasting, and frailty are not well studied,
but the first clearly visible signs are fatigue and lack of mobility
(Freeman, 2012). As in humans, the decline in muscle function in ageing
dogs is attributed to oxidative damage to lipids, proteins and DNA that
accumulates over time (Mecocci et al., 1999). Reduced expression of
genes related to cell cycle and metabolism has been observed in geriatric
dogs compared to young adults, suggesting reduced cell turnover and
impaired mitochondrial function and dynamics due to fission and fusion
processes (Middelbos et al., 2009). As in humans, the expression of the
mitochondrial electron transport chain in dogs shows a general deteri-
oration with age (Zahn et al., 2006).

Several studies suggest that autophagy and mitophagy are protective
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Fig. 1. Experimental design. The cells were 80% confluent and differentiated for 7 days. From day 7 the different treatments started for 24 h and after 22 h the cells
in the respective group were exposed to 200 uM H,0, for 2 h to induce oxidative stress and senescence.

mechanisms that maintain muscle health and prevent muscle loss and
sarcopenia (Bagherniya et al., 2018) by removing dysfunctional organ-
elles and poorly functioning mitochondria (Lee and Wei, 2012; Sandor
and Kubinyi, 2019). In this context, numerous bioactive compounds,
such as nutraceuticals found in some foods, can modulate the senescence
process (Gurau et al., 2018), and for this reason they have been proposed
as suitable anti-ageing molecules. Oleuropein is a natural polyphenol
extracted from dried olive leaves. Oleuropein has been shown to have
anti-inflammatory, anti-cancer, cardio-protective and neuroprotective
properties (Sun et al., 2017; Rishmawi et al., 2022). According to
Rigacci et al. (2015), oleuropein also shows antioxidant and anti-ageing
effects, which are mainly mediated by the increase in AMPK phos-
phorylation and thus the inhibition of mTOR signalling, leading to the
induction of autophagy (Kucukgul et al., 2020). Interestingly, under
oxidative stress conditions, oleuropein acts as an antioxidant at lower
doses, while high concentrations of oleuropein show antiproliferative
and pro-apoptotic activity as observed in HEY and MCF-7 cells (Scic-
chitano et al., 2023).

The aim of this study was to test the antioxidant and autophagy-
inducing effects of oleuropein aglycone (OLE) on immortalised canine
skeletal muscle cells (Myok9) with regard to its efficacy as a pretreat-
ment of a hydrogen peroxide (HO)-induced senescence stimulus
simulating an environmental factor that induces oxidative stress.

2. Material and methods
2.1. Chemicals and culture media

Dulbecco’s modified Eagle medium (DMEM)-high glucose (4.5 g/L),
GlutaMAX™ Supplement, fetal bovine serum (FBS), sodium pyruvate,
penicillin/streptomycin solution (1:1), horse serum, fluorescein anti-
rabbit antibody and RIPA lysis buffer, TRIzol reagent, PureLink™ RNA
Mini Kit, Platinum™ SYBR™ Green qPCR SuperMix-UDG kit for Real
Time-PCR and Hoechst dye were purchased from Life Technologies and
Invitrogen (Thermo Fisher Scientific Inc., MA, USA). ImProm-II™
Reverse Transcription System was acquired from Promega (Madison,
WI). Oleuropein aglycone (OLE) was purchased from CliniSciences
Group (Nanterre, France) and stored in DMSO (EuroClone S.p.A., Milan,
Italy). Rapamycin (RAPA), chloroquine diphosphate salt (CLQ), fluo-
rescent probe 2',7-dichlorofluorescein diacetate (DCFH-DA), human
collagen type I solution and Bradford reagent were purchased by Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany). RAPA and CLQ were
stored in DMSO and deionised and distilled water (ddH20), respectively.

2.2. Cell culture and treatments

Myok9 cells were purchased from ABM Inc. (Richmond, Canada).
Cells on the 6th passage were seeded on 0.2% human collagen type I-
coated supports (6x10* cells for 96-well plate, 10x10* for p-slide 8 well
ibiTreat chamber) and were cultured in growth medium (GM) composed
of Dulbecco’s modified Eagle medium (DMEM) high glucose (4.5 g L™ bf
supplemented with 2 mM GlutaMAX™, 20% (v/v) fetal bovine serum
(FBS), 2% (v/v) chicken embryo extract (VWR International Avantor

Inc., PA, USA), 1% (v/v) sodium pyruvate, 100 U mL~! penicillin, and
100 mg mL™~! streptomycin at 37°C in humidified 5% (v/v) CO, atmo-
sphere. At 80% cell confluence, differentiation was induced by medium
replacement with differentiation medium (DM) composed of DMEM-
high glucose, 2 mM GlutaMAX™, 1% (v/v) sodium pyruvate,
100 U mL! penicillin, and 100 mg mL ™! streptomycin enriched with
2% (v/v) horse serum (Lopez et al., 2020). Differentiation was carried
out for 1 (D1), 4 (D4), and 7 (D7) days.

To avoid the antioxidant effect of sodium pyruvate, each treatment
was performed in sodium pyruvate-free DM (Babich et al., 2009). After 7
days of differentiation, cells treated with the same amount of vehicle
(0.05% DMSO) were used as control (CTRL). Cells were treated with
different concentrations of OLE (10, 25 or 50 uM) and H205 (100, 200 or
300 uM) in 0.05% DMSO to determine the best concentration to use in
the experimental setup without affecting cell viability. To detect auto-
phagy, cells were incubated for 24 hours with 500 nM rapamycin
(RAPA), which was used as a positive control and 10 uM chloroquine
(CLQ), which targets late-stage autophagy by preventing the fusion of
autophagosomes with lysosomes and is able to accumulate LC3B-II
protein (Fourrier et al., 2021). In the experimental design Myok9 cells
were pretreated with OLE for 22 hours and then exposed to H205 for
2 hours to induce a senescence stimulus (Fig. 1).

2.3. Immunofluorescence microscopy

Myok9 cells at D1, D4 and D7 were seeded in p-slide 8 well IbiTreat
chamber (Ibidi GmbH, Germany), grown and differentiated as described
above. At each time point, cells were fixed with 4% paraformaldehyde
(PFA) for 15min at RT. Fixative-induced autofluorescence was
quenched with 50 mM ammonium chloride. Cells were then per-
meabilized by incubation for 10 min at RT with 0.1% Triton X-100 in
phosphate buffered saline (PBS), followed by three washes with PBS.
Background labelling was prevented by incubating cells in blocking
solution containing 5% (w/v) bovine serum albumin (BSA) and 5% (v/v)
normal goat serum (Vector Laboratories, Burlingame, CA) for 1 hours at
RT. Fixed cells were incubated at 4°C overnight with rabbit anti-o
tubulin primary antibody (1 ug mL™!) (Abcam, Cambridge, UK) dis-
solved in 1% (w/v) BSA in PBS. After three washes with PBS, cells were
incubated for 45 min at RT with secondary fluorescein-conjugated anti-
rabbit antibody diluted in 1% (w/v) BSA in PBS. Finally, nuclei were
stained with Hoechst dye (1:200 in PBS) for 10 min.

The images were acquired with the Axio Observer Z1 fluorescence
microscope equipped with D-PLAN Neofluar objectives with N.A. 0.75
and Infinity Colour Corrected System (ICS) as well as AxioCam and Zen
blue software (Carl Zeiss, Jena, 208 Germany). The filters were set to
4707525 nm for 209 fluorescein antibody and 390/460 nm for Hoechst
dye. Images were analysed using ImageJ 1.53r software (imagej.nih.
gov/ij/).

2.4. Cell viability assay

Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. Myok9 cells were seeded



G. Polacchini et al.

Table 1

Tissue and Cell 88 (2024) 102369

Oligonucleotide primer sequences for Real Time-PCR (ACTB; B-actin; B2M; B-2-microglobulin; MEF2A; myocyte enhancer factor 2A; MYMK; myoblast fusion factor;
SOD2; superoxide dismutase 2; SESN1; sestrinl; PPARGC1A; peroxisome proliferator-activated receptor y coactivatorla).

Gene GeneBank accession Primer sets Product length (bp) Tm (°C)

ACTB Z70044.1 Forward: 5-ACTGGGACGACATGGAGAAG-3' 280 59.4
Reverse: 5-AGGGCGTACCCCTCATAGAT-3'

B2M NM_001284479.1 Forward: 5-CCTTGCTCCTCATCCTCCTC-3' 104 59.4
Reverse: 5-GGCTTTCCATTCTCTGCTGG-3'

MEF2A XM_038661203.1 Forward: 5-GTCTTTCCCATCCCAAGTGC-3' 90 59.4
Reverse: 5-AGCTCCCTCTCTGTTTTCCC-3'

MYMK XM_022423637.2 Forward: 5-CACACACACACTCATGCACA-3' 98 58.4
Reverse: 5-GGAGATGTCAGGTGCTCAGA-3'

SOD2 XM_038654563.1 Forward: 5-CTAAGGGTGGTGGAGAACCA-3' 157 58.4
Reverse: 5-~AAGCGTCCCTGCTCCTTATT-3'

SESN1 NM_014454.3 Forward: 5-CACACATTCAGACCTCCTTC-3' 161 56.6
Reverse: 5-TGTAACTGCCTCATCTTTTCC-3'

PPARGC1A NR_148985.2 Forward: 5-GCCCAGGTACAGTGAGTCTT-3' 105 59.8

Reverse: 5-GTGAGGACTGAGGACTTGCT-3'

Tm = annealing temperature

in 96-well plate, differentiated for 7 days and treated as indicated After
treatment, cells were rinsed with PBS and incubated with 5 mg/mL MTT
in PBS for 4 h at 37°C. The resulting formazan was dissolved in DMSO
and incubated overnight (O/N) at 37°C. Absorbance was measured at
A=570 nm by Spark microplate reader (Tecan Group Ltd., Switzerland).

2.5. Measurement of total intracellular reactive oxygen species (ROS)
levels

ROS were estimated using the fluorescent probe DCFH-DA that
crosses cell membranes and it is hydrolysed to nonfluorescent DCFH by
intracellular esterase. In presence of ROS, DCFH is rapidly oxidized to
fluorescent dichlorofluorescin (DCF) that reflects the amount of total
intracellular ROS formed.

Myok9 cells were cultured in a 96-well plate, differentiated for 7
days and treated according to the experimental protocol. Prior to HoO5
treatment, the plates were incubated in the dark with 30 pM DCFH-DA
for 30 minutes at 37 °C. The cells were then treated with H,O5 and,
after washing with PBS, the fluorescence intensity was measured at 37°C
with an excitation wavelength of 485 nm and an emission wavelength of
530 nm using the Spark microplate reader. ROS production was calcu-
lated as an increase in fluorescent signal in comparison to CTRL, while
the antioxidant activity was calculated as a reduction in fluorescent
signal in comparison to the HyO,-treated sample.

2.6. SA-p-galactosidase (SA-p-gal) senescence assay

Senescence induction or anti-ageing effect was assessed using the SA-
fB-gal staining test, in which the blue colour indicates senescent cells.
Myok9 cells were seeded in p-slide 8 well IbiTreat chamber and differ-
entiated for 7 days. Cells were then treated as indicated before incuba-
tion with 4% PFA incubation for 15 minutes at RT. After two PBS
washes, cells were incubated for 24 hours at 37°C without CO, with a
freshly prepared SA-B-gal staining solution consisting of 1 pg/mL X-gal,
40 mM citric acid 0.1 M/sodium phosphate 0.2 M solution [pH 6.0],
5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 150 mM
NaCl, and 2 mM MgCl,. The images of the stained cells were acquired
with Axio Observer Z1 microscope equipped with the EC-PLAN Neofluar
20x/0.50 M27 objective and the Infinity Colour Corrected System, as
well as with the AxioCam 506 camera and Zen blue software (Carl Zeiss,
Jena, Germany). The percentage of the blue-coloured area was calcu-
lated using ImageJ 1.53r software.

2.7. RNA extraction and Real Time-PCR

To extract RNA from the Myok9 cell cultures, 0.1 mL/cm? of TRIzol
reagent was added in the Petri dishes after culture medium removal.

Then, the collected samples were proceeded with the PureLink™ RNA
Mini Kit following the manufacturer’s instructions. The concentration of
the total RNA extracted was quantified using the acid nucleic quantifi-
cation tool of the Spark microplate reader. Purity of RNA samples ranged
between 1.8 and 1.9.

Primer3 Input software was used to design primers (Rozen and
Skaletsky, 2000) for genes related to skeletal muscle differentiation
(MEF2A, myocyte enhancer factor 2A; MYMK, myoblast fusion factor;
SESN1, sestrinl) and involved in antioxidant defence (SOD2, superoxide
dismutase 2; PPARGC1A, peroxisome proliferator-activated receptor y
coactivatorla).

GeneBank accession, primers, product lengths and relative annealing
temperatures for each gene are listed in Table 1, according to the HUGO
Gene Nomenclature Committee.

Total RNA was reverse-transcribed with the ImProm-II"™ Reverse
Transcription System (Promega, Madison, WI) in a MJ thermal cycler
model PT-100 (MJ Research Inc., USA) following the manufacturer’s
instructions. Real time PCR analyses were performed in triplicate for
each treatment using Platinum™ SYBR™ Green qPCR SuperMix-UDG
reaction Kkit.

For each gene, an aliquot of cDNA samples was pooled and standard
curves with serial dilution of the pool were used to optimize Real Time-
PCR conditions in terms of cDNA and primers concentration and to
calculate the efficiency, fluorescence baseline, and threshold. PCR
amplification was achieved applying 40 cycles (10 s at 95°C, 30 s at the
specific annealing temperature, 30 s at 72°C) in a 96-well spectrofluo-
rometric thermal cycler CFX (Bio-Rad, Milan, Italy). The melting curve
analysis of amplification products was performed at the end of each PCR
reaction to confirm that a single PCR product was detected.

Target gene expression was normalised using geometric mean values
between p-actin (ACTB) and p-2-microglobulin (B2M) mRNAs and
analysed as relative fold change between D4 and D7 compared to D1
using the AACt method (Livak and Schmittgen, 2001). The relative fold
change was also quantified between treatments (HyO,, OLE and
OLE+H503) compared to CTRL.

2.8. Cyto-ID fluorescence microscopy autophagy detection assay

The autophagy induction was evaluated by a fluorescence micro-
scopy assay using the Cyto-ID® Autophagy Detection Kit 2.0 (Enzo Life
Science, USA) containing a fluorescent probe that marks vesicles pro-
duced during the autophagy process (Stankov et al., 2014).

Myok9 cells were seeded in p-slide 8 well IbiTreat chamber and
differentiated for 7 days before being treated as indicated. RAPA treat-
ment was used as positive autophagy controls. After treatment, cells
were washed with PBS and stained following the manufacturer’s kit
protocol. Stained cells were washed with PBS and fixed with 4% PFA for
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Fig. 2. Characterisation of the differentiation of the Myok9 canine myoblast cell line. (A) Representative image of differentiated Myok9 cells after 7 days. Immu-
nofluorescence of the cytoskeletal protein a-tubulin (green) and nuclear staining with Hoechst dye (blue). The white arrows show fused differentiated cells with more
than two nuclei. (B) Gene expression analysis of MYMK, MEF2A and SESN1 in D4 and D7 compared to D1. **P < 0.01.

15 min at RT. Images were acquired with the fluorescence microscope
Axio Observer Z1. The autophagy vesicles number were counted by
ImageJ 1.53r software. Autophagy induction was indicated as an in-
crease in the vesicles number in comparison to CTRL.

2.9. Total protein extraction and western blot analysis

Seven-day differentiated Myok9 cells were detached from the Petri
dishes (@ 10 cm) with a scraper and collected in PBS. To extract total
proteins, the cells were lysed in RIPA buffer containing a protease in-
hibitor cocktail (Roche, Switzerland) as well as 1 mM sodium orthova-
nadate and sodium fluoride to inhibit phosphatases. The protein
concentrations of the samples were determined using the Bradford
colorimetric method and the absorbance was measured at 595 nm using
the Spark microplate reader (Tecan Group Ltd., Switzerland).

Equal amounts of proteins from each sample (40 pg) were loaded and
separated by Tris-glycine-SDS-PAGE. Then, proteins were transferred to
PVDF membranes (Immobilon-P; Millipore, Darmstadt, Germany) using
the semi-dry Biometra Fastblot apparatus (Analytik Jena GmbH+Co,
Jena, Germany). The membranes were incubated overnight at 4°C with
primary antibodies diluted in 1% (w/v) bovine serum albumin in Tris-
buffered saline (TBS) with 0.1% (w/v) Tween 20. The primary anti-
bodies used were rabbit anti-AMPKa (23A3, Cell Signalling); rabbit anti-
p-AMPKo(Thr172) (40H9, Cell Signalling); mouse anti-LC3B (SC-
376404, Santa Cruz). After overnight incubation, the membranes were
rinsed in 0.1% (w/v) Tween 20 TBS and incubated for 1 hour at room
temperature with horseradish peroxidase (HRP)-conjugated secondary
antibodies. The HRP-conjugated secondary antibodies were IgG goat
anti-rabbit IgG (H+L) (170-6515, BioRad) and IgG goat anti-mouse IgG
(H+L) (170-6516, BioRad). CLQ was used as a positive control for LC3B-
II protein accumulation. Chemiluminescence detection of HRP-
conjugated secondary antibodies was performed using ImageQuant
LAS 500 (GE Healthcare Life Sciences, Hatfield, UK) and quantified
using ImageJ 1.53r software. Mouse f-actin antibody (A2228, Sigma
Merck, Darmstadt, Germany) was used as loading control.

2.10. MitoTracker® staining and mitochondrial structure analysis

Myok9 cells were cultured in p-slide 8 well IbiTreat chamber
differentiated for 7 days and treated as indicated. After treatments, cells
were incubated with 100 nM MitoTracker® Orange CMTMRos (Thermo
Fisher Scientific Inc., USA) for 30 min at 37°C. Stained cells were
washed with PBS and fixed with 4% PFA for 15 min at RT. After fixation,
cells were rinsed two times with PBS and incubated with Hoechst dye for
10 min at RT.

Images were acquired with the Axio Observer Z1 fluorescence mi-
croscope with filter 550/605 nm for MitoTracker® Orange CMTMRos
probe and 390/460 nm Hoechst dye.

The adaptive thresholding-based tool Mitochondrial Analyzer and

the open-source image analysis platform ImageJ/Fiji were used to
quantify mitochondrial morphology on fluorescence microscopy images
(Chaudhry et al., 2020). A scale was set for magnification, and after 2D
thresholding optimisation, images were set with a block size of 1.350 ym
and a C-value of 5.

The number of mitochondria in the image (count), mean area (total
area/mitochondria number, pmz), mean form factor (shape descriptor
measuring round to filamentous shape, arbitrary units), mean aspect
ratio (shape descriptor measuring elongation, arbitrary units), and mean
branch length (indicator of mitochondrial network connectivity
normalized to mitochondria count, pm) were evaluated.

2.11. Statistical analyses

All results are presented as means + SD and were analysed by
XLSTAT statistical software (Addinsoft, 2022).

All fluorescence microscopy data were obtained from at least 10
images of two biological replicates for each treatment. Cell viability and
percentage ROS content were obtained from at least 8 biological repli-
cates and ratio of protein expression was determined from 5 technical
replicates for each treatment. Data were compared using one-way
ANOVA with Dunnett’s statistical test in comparison to CTRL or HyO5-
treated cells. Blue X-gal area and autophagy vesicle count data were
compared using the two tailed comparisons Mann-Whitney statistical
test. Mitochondrial morphology measurements were compared using
the Kruskal-Wallis statistical test with Bonferroni correction. Gene
expression data are presented as relative fold-change values compared
to D1 or CTRL and were analysed using a one-way ANOVA with Dun-
nett’s statistical test.

3. Results

3.1. Morphological characterization and gene expression of Myok9
during differentiation

The Myok9 canine myoblast cell line was morphologically charac-
terised by immunofluorescence to assess its differentiation efficiency
and rate. As shown in Fig. 2A, immunostaining of the cytoskeletal pro-
tein a-tubulin in combination with Hoechst nuclear dye showed fused,
well-differentiated Myok9 cells with more than two nuclei after 7 days.
At this time point, the fusion index was calculated as the percentage of
differentiation determined by the ratio of the number of cells with more
than two nuclei to the total number of cells in each image. The maximum
differentiation of Myok9 cells was 29.22 + 4.49%.

To confirm the differentiation of Myok9 detected by morphological
analysis, the gene expression of MYMK, MEF2A and SESN1 was also
examined (Fig. 2B). After 4 days of differentiation, only gene expression
of MYMK was significantly altered. In particular, the downregulation of
MYMK (P < 0.01) detected at D4 was maintained up to D7 (Fig. 2B). In
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Fig. 5. Anti-senescence activity of OLE in differentiated Myok9 cells. Repre-
sentative images of SA-p-gal staining and percentage of blue stained area in
CTRL and in cells treated with HyO,, OLE or OLE+H,0,. OLE-treated and
pretreated cells show a significant decrease of stained blue area, suggesting a
reduction of senescence cells. CTRL, control; H,O5 200 pM treated cells; OLE,
25 pM oleuropein-treated cells; OLE+H;0,, 25 M oleuropein-pretreated and
H205 200 uM exposed cells. **P < 0.01 vs CTRL; ***P < 0.0001 vs CTRL; {{{P <
0.0001 vs HyO,.

contrast, MEF2A and SESN1 gene expression showed no significant
changes at D4, while it increased strikingly at D7 (P < 0.01) (Fig. 2B).

3.2. Cell viability

A cell viability assay was performed in advance to evaluate the dose-
and time-dependent effect of HyO, exposure in differentiated Myok9
cells. Cells were treated with 100, 200 and 300 pM H3O5 for 1 and
2 hours. Cell viability (% vs CTRL) was reduced at 300 uM Hy0, but was
still above 90% (P < 0.001) at each time point (Fig. S1A). In contrast,
100 pM and 200 uM H30, did not induce oxidative stress in differenti-
ated Myok9 cells. For this reason, a 2-hour exposure to 200 pM Hy04
was chosen to induce oxidative stress without affecting cell viability in
our experimental setup.

Differentiated Myok9 cells were also tested with OLE alone or in
combination with 200 pM H0,. Concentrations of 25 and 50 uM OLE
significantly reduced the percentage of viable cells compared to the
untreated control (90.1 + 6.5% and 73.4 £+ 4.1%, respectively)
(Fig. S1B). Conversely, OLE at 10 uM did not alter cell viability.

Finally, we tested the combined treatment of different OLE concen-
trations (10, 25 and 50 uM) with H305. As shown in Fig. 3, a 24-hour
pre-incubation of differentiated Myok9 with 25 pM OLE followed by a
2-hour treatment with 200 pM H»O4 significantly reduced cell viability
(P < 0.05), but maintained it above 95% compared to vehicle (CTRL).
Therefore, a 24-hour pretreatment with 25 pyM OLE in combination with
a 2-hour long exposure to 200 uM H,0, was chosen for the subsequent
analyses.

3.3. OLE inhibits H,0z-induced ROS formation and increases antioxidant
defence system

To evaluate the antioxidant activity of OLE, total ROS formation was
quantified in differentiated Myok9 cells. As expected, the ROS produc-
tion was increased by 22% after HoO, exposure (P < 0.0001) (Fig. 4A).
In contrast, the percentage of ROS was significantly reduced in OLE- and
in OLE+H30-treated cells compared to CTRL at approximately 20%
and compared to HyO, treatment at 34% and 32%, respectively (P <
0.0001), indicating that OLE inhibits the production of ROS (Fig. 4A). As
the genes PPARGC1A, SOD2 and SESN1 are involved in the defence
mechanisms against oxidative stress, their expression was also
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Fig. 6. OLE autophagy induction on differentiated Myok9 cells. (A) Representative images of Cyto-ID fluorescent autophagy vesicles (green) and nuclear staining
with Hoechst dye (blue) in CTRL cells and in cells treated with H,O,, OLE, OLE+H,0,, RAPA. (B) Quantification of autophagic vesicles in CTRL and H,O»-exposed
cells, in OLE-treated and pretreated cells and in cells treated with RAPA used as positive autophagy control. As in the RAPA, OLE treatment and pre-stimulation
significantly increased the number of autophagic vesicles compared to CTRL and HyO, exposed cells. CTRL, control; HoO, 200 uM treated cells; OLE, 25 pM
oleuropein-treated cells; OLE+H502, 25 uM oleuropein-pretreated and H,O2 200 pM exposed cells; RAPA, 500 nM rapamycin-treated cells. ***P < 0.0001 vs CTRL;

P < 0.0001 vs H,0,.

investigated (Fig. 4B). PPARGC1A was significantly upregulated after
OLE treatment (P < 0.0001) as well as after OLE pretreatment and
subsequent H2O, exposure, compared to expression in CTRL and HyO5-
treated cells (P < 0.01) (Fig. 4B). In particular, the expression of
PPARGCI1A was strongly increased after OLE treatment (up to 18-fold
compared to CTRL). This increase in gene expression of members of
the antioxidant stress defence apparatus was much less pronounced,
albeit significantly upregulated, in cells pretreated with OLE and sub-
sequently exposed to HyO, (Fig. 4B).

3.4. OLE suppresses the H20z-induced attendance of SA--gal

It has been suggested that the use of antioxidants is an effective

approach to preventing symptoms associated with ageing (Gurau et al.,
2018). Therefore, to determine whether the antioxidant activity of OLE
leads to anti-ageing properties, the presence of the SA-p-gal enzyme, the
most commonly used biomarker for senescent and ageing cells, was
estimated in differentiated Myok9 cells. In Fig. 5, the blue coloured area,
indicating the presence of SA-p-gal, was significantly (P < 0.0001)
increased by 48% after HyO5 incubation compared to CTRL, while it was
significantly lower in OLE-treated (P < 0.0001) and OLE-pretreated (P <
0.01 and P < 0.0001) cells than in CTRL and HyO.-treated cells,
respectively. These results indicate that OLE effectively suppresses
H305-induced SA-B-gal staining in differentiated Myok9 cells by 52%.
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Fig. 7. OLE induces autophagy through AMPKa activation. (A) Ratio of protein
expression of p-AMPKa/AMPK in CTRL cells and in cells treated with H,Os,
OLE, OLE+H505, RAPA and CLQ. Treatment with OLE and OLE pre-stimulation
significantly induces the expression of p-AMPKa. (B) Ratio of protein expression
of LC3B-I/LC3B-II cells treated as above. The LC3B-I/LC3B-II ratio increased
significantly in cells treated with OLE and OLE+H,0, compared to CTRL and
H,0,-exposed cells as well as in the autophagy-positive control RAPA and CLQ
that inhibits autophagic flux. CTRL, control; H,O, 200 uM treated cells; OLE,
25 puM oleuropein-treated cells; OLE+H30,, 25 pM oleuropein-pretreated and
H,02 200 pM exposed cells; RAPA, 500 nM rapamycin-treated cells; CLQ,
10 pM chloroquine-treated cells. **P < 0.01 vs CTRL; ***P < 0.0001 vs CTRL;
P < 0.05 vs HyO; 11P < 0.0001 vs HO».

3.5. The anti-ageing effect of OLE is associated with the induction of
AMPKa-driven autophagy

Increasing evidence suggests that impaired or reduced autophagy is
related to ageing processes (Aman et al., 2021). To test whether the
anti-ageing effect demonstrated by OLE is related to the induction of
autophagy, the formation of autophagy vesicles in differentiated Myok9
cells was detected using the fluorescence dye Cyto-ID, which specifically
labels autophagic compartments, while of lysosomes and endosomes are
only minimally stained (Kuk et al., 2023). As shown in Fig. 6A, Cyto-ID
fluorescence microscopy images revealed that the number of autophagic
vesicles in differentiated Myok9 cells was significantly higher in
OLE-treated and pretreated cells compared to CTRL cells and
Hy0,-treated cells, respectively, confirming the stimulatory effect of
OLE on the autophagy process (Fig. 6B).

To confirm the ability of OLE to induce autophagy, the expression of
two key proteins involved in the core process of autophagy was also
analysed, namely the canonical autophagy inducer AMP-activated pro-
tein kinase o (AMPKoa) and the autophagy marker microtubule-
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associated protein 1 A/1B-light chain 3 (LC3). Indeed, in differenti-
ated Myok9 cells treated with OLE alone, as well as in cells pretreated
with OLE and exposed to Hy0o, the protein level of AMPKa phosphor-
ylated at threonine 172 (pT172-AMPKa), the active form of AMPKa, was
upregulated compared to CTRL- and H05-exposed cells (Fig. S2 and
Fig. 7A).

In addition, the ratio of LC3B-II to LC3B-I was significantly higher in
cells incubated with OLE alone and in cells pre-incubated with OLE and
then treated with HyO, than in CTRL- and Hy05-exposed cells (Figs. S2
and 7B). Similar results were obtained when Myok9 cells were treated
with the autophagy inducer RAPA and with CLQ, which inhibits auto-
phagic flux, and enriches LC3B-II (Figs. S2 and 7B). The switch between
LC3B-I and LC3B-II, an autophagy marker, and the activation of AMPKa
by its phosphorylation at position T172 confirm that the anti-ageing
effect of OLE in Myok9 cells is mediated by the induction of the auto-
phagy pathway.

3.6. OLE attenuates the H»Oz-induced mitochondria fission

In Fig. 8, the dynamic remodelling of mitochondrial morphology by
membrane dynamics was investigated using Mitotracker® staining of
differentiated Myok9 cells.

The Mitochondrial Analyser tool calculated that the number of
mitochondria was significantly higher in cells treated with HyO; than in
CTRL cells, and in cells treated with OLE or OLE+H50». In addition, the
mean surface area in H,O»-, OLE-treated cells and OLE+H,O-treated
cells was significantly lower than in CTRL cells (Fig. 9). Moreover,
aspect ratio and form factor, the two major descriptors of mitochondrial
shape, were lowest in HyO5-treated cells compared to CTRL- and OLE-
treated cells, but not in OLE+HyO0o-treated cells (Fig. 9). Finally, the
mitochondrial network, as measured by mean branch length, was lowest
in HyOy-treated cells and showed a significant difference compared to
CTRL cells and cells treated with OLE or OLE-pretreated cells and then
challenged with H;0, (Fig. 9).

4. Discussion

The ageing of skeletal muscles leads to frailty and disability, which
drastically reduces quality of life (Riuzzi et al., 2018). As life expectancy
increases, it is important to understand the mechanisms associated with
ageing in order to develop intervention strategies that ensure better
quality of life and health in geriatric people. This approach applies to
both humans and various animal species, especially companion animals,
which represent an increasing elderly animal population in need of
veterinary care (Colitti et al., 2019; Day, 2010). In this regard, domestic
dogs can rightly be considered the model of choice for the study of
ageing, as this species has co-evolved with humans and is exposed to the
same environmental conditions such as housing, diet and lifestyle
(Mazzatenta et al., 2017; Hoffman et al., 2018). Indeed, dogs are more
similar to humans than rodents and can better predict the efficacy of
different therapies to prevent the ageing process (Park et al., 2016).
However, finding for the best in vitro model to study the ageing process
and evaluate the appropriate intervention strategies is essential to
obtain reliable results that can be translated into clinical practise. For
this purpose, Myok9, an already established immortalised canine skel-
etal muscle cell line (Lopez et al. 2020), was used in the present study.

Although in vitro maturation of myoblasts is still a difficult process
(Brunetti et al., 2021), canine Myok9 cells showed morphological dif-
ferentiation after 7 days of differentiation. The maximum percentage of
differentiation of Myok9 was 29%, which is consistent with the fusion
index of bovine and newborn piglet myoblasts, where it is 30% (Will
et al., 2015) and 20% (Mau et al., 2008), respectively. The morpho-
logical differentiation of Myok9 was also confirmed by the gene
expression of three different genes involved in myoblast differentiation,
namely MYMK, MEF2A and SESN1 (Fig. 2B). Indeed, the MYMK gene,
which is expressed during myoblast fusion and downregulated
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OLE + H202

Fig. 8. MitoTracker™ staining of mitochondrial morphology. Representative images of MitoTracker™ and nuclear Hoechst dye staining of treated Myok9 cells and
the identification and classification of objects using the adaptive threshold performed with the Mitochondrial Analyser tool. CTRL, control; H,O2 200 uM treated
cells; OLE, 25 pM oleuropein-treated cells; OLE+H,0,, 25 pM oleuropein-pretreated and H,0, 200 uM exposed cells.

thereafter (Millay et al., 2013), showed a similar trend in differentiated
Myok9 cells. Accordingly, an increase in MEF2A gene expression, which
usually accompanies skeletal muscle differentiation (Pon and Marra,
2016), was detected in morphologically differentiated Myok9 cells, as
well as the expression of the gene SESN1, which is very low in myoblasts
but is strongly induced in differentiated myotubes (Kim et al., 2021).

Oxidative stress is considered one of the main causes of ageing
(Schosserer et al., 2018; Diamanti-Kandarakis et al., 2017), and skeletal
muscle is particularly vulnerable due to high ROS production during
physiological muscle contraction (McArdle et al., 2002). Endogenous
ROS overproduction and impaired mitochondrial homeostasis can lead
to chronic oxidative stress, which, together with an impaired cell repair
system, triggers a senescence process in muscle tissue in older people
(Haigis and Yanker, 2010). Several studies have shown that H,0, gen-
erates oxidative stress, which in turn causes cell damage and stimulates
cell senescence (Sies, 2014; Pomari et al., 2013; Lin et al., 2017). Nor-
mally, endogenous antioxidant enzymes catalyse the degradation of free
radicals produced in the cells, but the ageing process can be accelerated
when ROS levels exceed the capacity of the antioxidant defence system
(Negi et al., 2014). In addition, prolonged and severe oxidative stress
can also trigger apoptotic signalling and induce cell death (Yiiksel et al.,
2017). In the present study, H,O2 doses were optimised to create an in
vitro canine muscle cell model for oxidative stress and ageing, by
increasing intracellular ROS levels (Fig. 4A) and promoting SA-f-gal
detection (Fig. 5), without affecting cell viability.

The use of natural bioactive compounds with antioxidant properties
is considered a valuable strategy for the prevention of oxidative stress
and thus the prevention of diseases associated with skeletal muscle
ageing (Aronson, 2017). OLE is known for its antioxidant, metabolic and
anti-inflammatory effects on the liver and skeletal muscle of aged rats
(Yoon, 2018; Gonzalez-Hedstrom et al., 2021). In addition, OLE showed
antiproliferative and pro-apoptotic effects but only at very high con-
centrations in breast cancer cells (Han et al., 2023). Furthermore, high
concentrations of OLE, albeit for very short periods of time, were
required to promote antioxidant and anti-ageing effects in human
SH-SY5Y neuroblastoma cells (Rigacci et al., 2015). Thus, OLE exerts its
effects depending on the cell type, time and concentration of exposure.
Overall, the benefit of OLE is considered to be preventive rather than
therapeutic (Rishmawi et al., 2022). In the differentiated Myok9 cell
model, a longer treatment time of 24 hours with low OLE concentration
was used prior to HyO, exposure, creating an in vitro condition for
oxidative stress. The optimised experimental protocol, which maintains
over 95% viability of Myok9 cells (Fig. 3), will be pivotal for potential

clinical studies on the effects of OLE in older dogs.

Interestingly, OLE showed antioxidant properties in differentiated
Myok9 cells, either when treated directly or when applied 24 hours
before the exposure to the oxidative stressor HO5, inhibiting ROS for-
mation (Fig. 4A), thus confirming its role as a promising pharmacolog-
ical strategy to prevent oxidative damage in muscle tissue. It is
noteworthy that the antioxidant activity of OLE has been associated with
the activation of various cellular antioxidant defence mechanisms in a
variety of cells, such as in human glioblastoma cells, trophoblast cells
and in the liver (Rigacci and Stefani, 2016; Kucukgul et al., 2020;
Pirkovic¢ et al., 2023). Indeed, OLE can modulate cellular signalling
processes by affecting signal transduction pathways, as previously
observed in cultured chicken muscle cells (Muroi et al., 2022) and in
aged rats in which supplementation with OLE (100 mg/kg) prevents loss
of muscle mass by activating the PI3K/Akt signalling pathway and exerts
anti-inflammatory and insulin-sensitising effects on adipose tissue and
skeletal muscle (Gonzalez-Hedstrom et al., 2021). In the canine Myok9
muscle cell model, both OLE treatment and pretreatment induced the
expression of the PPARGC1A, SOD2 and SESN1 genes (Fig. 4B). These
findings are consistent with the role of PPARGCI1A in skeletal muscle
physiology, where its overexpression promotes the mitochondrial
biogenic PGC-1a pathway and reduces oxidative damage by regulating
cellular oxidant-antioxidant homeostasis (Kang and Li Ji, 2012; Halling
and Pilegaard, 2020). Moreover, the upregulation of PPARGCI1A is
associated with the induction of SOD2 expression, as previously
described in rats (Kang et al., 2013). It is noteworthy that OLE treat-
ment, alone or in combination with the H,O5 stimulus, affected SESN1
transcription. Sestrins are known as highly conserved stress-responsive
proteins that reduce oxidative stress, regulate the mTOR-associated
signalling network and prevent muscle atrophy in disuse and ageing
(Kim et al., 2021). It should be underlined that although H,0, induces
the formation of ROS, it did not significantly alter the expression of these
three genes involved in antioxidant activities (Fig. 4B), confirming that
the dose and timing of HyO5 used in our experimental setup were able to
induce oxidative stress without stimulating catalase-mediated detoxifi-
cation mechanisms (Ransy et al., 2020).

The anti-ageing effect of OLE was previously demonstrated in SH-
SY5Y cells where AMPK phosphorylation and subsequent mTORCI in-
hibition, induces autophagy (Rigacci et al., 2015). In addition, OLE di-
etary supplementation has been described to decrease inflammatory
status in skeletal muscle, increase mitochondrial biogenesis and improve
insulin sensitivity in aged rats (Gonzalez-Hedstrom et al., 2021).
Recently, OLE was reported to activate a direct mitochondrial Ca**
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Fig. 9. Quantitative comparison of mitochondrial morphology. Differences in the distribution of mitochondrial morphological features (number of mitochondria,
size of mitochondria measured by mean area, shape of mitochondria measured by mean form factor and mean aspect ratio, mitochondrial network measured by mean
branching length) were analysed between CTRL cells and cells treated with H,O,, OLE and OLE+H,0,. Boxplots showed the difference between the medians
(horizontal lines), the first to third quartiles (box) and the most extreme values within the interquartile range (vertical lines) between the treatments. The statistical
significance in the boxplots was determined by the Kruskal-Wallis statistical test with Bonferroni correction (P < 0.0083). CTRL, control; H,O5 200 uM treated cells;
OLE, 25 pM oleuropein-treated cells; OLE+H205, 25 pM oleuropein-pretreated and H,O» 200 uM exposed cells.

uniporter in skeletal muscle mitochondria that stimulates mitochondrial
bioenergetics and muscle performance in aged mice (Gherardi et al.,
2021).

In differentiated Myok9 cells, OLE significantly reduced the presence
of SA-B-gal (Fig. 5) and stimulated the autophagy process (Fig. 6) both
directly and as a preventive agent in cells exposed to an HyO,-mediated
senescence stimulus. In addition, upregulation of the phosphorylated
active form of AMPKa (pT172-AMPKa) and expression of LC3B-II
(Fig. 7) confirmed its anti-ageing role in canine muscle cells.

Mitochondria are dynamic organelles that adapt their morphology to
the cellular environment and are constantly undergoing fission and
fusion (Cadenas and Davies, 2000). Oxidative stress leads to an imbal-
ance between mitochondrial fission and fusion and favours mitochon-
drial fragmentation (Lee and Wei, 2012; Adebayo et al., 2021), as
observed in C2C12 myocytes after exogenous Hy0, stimulation (Igbal
and Hood, 2014). In general, mitochondria are elongated, enlarged, and
hyperfused in various models of cellular senescence (Lee et al., 2007),
suggesting impaired mitophagy (Martini and Passos, 2023). In contrast
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Myok9 cells, in our experimental model, showed a significant increase in
the number of mitochondria after ROS accumulation, which were
smaller, spotted and less interconnected (Fig. 6). Of note, both OLE
treatment and pretreatment partially reversed the effects of HyOo,
probably by inducing SOD2 overexpression. In addition, the increase in
PPARGCI1A expression promoted by OLE confirmed the activation of the
mitochondrial biogenesis process, as reported in detail by Blanco-Beni-
tez et al. (2022), again confirming that OLE may represent an inter-
esting, natural option to counteract oxidative stress. However, further
studies are needed to understand the effect of OLE on mitochondrial
dynamics.

In conclusion, these results provide new evidence that OLE plays a
key role in the prevention of skeletal muscle ageing by acting as an
antioxidant compound and promoting autophagy. These findings can be
used to develop specific nutritional supplements for dogs as a valuable
strategy to prevent age-related muscle diseases that drastically reduce
the quality of life of pets.
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