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ARTICLE INFO ABSTRACT

Keywords: Ageing is a complex biological phenomenon representing the major risk factor for developing age-related dis-
Senescence eases, such as cardiovascular pathologies, neurodegenerative diseases, and cancer. Geroscience, the new vision of
Can_cer gerontology, identifies cellular senescence as an interconnected biological process that characterises ageing and
g‘izll:‘g age-related diseases. Therefore, many strategies have been employed in the last years to reduce the harmful
Quercetin effects of senescence, and among these, the most intriguing ones use nutraceutical compounds. Here we show
Osteosarcoma that a pre-treatment with Quercetin, a bioactive flavonoid present in many fruits and vegetables, increasing

cellular antioxidant defence, can alleviate Doxorubicin (Doxo)-induced cellular senescence in human normal WI-
38 fibroblasts.

Furthermore, our work demonstrates that Quercetin pre-treatment, reducing the number of senescent cells and
the production of the senescence-associated secretory phenotype (SASP) factors, can decrease the pro-tumour
effects of conditioned medium from Doxo-induced senescent fibroblasts on osteosarcoma cells. Overall, our
findings are consistent with the hypothesis that targeting senescent cells can be an emerging strategy for cancer
treatment, especially in elderly patients, in which senescent cells are already abundant in several tissues and

organs.

1. Introduction

The increase in human life expectancy and the consequent ageing of
the population will lead to an increase in age-related diseases (ARDs),
like cardiovascular disease, cancer, neurodegenerative diseases, dia-
betes, arthritis, osteoporosis, sarcopenia, and several other chronic
conditions, for which ageing represents the major risk factor. Thus,
Geroscience, the new vision of gerontology, aims to understand the
relationship between ageing and ARDs and improve the mechanisms
that can prevent, delay, and/or counteract them. Therefore, it is likely
that the future trend of medicine will try to decrease the prevalence of
diseases by slowing the ageing rate, thus allowing people to stay healthy
and active as long as possible (Franceschi et al., 2018; Sierra and
Kohanski, 2015). However, because ARDs are so different, it is likely
that one or a few mechanisms involved in ageing drive or favour the
development and progression of these pathologies. One of the most
intriguing candidates for this role is cellular senescence, a process

described first by Hayflick (Hayflick and Moorhead, 1961; Hayflick,
1965) that showed that normal human fibroblasts in culture underwent
irreversible proliferative arrest after a finite number of divisions due to
the progressive shortening of telomeres. Subsequent studies have shown
that in addition to "replicative-induced senescence", other types of
stimuli, such as oxidative stress, exposition to ionising radiations, acti-
vated oncogene and chemotherapy, can trigger a "premature senes-
cence" (Campisi, 2001; Campisi and D’Adda Di Fagagna, 2007). In
addition to the proliferation arrest, other typical features characterise
senescent cells, ie. enlarged cellular morphology, expression of
senescence-associated f-galactosidase activity (SA-p-Gal), formation of
senescence-associated heterochromatin foci (SAHF), apoptosis resis-
tance, as well as the secretion of a vast spectrum of cytokines, chemo-
kines, proteases, and growth factors, referred to as
"senescence-associated secretory phenotype" (SASP) (Campisi and
D’Adda Di Fagagna, 2007; Coppé et al., 2008; Hernandez-Segura et al.,
2018; Munoz-Espin and Serrano, 2014). However, none of these features

Abbreviations: ARDs, Age-related diseases; CM, conditioned media; Doxo, Doxorubicin; OS, Osteosarcoma; SASP, Senescence-associated secretory phenotype.
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unequivocally identify senescent cells independently, but only a com-
bination of these markers can define senescence. Moreover, not all se-
nescent cells and not all types of senescence-induced stimuli lead to the
expression of the same hallmarks (Rodier and Campisi, 2011).

In the last years, several studies have shown an accumulation of
senescent cells in tissues and organs of aged people and mainly in ARDs,
such as cardiovascular diseases (Erusalimsky and Kurz, 2005), osteoar-
thritis (Price et al., 2002), cancer (Ana Krtolica et al., 2001), and
neurodegenerative pathologies (Bhat et al., 2012; Chinta et al., 2018;
Salminen et al., 2011). Senescent cells drive ageing and ARDs, and it is
crucial to understand how they accumulate with age and how it is
possible to prevent their deleterious effects. First, the damaging effects
of senescent cells can be due to their altered gene expression profile and
morphology, compromising tissue function and limiting the regenera-
tive potential of tissues with high cellular turnover (Rodier and Campisi,
2011). Second, the effects of SASP factors, which include several in-
flammatory cytokines and chemokines (Freund et al., 2010;
Hernandez-Segura et al., 2017), may contribute to establishing a
low-level chronic inflammation, called inflammaging, that drives the
development of the major ARDs (Cevenini et al., 2013; Franceschi et al.,
2007).

Concerning cancer, SASP factors can play a role in carcinogenesis
and promote cancer cell proliferation, invasion, and metastasis (Coppé
et al., 2010; Yang et al., 2021). Furthermore, since different chemo-
therapy drugs can induce cell senescence in both cancer and normal
cells, these therapy-induced senescent cells can drive and increase the
development of the malignant phenotype in tumour residual living cells
(Mongiardi et al., 2021; Saleh et al., 2020). Consequently, it can be
essential to identify substances capable of reducing therapy-induced
senescence that can be used as adjuvants in association with the
anti-cancer drugs to prevent or decrease cancer recurrence and/or
progression.

Osteosarcoma (OS) is a high-grade primary bone tumour with a high
mortality rate and a bimodal incidence, with a first peak occurring at the
age of puberty, and a second peak in the elderly over 75 years (Whelan
and Davis, 2018). Currently, OS treatment involves a combination of
surgery and chemotherapy, carried out with three common cytotoxic
agents, Cisplatin, Doxorubicin, and Methotrexate (Casali et al., 2018).
Nowadays, Doxorubicin (Doxo) is counted among those chemothera-
peutic drugs that can induce the so-called therapy-induced senescence
(TIS) in both cancer and normal cells (Bielak-Zmijewska et al., 2014;
Demirci et al., 2021; Hou et al., 2019; Maejima et al., 2008), as fibro-
blasts that may constitute cancer stroma. This off-target effect could be a
determinant factor in cancer progression and metastatic spread (Demirci
et al., 2021; Lecot et al., 2016), that together with therapy toxicity, are
the principal causes of OS treatments failure. In this scenario, an
important role is played by tumour stroma, constituted by different
types of cells, including fibroblasts, that contribute to OS progression
through fundamental features for neovascularization, homing, micro-
vesicles and soluble factors secretion, paracrine feeding, and immune
modulation (Cortini et al., 2017). Therefore, it is crucial to analyse the
mechanisms and actors involved in metastatic progression and investi-
gate new therapeutic approaches that can be used as adjuvants to
traditional therapies to improve efficiency and reduce toxicity.

We hypothesised that the treatment with Doxo may induce in fi-
broblasts the senescent phenotype, which promotes OS cells growth and
invasiveness through the production and release of SASP factors. This
effect could be more evident in old patients, who already present an age-
related accumulation of senescent cells and a concomitant systemic
inflammaging. Moreover, we proposed the use of Quercetin (3,3’, 4°5,7-
pentahydroxyflavone), a natural bioactive flavonoid found in a wide
variety of fruits and vegetables (Andres et al., 2018; Boots et al., 2008;
D’Andrea, 2015), known for its antioxidant, anti-inflammatory (Boots
et al., 2008; Santos and Mira, 2004), and anti-cancer properties (Salehi
et al., 2020), to alleviate Doxo-induced senescence and minimise the
tumour-promoting effects of SASP factors on cancer cells.
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Our results show that the pre-treatment with Quercetin can reduce
Doxo-induced senescence in human fibroblasts in vitro, enhancing
cellular antioxidant defences. Moreover, we demonstrated that condi-
tioned medium from Doxo-induced senescent fibroblasts increases OS
cells growth, migration and invasiveness and that the pre-treatment
with Quercetin, reducing Doxo-induced senescence, decreased the pro-
tumorigenic effects of the conditioned medium. These data indicate
that Quercetin pre-treatment can be considered a good adjuvant to Doxo
treatment to contrast the adverse effects of therapy-induced senescence
in the OS microenvironment.

2. Materials and method
2.1. Reagents

Doxorubicin (#59278S Cell Signalling Technology) was dissolved in
Dimethyl Sulfoxide (DMSO, D8418, Sigma-Aldrich, St. Louis, MO, USA)
to a concentration of 10 mM and stocked at — 20 °C until use. Quercetin
(purity > 95 %, Q4951) powder was purchased from Sigma-Aldrich and
was resuspended in DMSO to a concentration of 30 mg/mL (99 mM). 5-
Bromo-4-Chloro-3-Indolyl B-D-*Galactop B4252 was purchased from
Sigma-Aldrich.

2.2. Cell lines and culture conditions

Human foetal lung fibroblasts WI-38 (AG06814-N, Coriell Institute
for Medical Research, Camden, New Jersey), and human OS cell line
U20S (pRB +/+, p53+/+) (HTB-93, ATCC, Manassas, VA, USA) were
grown in complete medium (DMEM High supplemented with 10 % of
heat-inactivated FBS, 100 U/mL Penicillin, 100 ug/mL Streptomycin,
0.25 pg/mL Amphotericin B, and 2 mM L-Glutamine) at 37 °Cin 5 % CO4
humidified incubator. WI-38 cells with Population Doubling Level (PDL)
< 30 were used in this study to avoid replicative senescence.

2.3. Induction of senescence and Quercetin pre-treatment

2.3.1. Induction of senescence

Before starting experiments, an adequate number of WI-38 cells (3 x
10* for well) were plated for 24 h in complete medium at 37 °Cina5 %
CO2 humidified incubator. Subsequently, WI-38 cells were treated with
Doxo 50 nM for 48 h to induce senescence, and then cultured in com-
plete medium for 3 days. The control was represented by cells incubated
for 48 h in complete medium with 0.0005 % of DMSO (used as diluent
for Doxo) and then maintained in fresh complete medium for the
following 3 days. At this time, senescence markers were analysed. The
dose for Doxorubicin treatment was chosen after many experiments with
different doses and times of treatment to find the correct one that mainly
induced senescence and not cell death (data not shown).

2.3.2. Quercetin pre-treatment

Based on the range of doses of Quercetin used for in vitro studies in
literature, from 10 to 40 pM, we have optimised our protocol with
several experiments (data not shown) to prevent Doxo-induced senes-
cence. WI-38 cells were pre-treated with Quercetin 40 pM for 24 h in
complete medium, washed and exposed to Doxorubicin for 48 h and
then cultured in fresh complete medium for 3 days. Control samples
were represented by WI-38 cells treated with DMSO (C) or Quercetin (Q)
for 24 h and then cultured in fresh complete medium.

2.4. Conditioned medium preparation and treatment of U20S and WI-38
cells

WI-38 cells after the pre-treatment with Quercetin (24 h) and the
treatment with Doxo (48 h) were cultured for 3 days with fresh complete
medium. The conditioned medium (CM) was collected, centrifuged, and
used to treat U20S and WI-38 cells.
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2.5. Cell proliferation

Trypan Blue exclusion assay was used to determine cell growth and
vitality. Briefly, WI-38 or U20S cells were trypsinized and stained with
Trypan Blue. Then, live cells and dead cells were counted using a Biirker
chamber under a light microscope.

2.6. Senescence-associated f-galactosidase staining

SA-p-Gal staining was performed as described previously (Dimri
et al., 1995). WI-38 were plated 8 x 10° cells/cm? and assessed for
SA-p-Gal activity at various times after the different treatments. A
minimum of 300 cells for each group was counted. Positive (blue) cells
were expressed as a percentage of the total cell number.

2.7. Flow-cytometric analysis of cell cycle

Cell cycle analysis was performed at different times with Propidium
Iodide staining. Briefly, WI-38 cells were trypsinized, counted, and ali-
quoted in FACS tubes. The cells were washed in PBS 1X and then
incubated in a hypotonic solution of Propidium Iodide (0.1 % w/v So-
dium citrate tribasic, 0.1 % Triton X-100, and 50 ug/mL Propidium Io-
dide) at 4 °C for 30 min. The cell cycle was analysed using FACS CANTO
II and BD FACSDIVA Software (Becton, Dickinson and Company). The
data were analysed using FlowJo Software.

2.8. Western blotting

The whole-cell lysate was obtained using Laemmli Buffer, while
nuclear-cytoplasmic fractions were obtained using NE-PER™ Nuclear
and Cytoplasmic Extraction Reagents (ThermoFisher Scientific),
following manufacturer’s instruction. Protein concentration was deter-
mined using BCA Protein assay kit (ThermoFisher Scientific). 50 pg of
protein per sample were subjected to sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and blotted to nitro-
cellulose membrane (Amersham Protran, GE Healthcare Life Science) by
electroblotting. After being blocked with Bovine Serum Albumin (BSA)
5 %, the membrane was incubated with primary antibody against
phospho(Ser807/811)-RB (#8516, Cell Signalling Technology), Lamin
B1 (ab16048, Abcam), p21 (sc-817, Santa Cruz Biotechnology), p16 (sc-
56330, Santa Cruz Biotechnology), Fibrillarin (sc-166001, Santa Cruz
Biotechnology), NF-kB p65 (#4764, Cell Signalling Technology), SOD-1
(GTX100659, Genetex), SOD-2 (ADI-SOD-110, Enzo Life Sciences) and
a-tubulin (sc-32293, Santa Cruz Biotechnology), respectively, at 4 °C
overnight. Washed membranes were incubated for 1 h at room tem-
perature with IRDye800CW-conjugated or IRDye680-conjugated sec-
ondary antibody (LI-COR Biosciences), and antibody-coated bands were
visualised by Odyssey Infra-red Imageing System Densitometry (LI-COR
Biosciences).

2.9. Immunostaining

WI-38 cells were plated on sterile coverslips placed insight 12-well
plates, and the treatments were performed as described above. At the
end of experiments, cells were fixed in PFA 4 % for 10 min or in iced
Methanol 100 % at — 20 °C for 15 min, permeabilised with 0.2 % Triton
X-100 for 5 min, quenched with Sodium Borohydride, washed, and
blocked for 1 h with 1 % BSA 10 % horse serum at room temperature.
Slides were incubated overnight at 4 °C with primary antibodies in BSA
1 % (p21: sc-817, Santa Cruz Biotechnology; Lamin B1: #68591, Cell
Signalling Technology; Histone Macro H2A.1: ABE215, Merck Millipore;
YH2AX: #9718, Cell Signalling Technology). Slides were washed three
times and incubated at room temperature for 40 min with secondary
antibodies conjugated with Alexa Fluor 488 or Cy3 (Goat anti-Rabbit
and Goat anti-Mouse, respectively, IgG (H+L) Cross-Adsorbed Second-
ary Antibody, Thermofisher Scientific). Nuclear DNA was stained with
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ProLong™ Gold Antifade Mountant with DAPI (Thermofisher Scienti-
fic). Slides were visualised using Leica SP8 Confocal Microscope.

2.10. ROS assessment by flow cytometry analysis

ROS production was assessed in WI-38 fibroblasts after 24 and 48 h
of Doxo-treatment. Briefly, cells were trypsinised, washed with PBS1X,
and incubated with H2DCF-DA 2.5 pM (Invitrogen, Carlsbad, CA, USA)
in DMEM High glucose without serum and phenol red for 30 min at
37 °C 5 % COs. After labelling, the samples were examined immediately
using FACS CANTO II flow cytometer, and the data were analysed using
FACSDiva software (Becton-Dickinson, San Jose, CA, USA).

2.11. Total antioxidant capacity (TAC) assay

The oxygen radical absorbance capacity (ORAC) method was per-
formed as previously described (Emmi et al., 2019; Sofi et al., 2018) on
WI-38 fibroblasts protein lysates extracted 24 h after Quercetin treat-
ment. Briefly, fluorescein solution (6 nM) was prepared in 75 mM so-
dium phosphate buffer (pH 7.4), and Trolox (250 uM) was used as
standard. 100 pL of fluorescein was pre-incubated with 70 uL of each
sample for 30 min at 37 °C, in each well, before rapidly adding AAPH
solution (19 mM final concentration). Fluorescence was then measured
using Synergy H1 microplate reader (BioTek, Winooski, VT), and the
results were expressed as Trolox Equivalents (uM) and then normalised
for protein concentration.

2.12. Wound healing assay

The wound-healing assay was performed to evaluate U20S and WI-
38 cell migration under the effect of CM from Quercetin pre-treated
and Doxo-treated fibroblasts. U20S and WI-38 cells were plated on 24
well plates 72 h before the treatment. A vertical line was scratched on
adherent cell monolayer in the centre with a sterile 200 uL micropipette
tip. Then, cells were washed with PBS 1X and incubated with CM.
Wound closure was monitored at 6, 24, 48 h. The scratch closure area
was measured using ImageJ software.

2.13. Invasion assay

U20S cells invasiveness was evaluated using Boyden chamber assay.
The method is based on the passage of the cells across 8 pm pore size
polyvinyl pyrrolidone (PVP)-free polycarbonate filters (Neuro Probe,
Inc., USA) precoated with Matrigel (50 pg/filter), placed between the
two wells of the Boyden chamber. CM from Doxo-treated fibroblasts
(SM), Quercetin pre-treated Doxo-treated fibroblasts (QSM), Quercetin
pre-treated fibroblasts (QM), and control cells (CM) were placed in the
bottom wells of the chamber. U20S cells resuspended in complete
DMEM High supplemented with 2 % FBS were seeded in the upper
chamber (2 x 10* cells/well) and incubated overnight. The filters were
removed and fixed in Methanol for 1 h. Non-migrated cells attached to
the upper surface of the filter were scraped, while migrated cells,
adherent on the lower filter surface, were stained with Crystal violet
0.01 % and counted using a light microscope (40 x magnification). Each
point was performed in triplicate, and mean values of migrated cells for
each point were calculated and expressed in relation to control.

2.14. Colony formation assay

U20S colony formation under treatment with CM was evaluated as
follows: 2 x 10° cells were seeded into a 60 mm cell culture dish in
complete medium, and after 72 h, the medium was removed, and the
cells were incubated with SM, QSM, CM, or QM for 7 days. Then, cells
were washed with PBS 1X and stained with 0.1 % Crystal Violet for 10
min. After washing twice with water, the dishes were left to dry over-
night. The next day, a picture of the whole plates was taken, and the
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number and area of colonies were evaluated by ImageJ software.
2.15. RNA extraction and quantitative real-time PCR

Total RNA extraction was performed 3 days after Doxo treatment
with a Total RNA Purification kit (Norgen Biotek Corp., Thorold, ON,
Canada) following the manufacturer’s instruction. cDNA synthesis was
carried out using ImProm-IITM Reverse Transcription System (Promega
Corporation, Madison, WI, USA), and quantitative real-time PCR (qQPCR)
was performed using GoTaq® qPCR Master Mix (Promega). For primer
sequences, see Table 1. The qPCR analysis was carried out in triplicate
using CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercu-
les, CA, USA). mRNA was quantified with the AACt method, and mRNA
levels were normalised to GAPDH as endogenous control.

2.16. Statistical analysis

Statistical analysis was performed with GraphPad Prism 6.0
(GraphPad Software Inc., La Jolla, CA, USA). Data were expressed as
mean + SD calculated on at least three independent experiments. P
values were calculated using the Student’s t-test or one-way analysis of
variance (ANOVA). Statistical significance was defined as p < 0.05.

3. Results
3.1. Doxorubicin-induced senescence in WI-38 fibroblasts

We used Doxorubicin (50 nM) for 48 h to induce senescence in WI-38
fibroblasts, and we analysed senescence markers at 72 h after the
treatment with Doxo (Fig. 1A). Our results showed that WI-38 cells after
48 h of Doxo treatment significantly decreased their growth compared to
control (C), and the proliferation arrest was maintained even for the
following 72 h (Fig. 1B). Furthermore, cytofluorimetric analysis of cell
cycle showed that Doxo-treated cells exhibited a significantly predom-
inant block in G2/M phase at both times 64.4 % and 71.5 %, respec-
tively) compared to the control (21.7 % and 16.6 %, respectively)
(Fig. 1C). Concurrently, 72 h after Doxo-treatment, we observed that
cells were enlarged in size, and at least 60 % were positive for SA-B-Gal
activity compared to control cells (Fig. 1D). We have also analysed in
Western Blot the expression of the two crucial pathways closely related
to cellular senescence, p21-p53, p16-pRB and the expression of Lamin
B1, a structural component of the nucleus reduced in senescent cells.
Fig. 1E shows that treated cells significantly reduced phospho-Rb and
Lamin B1 and increased p21 and pl6 expression compared to control
cells. Concomitantly, we have analysed by confocal microscopy the
presence in Doxo-treated cells of yYH2AX nuclear foci, a marker of DNA
double-strand breaks (DSB) frequently present in senescent cells, and
macroH2A1, a histone variant component of SAHF. Notably, most of the
treated cells (71.3 %) were positive for both p21 and yH2AX foci, and 75
% of cells were simultaneously negative for Lamin B1 and positive for
macroH2A1 (Fig. 1F). The control showed a low presence of cells posi-
tives for p21 and YH2AX foci (4.4 %) and cells simultaneously negative
for Lamin B1 and positive for macroH2A1 (13.2 %). These results
indicated that after Doxo-treatment, most WI-38 cells were senescent.
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3.2. Quercetin pre-treatment reduces Doxo-induced senescence in WI-38
fibroblasts

To verify the ability of Quercetin to reduce Doxo-induced senes-
cence, WI-38 fibroblasts were pre-treated with the flavonoid for 24 h
before the induction of senescence with Doxo (Fig. 2A). As described
above, Doxo-treated cells underwent a proliferative arrest, and, on the
contrary, Quercetin pre-treated cells partially recovered their prolifer-
ative capacity from day 3, and their growth continued for the following
10 days after Doxo treatment (Fig. 2B). Indeed, at day 3, Doxo-treated
cells presented an accumulation in G2/M phase (61.5 %) along with a
minimal S phase fraction (8.5 %), and reduced GO/G1 phase (30 %),
while Quercetin pre-treated cells showed similar values for GO/G1 phase
(30.4 %), but a reduced G2/M phase (50.4 %) and a significantly
increased S fraction (19.2 %) compared to Doxo-treated cells (p < 0.05).
On day 10, Doxo-induced senescent fibroblasts did not resume cell cycle
and presented similar percentages to day 3 values (35.9 % G0/G1, 5.6 %
S, 58.5 % G2/M). Conversely, as shown in Fig. 2C, the cell cycle of
Quercetin pre-treated fibroblasts varied with respect to day 3, and at day
10 the cells showed an increased GO/G1 and S phase (45 % and 13 %,
respectively) and a significant reduction in G2/M fraction (41.7 %)
compared to Doxo-induced senescent cells (p < 0.05).

Notably, the analysis of Sa-p-Gal activity showed that at day 3, cells
pre-treated with Quercetin presented a significantly lower number of
positive cells (16.8 %) than Doxo-treated cells (60.8 %). On day 10,
although the percentage of positive cells increased in the pre-treated
sample (36.8 %), this was still significantly lower than Doxo-treated
cells (91.5 %) (Fig. 3).

Next, to verify the effect of the Quercetin on senescent phenotype, we
evaluated the changes in the expression of senescent molecular markers.
Phospho-RB and Lamin Bl expression was significantly up-regulated,
while p21 and pl6 significantly decreased in Quercetin pre-treated
cells compared to Doxo-treated cells (Fig. 4).

Moreover, by confocal microscopy, we have analysed the presence of
yH2AX and macroH2A1 foci combined with p21 and Lamin B1 expres-
sion, respectively. As shown in Fig. 5, p21-yH2AX positive cells and
Lamin Bl negative-macroH2A1 foci positive cells were significantly
reduced in Quercetin-pretreated cells (30.2 % and 16 %, respectively)
compared to Doxo-treated cells (79 % and 73 %, respectively).

In conclusion, our results showed that Quercetin pre-treated cells
partially recovered their proliferative capacity, reduced G2/M arrest,
decreased Sa-B-Gal activity, and reduced formation of yH2AX and
macroH2A1 foci, suggesting that Quercetin pre-treatment could protect
the cells from Doxo-induced senescence.

3.3. Quercetin pre-treatment increases cellular antioxidant defences

To investigate the mechanisms underlying the protective effect of
Quercetin pre-treatment, we evaluated its effect on cellular antioxidant
systems. As shown in Fig. 6A, the Total Antioxidant Capacity of WI-38
cells exposed for 24 h to Quercetin increased significantly. Moreover,
we demonstrated that Quercetin pre-treatment significantly up-
regulated SOD-1 and SOD-2 enzyme expression (Fig. 6B). We next
assessed ROS production after 24 and 48 h of Doxo-treatment, and

Table 1

Primer sequences used for qPCR evaluation of the indicated gene expression.
Gene Forward primer Reverse primer
IL-6 5’-AGACAGCCACTCACCTCTTCAG-3’ 5’-TTCTGCCAGTGCCTCTTTGCTG-3’
IL-8 5’-GAGAGTGATTGAGAGTGGACCAC-3’ 5’-CACAACCCTCTGCACCCAGTTT-3’
GRO« 5’-AGCTTGCCTCAATCCTGCATCC-3’ 5’-TCCTTCAGGAACAGCCACCAGT-3’
IL-1x 5-TGTATGTGACTGCCCAAGATGAAG-3’ 5’-AGAGGAGGTTGGTCTCACTACC-3’
MMP2 5’-AGCGAGTGGATGCCGCCTTTAA-3’ 5’-CATTCCAGGCATCTGCGATGAG-3’
CXCL12 5’-CTCAACACTCCAAACTGTGCCC-3’ 5’-CTCCAGGTACTCCTGAATCCAC-3’
TNFa 5’-CTCTTCTGCCTGCTGCACTTTG-5" 5’-ATGGGCTACAGGCTTGTCACTC-3’
GAPDH 5’-GTCTCCTCTGACTTCAACAGCG-3’ 5’-ACCACCCTGTTGCTGTAGCCAA-3’
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Fig. 1.. Doxorubicin treatment induces senescence in WI-38 fibroblasts. (A) Experimental scheme. Cells were exposed to Doxorubicin 50 nM for 48 h and then
cultured in fresh complete medium for the following 72 h. (B) Trypan Blue exclusion assay was performed at 48 h of Doxo treatment, and the following 72 h, in Doxo-
treated cells (Doxo) and control cells (C). Data are expressed as the mean of at least four independent experiments + standard deviation (SD). P-value refers to
differences with respect to control C (*p < 0.05; **p < 0.001). (C) Doxo treatment induces a cell cycle arrest in G2/M phase in most treated cells. Each pie chart
section represents the percentage of cells in a specific cell cycle phase. Data are expressed as the mean of at least four independent experiments. The differences
among G0/G1, S, and G2/M phases of Doxo sample and control resulted significant (p < 0.001 for all three phases) at 48 h of Doxo treatment and 72 h after Doxo
treatment (p < 0.001, p < 0.05, p < 0.001, respectively). (D) Representative images of SA-p-Gal activity (left). The percentage of SA-B-Gal positive cells (blue ones)
compared to the total number of cells/well was evaluated in three independent experiments, and the results are represented as the mean =+ SD (right). P-value refers
to difference compared to control C (**p < 0.001). (E) Immunoblot representative image (left) and quantification of the expression of phosho-RB, Lamin B1, p21 and
p16 in Doxo-treated (Doxo) and control (C) WI-38 fibroblasts. Lysates were collected 72 h after Doxo treatment. Protein band intensity was normalised to a-tubulin
and expressed in relation to control. Data are expressed as the mean =+ SD of triplicate experiments. P-value refers to differences compared to control (**p < 0.001).
(F) Confocal microscopy images of indirect immunofluorescence of YH2AX foci (green) and p21 (red), and macroH2A1 foci (green) and Lamin B1 (red), in control
cells (C) and Doxo-induced senescent fibroblasts (Doxo). DNA was counterstained with DAPI (blue). Scale bars: 20 um. Confocal images from three independent
experiments were analysed to quantify p21-yH2AX positive cells and Lamin B1 negative-macroH2A1 positive cells with respect to the total number of cells. P-value
refers to differences regarding control (*p < 0.05). Abbreviations: C: control; Doxo: Doxo-induced senescent fibroblasts.
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Fig. 2. Quercetin pre-treatment reduces Doxorubicin-induced senescence in WI-38 fibroblasts. (A) Experimental scheme. Cells were pre-treated with Quer-
cetin 40 pM for 24 h and then exposed to Doxo-induced senescence. (B) Trypan Blue exclusion assay was performed at different times during the treatments, and a
growth curve was done from day 3 onwards. Data are expressed as the mean + SD of at least three independent experiments. The differences in cell proliferation
between Doxo-treated cells (Doxo) and control (C) or Quercetin treated fibroblasts (Q) resulted significant at all times (p < 0.001). P-value, shown in the figure,
refers to differences between Quercetin pre-treated Doxo-treated fibroblasts (Q + Doxo) and Doxo-treated cells (Doxo) (*p < 0.05; **p < 0.001). (C) Cell cycle
analysis was performed on day 3 and 10 from the end of Doxo treatment. Each pie chart section represents the percentage of cells in a specific cell cycle phase. Data
are expressed as the mean of at least three independent experiments. The differences between GO/G1, S, and G2/M phase of Doxo sample and control resulted
significant at both times (p < 0.001, p < 0.05, and p < 0.001, respectively). Quercetin pre-treated Doxo-treated fibroblasts (Q+Doxo) presented a significant
increased S phase (p < 0.05) at day 3, and a significant decreased G2/M phase (p < 0.05) at day 10 compared to Doxo-treated cells (Doxo). Abbreviations: C: control;
Q: Quercetin treated fibroblast; Doxo: Doxo-induced senescent fibroblasts; Q + Doxo: Quercetin pre-treated Doxo-induced senescent fibroblasts.

cellular ROS levels were significantly increased by 1.3 and 1.7 times,
respectively, compared to control (Fig. 6C). Conversely, Quercetin pre-
treatment significantly reduced ROS production compared to Doxo-
treated cells (0.7 at 24 h and 0.8 at 48 h). These results suggested that
Quercetin pre-treatment could potentiate cellular antioxidant defences,
which in turn countered Doxo-induced oxidative stress and protected
the cells from damage and senescence.

3.4. Quercetin pre-treatment reduces NF-«xB nuclear translocation and
gene expression of some SASP factors

To verify the activity of NF-kB, one of the major transcription factors

that control the production of SASP molecules, we have analysed the
expression of p65 in the nuclear fraction of the cells. As shown in
Fig. 7A, Doxo-treated cells presented a significant increase of NF-xB
nuclear translocation compared to control and Quercetin pre-treated
cells.

Moreover, gene expression levels of some SASP factors, named IL-1a,
IL-6, IL-8, GROa, MMP2, TNFa, and CXCL12, were evaluated 3 days
after Doxo treatment. Real-Time PCR experiments indicated that IL-6
and IL-8, two of the most prominent SASP products, IL-1a, MMP2,
TNFa, and CXCL12, were significantly up-regulated in Doxo-induced
senescent fibroblasts (Fig. 7B). Although the pre-treatment with Quer-
cetin reduced the expression of all 6 genes, only for IL-6, IL-8, CXCL12,
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and IL-1a, the differences were significant (p < 0.05). Moreover, the
expression of GROa was not modified in Doxo-induced senescent fi-
broblasts compared to control but was significantly reduced in both
samples treated with Quercetin, with respect to control and to Doxo-
induced senescent fibroblasts. These results suggest that Quercetin
pre-treatment could decrease SASP production, maybe through the
reduction of NF-kB activation.

3.5. Effects of Conditioned Medium from Doxo-induced senescent
fibroblasts and Quercetin pre-treated Doxo-induced senescent fibroblasts
on osteosarcoma cells (U20S)

After verifying the increase in gene expression of some SASP factors
by Doxo-induced senescent fibroblasts and the preventing action of
Quercetin, we verified whether the conditioned medium from Doxo-
induced senescent fibroblasts (SM) and Quercetin-pretreated Doxo-
treated fibroblasts (QSM) could have effects on U20S proliferation and
invasion capacity. SM significantly enhanced U20S proliferation over
time (Fig. 8A) and colonies number and area (Fig. 8B and C) compared
to QSM.

Moreover, the wound healing assay showed that SM induced a sig-
nificant increase in U20S cell migration (p < 0.05), while as expected,
QSM reduced this effect (Fig. 9A). Similar results were obtained by
evaluating the invasion capacity of U20S cells (Fig. 9B). SM induced a
1.6-fold increase of invasive index, while U20S treated with QSM
showed an invasive grade like those of controls (p < 0.05). Overall,
these results demonstrate that SM, but not QSM, could increase the
proliferation, migration, and invasiveness of U20S cells. On the other
hand, Quercetin pre-treatment, reducing the senescent cells and
modulating the expression and secretion of SASP factors, diminishes SM
cancer-promoting effects.

Mechanisms of Ageing and Development 206 (2022) 111689

Fig. 3. Quercetin pre-treatment reduces the
number of SA-p-Gal positive cells. Represen-
tative images of SA-B-Gal activity (upper) per-
formed 3 and 10 days after Doxo treatment. The
percentage of SA-B-Gal positive cells (blue ones)
with respect to the total number of cells/well
(down) was evaluated in at least three inde-
pendent experiments, and the results are rep-
resented as the mean +SD (**p < 0.001).
Abbreviations: C: control; Q: Quercetin treated
fibroblast; Doxo: Doxo-induced senescent fi-
broblasts; Q + Doxo: Quercetin pre-treated
Doxo-induced senescent fibroblasts.

Q + Doxo

Q Doxo Q+Doxo

3.6. Effects of Conditioned Medium from Doxo-induced senescent
fibroblasts and Quercetin pre-treated Doxo-induced senescent fibroblasts
on WI-38 fibroblasts

To verify whether SM increased aggressiveness was specific to cancer
cells or a general effect, we analysed its effect on proliferation and
migration of non-tumoral cells as WI-38 fibroblasts. Interestingly, SM
significantly reduced WI-38 cell proliferation, especially at 72h
(p < 0.05) and 96 h (p < 0.001), compared to CM and QSM (Fig. 10A).
This reduction of the proliferation induced by SM could be due to the
induction of paracrine senescence, even if our preliminary findings did
not demonstrate it (data not shown). Furthermore, the migration anal-
ysis did not show significant differences between samples (Fig. 10B).
These results underline that the promoting effects of CM from Doxo-
induced senescent fibroblasts are specific to OS cells and did not affect
normal fibroblasts.

4. Discussion

Ageing is a complex biological phenomenon characterised by the
progressive accumulation of unrepaired or damaging modifications
occurring in molecules, cells, tissues, and organs, which the body tries to
counteract by implementing a series of adaptive mechanisms that
become an essential part of the ageing process (Ostan et al., 2008).
Moreover, it represents the major risk factor for several pathologies that
occur more frequently in people getting older, named age-related dis-
eases (ARDs). Geroscience identified cellular senescence as one of the
nine selected and interconnected biological processes representing the
critical pillars of ageing and ARDs (Lopez-Otin et al., 2013). Senescent
cells accumulate in different aged tissues over time and contribute to the
development and progression of several ARDs, such as cardiovascular
diseases, neurodegenerative diseases, and cancer (Collado et al., 2007;
He and Sharpless, 2017). Different studies showed that senescent cell
clearance in vivo extends lifespan and healthspan and attenuates
age-related pathologies (Baker et al., 2016, 2011; Childs et al., 2016;
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Chinta et al., 2018). The deleterious biological effects of senescence are
driven mainly by the SASP (Coppe et al., 2010), which contributes to
inflammaging, creating a microenvironment favourable for developing
different ARDs, including cancer (Collado et al., 2007; He and Sharpless,
2017; Lopez-Otin et al., 2013). Different stimuli can induce cellular
senescence and among these are also several chemotherapy drugs
(Demaria et al., 2017; Ewald et al., 2010; Saleh et al., 2020). The in-
duction of the so-called therapy-induced senescence (TIS) in cancer cells
may be considered a positive outcome for the chemotherapy because it
arrests tumour growth, resulting in inhibitory or growth-neutral tumour
effects (Ewald et al., 2008; Xue et al., 2007). However, recent studies
have demonstrated that senescence can be reversible for a subpopula-
tion of tumour cells and allow cancer resurgence and progression (Bojko
et al., 2019; Gerashchenko et al., 2016; Mosieniak et al., 2015; Saleh
et al., 2018). Furthermore, different studies have suggested that one of
the central mechanisms leading to chemotoxicity is the premature and
excessive induction of senescence in non-malignant cells. Findings
demonstrated that genetic or pharmacological senescent cells removal
could alleviate therapy-induced toxicities, such as fatigue, myelosup-
pression, cardiomyopathy, bone loss and frailty, and cancer progression
and relapse (Baar et al., 2017; Demaria et al., 2017; Murali et al., 2018;
Sun et al., 2012; Yao et al., 2020). In this study, we showed that the
treatment with Doxorubicin successfully induced cellular senescence in
WI-38 normal lung fibroblasts, as evidenced by the acquisition of large
and flattened morphology, the arrest of the cell cycle, the down-
regulation of phospho-RB and Lamin B1, and the increase of p21 and
p16 expression, SA-$-Gal activity, and SAHF formation. Our results were
consistent with several studies that reported the ability of Doxo to

comparison to control. Data are represented as
*x the mean + SD of at least three independent
experiments (*p < 0.05; **p < 0.001). Abbre-
viations: C: control; Q: Quercetin treated fibro-
blast; Doxo: Doxo-induced senescent
fibroblasts; Q + Doxo: Quercetin pre-treated
Doxo-induced senescent fibroblasts.
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induce senescence in different types of cells (Bielak-Zmijewska et al.,
2014; Hou et al., 2019; Kozhukharova et al., 2018; Maejima et al., 2008;
Piegari et al., 2013), including WI-38 fibroblasts (Liu et al., 2019). Doxo,
belonging to the anthracycline family, acts by interacting with DNA by
intercalation, causing the inhibition of topoisomerase II and generating
free radical species that induce DNA double-strand breaks and cellular
damages (Rivankar, 2014). Conversely to what happens in replicative
senescence, in which cells preferentially accumulate in the G1 phase of
cell cycle, our data, according to other studies (Bielak-Zmijewska et al.,
2014; Chang et al., 2002; Roger et al., 2021; Yang et al., 2012), showed
that Doxo-induced senescent fibroblasts preferentially accumulate in
G2/M phase. This phenomenon could be explained by considering that
cells in the S phase, the most targeted by the drug, are damaged and
blocked in the subsequent phase, the G2/M. Interestingly, the arrest of
the cell cycle in this phase was likely reinforced by the observed high
level of p21, which seems to inhibit the mitotic cyclin B1-CDK1 complex,
and lead to the reduced phosphorylation of pRB protein with consequent
repression of E2F-dependent G2/M regulators (Cherrier-Savournin
et al., 2004; Krenning et al., 2014).

Due to the proven important role of cellular senescence in ageing and
ARDs, recent advances encouraged a search for strategies to reduce its
damaging impact on tissues and organs. This work demonstrated that a
pre-treatment with Quercetin could partially protect the cells from
Doxo-induced senescence and consequently reduce the SASP. Quercetin
is a bioflavonoid, widely distributed in fruits and vegetables, known for
its antioxidant, anti-inflammatory, and anti-cancer activity (Andres
et al., 2018; D’Andrea, 2015; Salehi et al., 2020). Our findings demon-
strated that Quercetin pre-treatment reduced the number of SA-B-Gal
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Fig. 5. Quercetin pre-treatment reduces SAHF. (A) Confocal microscopy images (left) of indirect immunofluorescence of yH2AX foci (green) and p21 (red) and the
percentage of p21/yH2AX positive cells (right), in control (C), Quercetin treated cells (Q), Doxo-induced senescent fibroblasts (Doxo), and Quercetin pre-treated
Doxo-treated fibroblasts (Q+Doxo). DNA was counterstained with DAPI (blue). Scale bars: 20 uym. Confocal images from three independent experiments were
analysed to quantify p21-yH2AX positive cells with respect to the total number of cells (*p < 0.05; **p < 0.001). (B) Confocal microscopy images (left) of indirect
immunofluorescence of macroH2A1 foci (green) and Lamin B1 (red), and the percentage of Lamin B1 negative/macroH2A1 positive cells (right). DNA was coun-
terstained with DAPI (blue). Scale bars: 20 pm. Confocal images from three independent experiments were analysed to quantify Lamin B1 negative-macroH2A1
positive cells with respect to the total number of cells (*p < 0.05; **p < 0.001). Abbreviations: C: control; Q: Quercetin treated fibroblast; Doxo: Doxo-induced
senescent fibroblasts; Q + Doxo: Quercetin pre-treated Doxo-induced senescent fibroblasts.
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Fig. 6. Quercetin pre-treatment increases cellular antioxidant defences. (A) Total antioxidant capacity (TAC) of protein lysates collected after 24 h of Quercetin
treatment. P-value refers to differences with respect to control C (*p < 0.05). (B) Inmunoblot representative image (left) and quantification of the expression of SOD-
1 and SOD-2 enzymes in control (C) and Quercetin treated cells (Q). Data are represented as the mean of three independent experiments + SD. P-value refers to
differences with respect to control C (*p < 0.05). (C) Analysis of ROS production by H2DCF-DA assay, after 24 and 48 h of Doxo-treatment. Data are represented as
the mean of Median Fluorescent Intensity (MFI) relative to control of three independent experiments + SD (*p < 0.05). Abbreviations: C: control; Q: proliferating
fibroblasts treated with Quercetin; Doxo: Doxo-induced senescent fibroblasts; Q + Doxo: Quercetin pre-treated Doxo-induced senescent fibroblasts.

positive cells, decreasing cell cycle arrests and proliferation block,
increasing the expression of phospho-RB, and reducing p21 and pl6
levels in Doxo-treated fibroblasts. Moreover, WI-38 pre-treated fibro-
blasts showed an increased Lamin Bl expression and a reduction of
yH2AX and macroH2A1 foci. Since the formation of SAHF is associated
with the stable repression of genes involved in cell cycle progression,
and it seems to be strictly related to the hypo phosphorylation of RB
(Narita et al., 2003), the increased expression of phospho-RB in Quer-
cetin pre-treated cells is likely related to the decreased presence of SAHF
and consequently to the increased proliferation. Some other works have
investigated the role of Quercetin as a geroprotective agent that can
delay or reduce the onset of replicative senescence in human cells
(Chondrogianni et al., 2010; Geng et al., 2019). Chondrogianni et al.
have shown that Quercetin treatment on human embryonic fibroblasts
for several days delayed the appearance of replicative senescence, and
restored in part their proliferation, maybe due to its antioxidant and
proteasome activating properties (Chondrogianni et al., 2010).
Moreover, in an in vitro model of accelerated ageing, Quercetin re-
duces replicative senescence onset, restoring heterochromatin archi-
tecture and decreasing ROS levels (Geng et al., 2019). For the first time,
our study demonstrates that a pre-treatment with Quercetin could
reduce Doxo-induced senescence and DNA damage by exerting its pro-
tective effects to enhance the total cellular antioxidant activity, partic-
ularly SOD-1 and SOD-2 expression. Moreover, we showed that
Quercetin pre-treatment decreased Doxo-induced ROS production.

10

Consistent with our data, such evidence from human and animal studies
demonstrated that the antioxidant activity of Quercetin is mainly exer-
ted through its effects on antioxidant enzymes, including the upregu-
lation of SOD activity (Dong et al., 2014), signal transduction pathways,
and ROS (Xu et al., 2019).

Furthermore, we evaluated whether Quercetin pre-treatment could
also inhibit the SASP, which is the principal responsible for the
damaging activities of senescent cells (Coppé et al., 2006, 2008; Dilley
et al., 2003; Gonzalez-Meljem et al., 2018; Krtolica et al., 2001; Liu and
Hornsby, 2007). Accordingly, in Doxo-induced senescent and Quercetin
pre-treated fibroblasts, we have investigated the expression of NF-kB,
one of the most important transcription factors driving the SASP pro-
gram (Salminen et al., 2012). Our data showed that NF-kB nuclear
translocation was significantly enhanced in Doxo-treated fibroblasts and
that Quercetin pre-treatment prevented this increase. These findings are
in accord with other studies showing that Quercetin exerts an
anti-inflammatory action by suppressing NF-kB expression and its nu-
clear translocation in different cells (Chen et al., 2020; Cheng et al.,
2019; Lee et al., 2018). We have also investigated the expression of
several SASP-related molecules, including IL-6, IL-8, IL-la, TNF-a,
MMP2, and CXCL12, which significantly increased in Doxo-induced
senescent cells while are reduced in Quercetin pre-treated fibroblasts.
Interestingly, the production of IL-1a seems to happen in the early stage
of senescence, when it plays a fundamental role in the development and
maintenance of the SASP (Acosta et al., 2008; Roger et al., 2021). Thus,
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Fig. 7. NFKB p65 relative nuclear expression. (A) Inmunoblot representative image (left) and quantification of the expression of NF-kB p65 in the nuclear fraction
of in control (C), Quercetin-treated (Q), Doxo-treated (Doxo) and Quercetin pre-treated Doxo-treated (Q+Doxo) WI-38 fibroblasts. Protein band intensity was
normalised to Fibrillarin and expressed in relation to control. Data are represented as the mean + SD of three independent experiments (*p < 0.05). (B) Gene
expression analysis was performed on control (C), Quercetin-treated cells (Q), Doxo-induced senescent fibroblasts (Doxo), and Quercetin pre-treated Doxo-treated
fibroblasts (Q-+Doxo) 3 days after Doxo treatment. GAPDH was used as the housekeeping gene, and data were normalised to control C (assumed as value 1). Data are

expressed as the mean + SD of triplicate experiments (*p < 0.05; **
Doxo-induced senescent fibroblasts; Q + Doxo: Quercetin pre-treated Doxo-induced senescent fibroblasts.

11

p < 0.001). Abbreviations: C: control; Q: proliferating fibroblasts treated with Quercetin; Doxo:
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the reduced expression of this interleukin in Quercetin pre-treated fi-
broblasts can reinforce SASP suppression by the flavonoid.

Subsequently, we measured the ability of conditioned medium of
Doxo-induced senescent fibroblasts (SM) to promote human osteosar-
coma (OS) cell growth and invasiveness. OS is a primary malignant bone
tumour with a high mortality rate and a bimodal incidence observed
worldwide, with the first peak in puberty, and the second peak in old
age, mainly in the seventh and eighth decades of life (Mirabello et al.,
2009a). The appearance of OS in the elderly requires aggressive treat-
ment with both neoadjuvant and adjuvant chemotherapy, and it is
frequently associated with a greater incidence of metastasis and worse
prognosis (Ek et al., 2006; Mirabello et al., 2009b; Savage and Mirabello,
2011). Doxorubicin is one of the mainstay drugs in the treatment of OS,
and our data confirmed its known role as a senescence inducer genotoxic
agent in cells that belong to tumour stroma, such as fibroblasts or
mesenchymal cells as well as OS cells (Czarnecka et al., 2020). Consis-
tent with this, our results showed that SM increased proliferation and
colony formation of U20S cells significantly and that QSM did not
modify OS cells growth compared to the control. In accord with our
data, different studies have shown that co-culture of senescent fibro-
blasts, induced by various stimuli, can promote the growth of
pre-neoplastic and malignant cells from several types of tumours (Bhatia
et al., 2008; Gonzalez-Meljem et al., 2018; Krtolica et al., 2001; Liu and
Hornsby, 2007; Luo et al., 2011; Pazolli et al., 2009). Overall, the
pro-tumorigenic action of SM that we have seen on U20S cells could
probably be due to the SASP, particularly to those factors we have
investigated. Indeed, both IL-6 and IL-8 were shown to be essential
factors in the malignant transformation of OS cells due to their ability to
increase proliferation, colony formation, migration and invasiveness of
U20S and MG-63 cells (Cortini et al., 2016; Gross et al., 2018; Lin et al.,
2013; Zhang et al., 2019).

Furthermore, some studies showed that IL-6, IL-8, and TNFua serum
levels were higher in OS patients than in controls (Kushlinskii et al.,
2014; Xiao et al., 2014; Zhang et al., 2019) and that IL-6 increased level
was associated with worse TNM stages, and presence of metastasis,
while TNFa and IL-8 levels correlated with bigger tumour size and
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Fig. 8. Effect of Conditioned Medium from
Doxo-induced senescent fibroblasts and
Quercetin pre-treated Doxo-induced senes-
cent fibroblasts on U20S growth. (A) Trypan
Blue exclusion assay on U20S cells treated with
conditioned medium from Quercetin treated
cells (QM), Doxo-induced senescent fibroblasts
(SM), and Quercetin pre-treated Doxo-treated
fibroblasts (QSM). Data are shown as the mean
percentage of three independent experiments
+ SD relative to U20S treated with control
conditioned medium (CM). P-value refers to
differences respect to control (*p < 0.05) and to
* . SM (*p < 0.05; ##p < 0.001). (B) Representa-
tive images (down) and calculated number of
U20S colonies (upper) formed after 7 days of
treatment with conditioned media. Data repre-
sented the mean of three independent
experiments + SD (*p < 0.05). (C) Colonies
area (representative images below) was calcu-
lated with Image J Software, and data are
expressed relative to control (CM) and
expressed as the mean of three independent
experiments & SD (*p < 0.05; **p < 0.001).
Abbreviations: CM: conditioned medium from
control proliferating fibroblasts; QM: condi-
tioned medium from Quercetin treated fibro-
blasts; SM: conditioned medium from Doxo-
induced senescent fibroblasts; QSM: condi-
tioned medium from Quercetin pre-treated
Doxorubicin-treated fibroblasts.

maybe the progression of the disease (Xiao et al., 2014).

The increased mortality and worse prognosis observed in older
people affected by cancer could be fuelled by a chronic, low-level in-
flammatory state typical in the elderly, named “inflammaging”, and
could represent one of the links between ageing and cancer. Considering
these data, the further increase of pro-inflammatory cytokines due to
Doxo-induced senescent fibroblasts could increase the inflammaging of
elderly patients, potentially favouring the creation of a pro-tumour
microenvironment that could contribute to the worse prognosis
observed in older. In this perspective, Quercetin, reducing IL-6, IL-8 and
TNF-a expression and consequently the pro-tumorigenic activity of
Doxo-induced senescent fibroblasts, could potentially be used to coun-
teract the detrimental effect of therapy-induced senescence in cancer
treatment.

Furthermore, we have also demonstrated that SM stimulated U20S
migration and invasiveness and that QSM, did not induce the same
aggressive behaviour. Accordingly, different studies showed that se-
nescent cells had been found to contribute also to the acquisition of
invasive and metastatic properties of several types of cancer cells
(Alspach et al., 2013; Coppé€ et al., 2008; Farsam et al., 2016; Hassona
et al., 2014; Kim et al., 2017).

Our results showed that Doxo-induced senescent fibroblasts over-
expressed CXCL12, a chemokine that functions as a chemoattractant,
confirming what was seen in other senescent cell types (Choi et al.,
2021; Jiang et al., 2019; Kim et al., 2017). Several studies have shown
the importance of CXCL12/CXCR4 (C-X-C motif chemokine receptor 4)
pathway in OS progression and prognosis (Laverdiere et al., 2005; Lu
etal., 2015; Neklyudova et al., 2016; Oda et al., 2006; Perissinotto et al.,
2005; Pollino et al., 2019), and the overexpression of CXCR4 was
detected in OS patients, with high-grade disease, and also in two
different lines of OS cells, 143-B and U20S (Pollino et al., 2019). Thus,
the proven upregulation of CXCR4 in U20S cells (Pollino et al., 2019)
and the overexpression of its ligand CXCL12 by Doxo-induced senescent
fibroblasts identifies this axis as one of the best candidates for driving
SM effects on U20S cells migration and invasiveness. Conversely, the
reduction by Quercetin pre-treatment of CXCL12 expression maybe
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explains the reduced aggressiveness of U20S cells incubated with QSM.
Otherwise, another important SASP factor that can promote the invasive
activity of several cancer cells, including U20S (Hassona et al., 2014; Liu
et al., 2016; Malaquin et al., 2013), is MMP2. MMP2 belongs to the
family of metalloprotease, and it can be synthesised by different cell
types, including tumour stromal cells (Egeblad and Werb, 2002) and
several senescent cells (Hassona et al., 2014; Malaquin et al., 2013).
Accordingly, Doxo-induced senescent fibroblasts up-regulated MMP2
expression and could contribute to the increased invasiveness of U20S,
although Quercetin pre-treatment did not significantly reduce its
expression.
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Fig. 9.. Effect of Conditioned Medium from
Doxo-induced senescent fibroblasts and
Quercetin pre-treated Doxo-induced senes-
cent fibroblasts on U20S cell migration and
invasiveness. (A) Representative images
(upper) and the percentage of scratch wound
area (down) of Wound Healing Assay of U20S
cells treated with conditioned media. Data are
shown as the mean percentage of three inde-
pendent experiments + SD of wound closure
area with respect to initial scratch (*p < 0.05;
**p < 0.001). (B) Boyden chamber invasion test
on U20S cells. Conditioned media from control
fibroblasts (CM), Quercetin-treated fibroblasts
(QM), Doxo-induced senescent fibroblasts (SM),
and Quercetin pre-treated Doxo-treated fibro-
blasts (QSM) were placed in the bottom well of
the chamber. Data are represented as a relative
invasive index with respect to control, and the
mean of three independent experiments + SD
(*p < 0.05). Representative images of invasive
cells are shown below the graph. Abbreviations:
CM: conditioned medium from control prolif-
erating fibroblasts; QM: conditioned medium
from Quercetin treated fibroblasts; SM: condi-
tioned medium from Doxo-induced senescent
fibroblasts; QSM: conditioned medium from
Quercetin pre-treated Doxo-treated fibroblasts.

Furthermore, in accord with other studies (Hou et al., 2019; Krtolica
etal., 2001), the promoting effects of senescent fibroblasts did not affect
normal human cells, in which SM did not alter the migration while
significantly reduced the proliferation. This reduction in proliferation
could be due to the induction of senescence via “bystander effect”, as
shown in other works (Acosta et al., 2013; da Silva et al., 2019; Nelson
et al., 2018, 2012).

These data suggest that the senescent microenvironment can syner-
gise only with neoplastic cells favouring their malignant features.
Therefore, Quercetin pre-treatment, acting as a preventive agent, can
alleviate the effect of Doxo-induced senescent fibroblasts both on OS
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cells, reducing their aggressiveness and maybe blocking the spread of
senescence on normal fibroblasts.

5. Conclusion

For the first time, this study shows that Quercetin, a natural bioactive
flavonoid, can prevent Doxo-induced senescence, alleviating the effects
of the SASP on U20S and normal cells. Furthermore, by increasing
cellular antioxidant defence, Quercetin pre-treatment can protect
normal fibroblasts from the damaging effect of ROS produced by Doxo
treatment, decreasing SAHF formation, Lamin B1 loss, NF-kB nuclear
translocation, and consequently the levels of some SASP molecules.
Although other studies are necessary to deepen the role of Quercetin as a
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Fig. 10. Effect of Conditioned Medium from
Doxo-induced senescent fibroblasts and
Quercetin pre-treated Doxo-treated fibro-
blasts on WI-38 fibroblasts. (A) Trypan Blue
exclusion assay on WI-38 cells treated with
conditioned medium from Quercetin treated
cells (QM), Doxo-induced senescent fibroblasts
(SM), and Quercetin pre-treated Doxo-treated
fibroblasts (QSM). Data are shown as the mean
percentage of three independent experiments
+ SD relative to WI-38 treated with control
conditioned medium (CM). P-value refers to
differences with respect to control (*p < 0.05;
**p < 0.001) and to SM (¥p <0.05). (B)
Representative images (upper) and the per-
centage of scratch wound area (down) of
Wound Healing Assay of WI-38 cells treated
with conditioned media. Abbreviations: CM:
conditioned medium from control proliferating
fibroblasts; QM: conditioned medium from
Quercetin treated fibroblasts; SM: conditioned
medium from Doxo-induced senescent fibro-
blasts; QSM: conditioned medium from Quer-
cetin pre-treated Doxo-treated fibroblasts.

48h
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geroprotective agent, this work may pave the way to investigate the use
of Quercetin as an adjuvant in the treatment of OS, trying to reduce the
damaging effects of therapy-induced senescence, especially in elderly
patients, in which senescent cells are already abundant in several tissues
and organs.
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