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A B S T R A C T

Oxidative stress (OS) contributes to Osteoarthritis (OA) pathogenesis and its effects are worsened by the impair-
ment of homeostatic mechanisms such as autophagy in OA chondrocytes. Rescue of an efficient autophagic flux
could therefore reduce the bulk of damaged molecules, and at the same time improve cell function and viability.
As a promising dietary or intra-articular supplement to rescue autophagy in OA chondrocytes, we tested spermi-
dine (SPD), known to induce autophagy and to reduce OS in several other cellular models. Chondrocytes were
obtained from OA cartilage and seeded at high-density to keep their differentiated phenotype. The damaging ef-
fects of OS and the chondroprotective activity of SPD were assessed by evaluating the extent of cell death, oxida-
tive DNA damage and caspase 3 activation. The autophagy promoting activity of SPD was evaluated by assessing
pivotal autophagic effectors, i.e. Beclin-1 (BECN-1), microtubule-associated protein 1 light chain 3 II (LC3-II) and
p62. BECN-1 protein expression was significantly increased by SPD and reduced by H2O2 treatment. SPD also
rescued the impaired autophagic flux consequent to H2O2 exposure by increasing mRNA and protein expression
of LC3-II and p62. SPD induction of mitophagy was revealed by immunofluorescent co-localization of LC3-II and
TOM20. The key protective role of autophagy was confirmed by the loss of SPD chondroprotection upon au-
tophagy-related gene 5 (ATG5) silencing. Significant SPD tuning of the H2O2-dependent induction of degradative
(MMP-13) inflammatory (iNOS, COX-2) and hypertrophy markers (RUNX2 and VEGF) was revealed by Real Time
PCR and pointed at the SPD ability of reducing NF-κB activation through autophagy induction. Conversely, block-

age of autophagy led to parallel increases of oxidative markers and p65 nuclear translocation. SPD also increased
the proliferation of slow-proliferating primary cultures.Taken together, our findings highlight the chondroprotec-
tive, anti-oxidant and anti-inflammatory activity of SPD and suggest that the protection afforded by SPD against
OS is exerted through the rescue of the autophagic flux.

1. Introduction

Osteoarthritis (OA) is the most common form of arthritis and one of
the most significant causes of disability in the world, whose prevalence
is strictly linked to aging [1].

At present, drug treatments of OA are unsatisfactory. Oxidative stress
(OS) contributes to the OA pathogenesis [2]. Besides directly acting
as a NF-κB activating trigger [3], OS can damage molecules and or-

ganelles and thus impacts on chondrocyte functions favouring catabo

lism over anabolism. A pivotal role in counteracting this derangement is
played by cell homeostatic mechanisms such as autophagy [4].

Autophagy is a central housekeeping and a stress response system
playing an essential quality control function with an anti-aging role by
supporting the clearance of senescence-associated alterations of macro-
molecules and organelles. This process begins with the sequestration of
intracellular organelles and proteins in autophagosomes that fuse with
lysosomes in order to degrade the sequestered material.

However, autophagy is deregulated in OA chondrocytes that there-
fore cannot effectively dispose of damaged organelles. Much work
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has been devoted to the search of a safe and effective mean to rescue
autophagy. Recent research has suggested that the downregulated au-
tophagy of OA compared to healthy chondrocytes derives from an al-
tered kinetic pattern of the process as indicated by the different behavior
of pivotal autophagic proteins after an oxidative challenge [5]. Rescue
of an efficient autophagic flux could therefore at the same time improve
clearance of damaged molecules, cell homeostasis and viability.

In this perspective, a safe opportunity may be represented by nu-
traceuticals and natural occurring compounds such as spermidine (SPD),
an ubiquitous natural polyamine involved in a wide range of cellular
processes, widely recognized to induce autophagy [6] and to reduce OS
in several cellular models, as also recently reviewed [7,8].

Recent reports have pointed at the ability of SPD to counteract disc
degeneration via enhancement of autophagy in the cells of the nucleus
pulposus [9] as well as its ability to reduce oxidative damage and in-
flammation in a model of cardiac infarction via enhancing the AMPK/
mTOR‐mediated autophagic flux [10].

The object of this study has been to investigate the role of SPD in the
context of OA cartilage, evaluating its ability to protect cultured human
OA articular chondrocytes against hydrogen peroxide (H2O2)-induced
OS by modulating autophagy through optimization of the autophagic
flux. A previous paper had already investigated the autophagy promot-
ing activity of SPD [11,12]. Sacitharan and coworkers indeed reported
the aging–related decreased expression of autophagy related proteins

(ULK1, BECN-1 and LC3) in both murine and human cartilage (even
more decreased in OA cartilage), together with the SPD ability to res-
cue this expression and increase that of key chondrogenesis markers.
Moreover, both murine and human aged cartilage showed reduced ex-
pression of the enzymes of the polyamine biosynthetic pathway. How-
ever, the in vitro study was carried out without the combined investi-
gation of markers of cell damage and the use of proper controls [13]
to correctly assess the autophagic flux. Moreover, in that study chon-
drocytes were not cultured at high density that helps in recovering the
differentiated phenotype, according to published guidelines [14]. Hy-
drogen peroxide, together with peroxynitrite, is one of the major car-
tilage damaging ROS [15] and therefore our experimental model re-
produces in vitro the OA environment. The DNA damaging activity of
H2O2 evokes stress induced homeostatic responses ordered through a
range of increasing severity from pro-survival responses (cell cycle ar-
rest, DNA repair, and autophagy) to pro-elimination response (differ-
entiation, senescence and apoptosis) [16]. Chondrocyte susceptibility
to OS markedly changes as a function of the culture density and ex-
posure length [17]. Compared to a previous report [5] we chose an
H2O2 exposure (dose/time) beyond the threshold of cell death to fully
assess SPD chondroprotective activity. Exposure to OS is responsible for
multiple cell features such as oxidative damage to mitochondria and
genomic DNA. OS damaged mitochondria then lose their fundamental
anti-aging activity and become instead promoter of cellular senescence,
chronic inflammation and age-dependent cell dysfunction [18,19]. In
these conditions, an essential homeostatic role is played by correct cou-
pling of mitophagy (i.e. autophagy and clearance of the damaged mi-
tochondria) and mitochondrial biogenesis [20]. However, if this fails, a
persistent inflammatory activation occurs, with OS dependent chronic
NF-κB activation [3]. At the genomic DNA level, OS causes double

strand breaks tagged by γH2AX, a phosphorylated histone marker that

indicates foci where the cell organizes the DNA damage response in
order to repair the damage. However, the persistence of γH2AX is it-

self a NF-κB stimulus [21] and a senescence promoting trigger [22].

Cells that are unable to get rid of OS damage then accumulate dam-
aged molecules and organelles and become dysfunctional and unable to
proliferate (i.e. senescent). Their persistent and sustained NF-κB activa-

tion is then responsible for the release of a wide range of inflamma-
tory cytokines and matrix degrading enzymes that collectively constitute

the Senescence Associated Secretory Phenotype (SASP) [23] and that af-
fect the bystander cells and tissues. Recent research has provided the
proof of concept that selectively targeting senescent cells and their SASP
in OA by a new class of therapeutics (i.e. the “senolytics”) has the poten-

tial to affect the natural course of the disease [24]. Another possibility
is represented by “senomorphic” strategies, i.e. the use of drugs or food

derived components that enhance homeostatic/pro-survival responses in
the cells, such as autophagy, thus rescuing senescent cells from their
dysfunctional status and attenuating NF-κB signaling. Based on previous

information, SPD is a suitable senomorphic candidate [25]. Senescence
is a key driver of OA [26] and a major OA pathogenetic mechanism to
target with potentiation of autophagy [27].

Autophagy itself is a homeostatic response triggered by OS. Despite
recent work has warned that autophagy might play both anti-senescence
and pro-senescence roles, in a context specific manner [28,29], in most
cases autophagy plays cell protective and anti-inflammatory effects, pro-
vided the functionality of downstream autophagic flux. Indeed, when
the latter is impaired, increased autophagic vacuolization indicates de-
creased, rather than increased, autophagy. When evaluating candidate
autophagy modulators, it is therefore important to couple autophagy as-
sessment with evaluation of their effects on cell health.

Therefore, together with assessment of autophagy markers [BECN-1,
the microtubule-associated protein 1 light chain 3 II (LC3-II) and p62,
markers of autophagosome and of increased autophagic flux, respec-
tively [13]] we evaluated the effect on cell damage (γH2AX foci,

8-oxo-dG adducts, caspase 3 activation and localization) and cell death.

2. Materials and methods

2.1. Chondrocyte primary cultures

The study was conducted in accordance with the 1975 Declaration
of Helsinki; informed consent was obtained from all patients before
surgery and the protocol was approved by the Ethics Committee of Is-
tituto Ortopedico Rizzoli (SPD-OMEO, Prot.gen.n.ro 0019715, Septem-
ber 28, 2016). The patients admitted to the study had to meet inclu-
sion and exclusion criteria (the latter excluded patients with BMI higher
than 35, rheumatic diseases, diabetes, severe chronic infective diseases
or malignancies, severe psychiatric diseases or use of steroid drugs).
Chondrocytes were obtained from the cartilage of tibial plateau and
femoral condyles of 31 OA patients (23 female, 8 male, mean ± SD age:
70.1 ± 5.7, mean ± SD Kellgren-Lawrence grade: 3.5 ± 0.5) that had
underwent knee arthroplasty. Written informed consent was collected
from all individuals involved in the study.

2.2. Culture and treatment of chondrocyte primary cultures

Chondrocytes were isolated by sequential enzymatic digestion, ex-
panded in vitro up to passage p1, cultured and seeded in 10% FCS-DMEM
[30] in 12 well plates at high-density (250.000 cells/well, i.e. 62.500/
cm2) to keep the proper chondrogenic phenotype [17] and let for 36 h
to restore cell-ECM interactions required for proper signaling of chon-
drocytes [31]. After 24 h starvation, the cells were pretreated with
SPD (Sigma S2501, spermidine trihydrochloride), 100 nM, 24 h. The
starvation step was useful to reduce the endogenous polyamine pool
so to better highlight the effect of 100 nM exogenous SPD pre-treat-
ment. This subμmolar dose was selected on the basis of previous liter-

ature hints that indicate a narrow useful dosage window in which ad-
dition of exogenous SPD may support cell homeostatic activities by in-
creasing the unbound pool without exerting inflammation or apopto-
sis promoting effects [32]. Previous work from our group showed that
1–10 μmolar doses instead promote chondrocyte terminal differentia-

tion [33], in keeping with previous observations of high SPD levels
in the extracellular matrix of the ossifying cartilage [34]. Moreover,
preliminary experiments comparing SPD pre-treatment with 100, 500
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and 1000 nM showed that the 100 nM SPD pre-treatment was more ef-
fective and more reproducible in reducing cell death.

To test SPD ability to reduce cell death, OS was induced through an
overnight incubation with H2O2 (500 μM). H2O2 exposure time and con-

centration were chosen on the basis of previous data that pointed at an
increased resistance to OS of chondrocytes plated at high density [17].
A shorter exposure (4 h) was used to investigate effects on protein and
RNA expression.

After H2O2 exposure, several different experimental procedures were
undertaken, as described thereafter, to collect integrated information to
better understand SPD effects on the cells. Some cultures were commit-
ted to the assessment of cell viability and γH2AX by flow cytometry,

some other cultures underwent either protein or RNA extraction and
committed to either Western blot analysis of key autophagic proteins
or to caspase-3 activity assessment, or to Real Time RT-PCR assessment
of effects on gene transcription. Some other cultures were used for im-
munofluorescence experiments. While in the first two cases, at the end
of the experimental protocol the cells were recovered by trypsinization
and treated according to their subsequent use, for immunofluorescence
the cells were initially seeded in 8 well chamber slides (Millipore), fixed
with 2% paraformaldehyde (PFA) 10’ at the end of the treatments and

kept in PBS until the time of processing.

2.3. Evaluation of cell viability and markers of OS

The extent of cell death was therefore analyzed by Flow Cytomet-
ric detection of Sytox Green staining, a non toxic probe that rapidly
penetrates into dead/dying cells unable to keep membrane selective
permeability, while it is excluded by viable cells [35]. This probe al-
lows a clear distinction between viable and dying/dead cells with me-
dians separated by two log fluorescence. To this end, 5 different pri-
mary cultures were treated as indicated above, and at the same time
of H2O2 delivery, supplemented with sub-cytotoxic (1:1000) amount of
Sytox Green (SYTOX™ Green Dead Cell Stain, for flow cytometry, Ther-

mofisher) staining. Cell were collected by trypsinization and subjected
to flow cytometric analysis. The remaining cells were fixed with 2% PFA
for 10 min and kept for further analysis as indicated below. Results were
expressed as percentage of dead cells.

The effects of OS exposure on chondrocytes and the extent of SPD
cytoprotection were evaluated exploiting multiple markers of oxidative
cell damage in either plated cells or cells recovered after treatment.

At first, SPD cytoprotection from OS was measured by flow cytomet-
ric analysis of reduction of γH2AX, markers of double strand breaks. To

this end, a flow cytometric analysis was undertaken, essentially as de-
scribed in Ref. [36]. For each sample, the Mean Channel of Fluorescence
Intensity increment (MCFI) was recorded, i.e. the net fluorescence in-
crease of the sample stained with the antibody over the corresponding
sample treated with isotype control antibody.

8-oxo-dG, a known marker of oxidative damage to DNA was eval-
uated by immunofluorescence (Anti-8-oxo-dG Monoclonal Antibody
(clone 2E2), Trevigen # 4354-MC-050) exploiting colocalization with
active caspase 3, as detailed below. Activation of the effector caspase 3/
7 downstream mitochondrial oxidative damage [37] was also assessed
using protein cell lysates obtained as described thereafter for West-
ern blot and measuring the cleavage of the fluorogenic peptide sub-
strate Ac-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC)
by evaluating the accumulation of a fluorescent product as described in
Ref. [36]. The level of caspase activity was therefore measured as flu-
orescence intensity, normalized per mg protein, and expressed as fold
increase the untreated controls. Moreover, the pattern of activation was
also investigated with immunofluorescence (as detailed below), to assess
the differential intracellular localization across the different conditions.

2.4. Evaluation of autophagy

Assessment of autophagy was carried out by evaluating the mod-
ulation of key autophagic proteins by Western blot essentially as pre-
viously described [38]. Equal amounts (20 μg) of cell extracts were

subjected to electrophoresis in 15% gels, blotted onto nitrocellulose
membranes and probed with primary antibody at 4 °C overnight. The
following proteins were investigated: 1) BECN-1 (Cell Signaling Tech-
nology Rabbit anti- Beclin-1, Pab# 3738), a protein that acts dur-
ing the initiation stage of autophagy by forming the isolation mem-
brane, a double-membrane structure that engulfs cytoplasmic material
to start forming the autophagosome; 2) LC3A/B (Cell Signaling Technol-
ogy, Rabbit anti- LC3A/B Pab#4108), involved in the formation of au-
tophagosome, through the appearance of a membrane-associated, phos-
phatidylethanolamine (PE)-conjugated form of LC3 (LC3-II), detectable
by Western blot, indicator of autophagosome formation and 3) the
LC3-binding protein SQSTM1/p62 (Santa Cruz Biotechnology, mouse
monoclonal #SC28359), critical for autophagic degradation of vari-
ous cargos and itself undergoing selective turnover through autophagy.
β-actin (mouse monoclonal antibody # 2228, Sigma-Aldrich) served as

loading control and for normalization of band intensity.
After washes, membranes were incubated with horseradish peroxi-

dase-conjugated anti-rabbit (Cell Signaling Technology) or anti-mouse
(Santa Cruz Biotechnology) IgG for 1 h. The chemiluminescent signals
were detected using an ECL system (Luminata™ Crescendo, Millipore).

Signals were detected with a ChemiDoc apparatus. The combined eval-
uation of LC3 and p62 immunoblotting was undertaken following the
guidelines detailed by Ref. [13] for a correct evaluation of autophagy
and for the assessment of the autophagic flux. In details, samples were
assessed both in the absence and in the presence of 50 μM chloroquine

(CQ), a lysosomal protease inhibitor.
Finally, occurrence of mitophagy (selective degradation of mitochon-

dria by autophagy) was analyzed by assessing the immunofluorescent
colocalization of LC3B-II and TOM20, a mitochondrial outer membrane
marker. The use of anti-LC3B antibody (Novus Biologicals # LC3B/
MAP1LC3B rabbit polyclonal antibody NB100-2220) allowed us to stain
the type of autophagosome found more abundant throughout the cy-
toplasm and less at the nuclear level, and therefore more likely corre-
sponding to those in charge of disposing of damaged organelles and mol-
ecules, according to recent literature [39]. A quantitative colocalization
analysis as described in Ref. [40] was carried out using the overlap coef-
ficient K1, in order to compare the different culture conditions. 15 ran-
domly selected cells for each condition were measured.

2.5. Confirmation of the role of autophagy in the protective effects exerted
by SPD

A confirmation of the essential role of autophagy in sustaining the
chondroprotective activity of SPD was carried out using Small inter-
fering RNA-mediated gene silencing of ATG5 (ON-TARGET plus ATG5
siRNA) essentially as in Ref. [38] in 4 different primary cultures left
untreated or treated with hydrogen peroxide with or without SPD
pre-treatment. Results were compared with reference samples treated
with control siRNA (ON-TARGET plus Non-targeting Pool, Dharmacon).
Cell viability as estimated through the trypan blue exclusion test repre-
sented the readout of these treatments. Efficiency of the knockdown was
assessed by Western blot detection of ATG5 (by the Cell Signaling Tech-
nology rabbit monoclonal antibody #D5F5U) in siATG5 versus siCTRL
treated cells.
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2.6. In situ analysis of correlated patterns: 8-oxo-dG and caspase 3
activation; LC3B and TOM20; BECN-1 and LC3

The correlated pattern of some selected markers was investigated by
immunofluorescence exploiting double labeling, i.e. combination of two
primary antibodies of mouse and rabbit origin, subsequently revealed
with the combined use of anti-mouse and anti-rabbit secondary anti-
body linked with either Alexa Fluor 488 or Alexa Fluor 555. The com-
bined analyses were as follows: 1) 8-oxo-dG (TREVIGEN 4354-MC-050,
mouse monoclonal antibody, 2 μg/ml) with active CP3 (R&D AF835,

rabbit polyclonal antibody, 5 μg/ml) to investigate the effect of in-

tracellular OS on CP3 activation; 2) LC3B (NOVUS BIOLOGICALS #
NB100-2220, rabbit polyclonal antibody, 5 μg/ml) with TOM20 (SCBT

sc-17764, mouse monoclonal antibody, 5 μg/ml) to assess mitophagy;

3) LC3B with BECN-1 (BD612112, mouse monoclonal antibody, 5 μg/

ml) to investigate the correlated behaviour of these two autophagy re-
lated proteins during cell division.

After the treatments, chondrocytes were washed with PBS and fixed
with 2% PFA for 30′ at RT. At the time of performing the immuno-

fluorescence experiments, a step of post-fixation was carried out with
90% methanol for 10′ on ice, as recommended to get rid of free LC3B

proteins not organized as autophagosome. The samples were pretreated
for antigen unmasking with 0.02 U/ml Chondroitinase ABC (SIGMA) in
50 mM Tris/HCl pH 8.0 for 20′ at 37 °C. After extensive washes with

TBS, the non-specific bindings were blocked with a 5% bovine serum
albumin (BSA), 5% Normal Donkey serum and 0.1% Triton in TBS for
30′ at RT, and washed again. The mouse and rabbit primary antibod-

ies were delivered together at the concentration indicated above and
left overnight in humid chamber at 4 °C. After rinsing in TBS, the sig-
nals were revealed by a 15 μg/ml Alexa Fluor® 555 donkey anti-rab-

bit/mouse and a 15 μg/ml Alexa Fluor® 488 donkey anti-mouse/rab-

bit IgG secondary antibody conjugates (Novex), incubated 30’ at RT to-

gether with 1 μg/ml Hoechst 33342 (Sigma Aldrich) for nuclear coun-

terstaining. At the end, the samples were mounted with the addition
of anti-fading (1% 1,4 Diazobicyclo (2.2.2) Octane (DABCO, SIGMA) in
90% glycerol, in 0.1 M pH 8.0 Tris-HCl), sealed with nail-polish and
stored refrigerated and in the dark for subsequent analysis. Pictures
were taken at high magnification with a Nikon A1-R confocal laser scan-
ning microscope equipped with either a Nikon 20×, 0.95 NA objective
lens or a Nikon 60×, 1.4 NA objective lens, and with 405, 488 and
561 nm laser lines to excite DAPI (blue), Alexa 488 (green) and Alexa
555 (red) fluorescence signals, respectively. Emission signals were de-
tected by a photomultiplier tube (DU4) preceded by emission filters BP
525/50 nm and BP 595/50 nm for Alexa Fluor 488 and Alexa Fluor 555,
respectively. Laser scanning, image acquisition and processing were
performed with Nikon Imaging Software NIS Elements AR-4 (Nikon
Inc., USA). Optical sections were spaced *0.5 μm along the z-axis and

were digitized with a scanning mode format of 1024 × 1024 pixels and
4096 grey levels.

For intensity quantitative assessment, single sections passing through
the nuclei were analyzed, and on each nucleus and cytoplasm, the flu-
orescence intensity of a round area (with a 5 μm radius) roughly corre-

sponding to half the nuclear area was measured.

2.7. Evaluation of SPD effects on mRNA levels of selected genes

The effects of cell treatments were also assessed at the level of mRNA
expression, essentially as detailed in Ref. [38] by Real Time RT-PCR.

At first, modulation of key autophagic proteins was assessed by eval-
uating the gene expression of LC3B and of p62 (see Ref. [38]). Then,
we explored the effects of the treatments on differentiation markers
(SOX9 and RUNX2), degradative and angiogenetic markers pivotal in
OA (MMP13 and its major counteractor, i.e. TIMP3, and VEGF) and on
inflammatory markers (iNOS and COX2), suggestive of a NF-κB activat-

ing activity of hydrogen peroxide. The amount of mRNA was normalized
for GAPDH expression in each sample and referred to untreated, control
sample.

The primers used are listed in Table 1.

2.8. In situ analysis of the correlated pattern of 8-oxo-dG and NF-κB
activation

To further investigate the effects of autophagy inhibition on intracel-
lular OS and transcription of NF-κB target genes, we performed an im-

munohistochemical evaluation of the level of 8-oxo-dG and nuclear lo-
calization of p65 (i.e. of the extent of NF-κB activation) in cells treated

or not with CQ, a lysosomal protease inhibitor able to block the au-
tophagic flux [13].

Immunofluorescence was carried out essentially as described above,
by using the following primary antibodies: 8-oxo-dG (TREVIGEN,
4354-MC-050, 2 μg/ml) and p65 (AbCAM AB7970, rabbit polyclonal

antibody, 5 μg/ml) that were revealed by 15 μg/ml Alexa Fluor 555

donkey anti-mouse and 15 μg/ml Alexa Fluor 488 donkey anti-rabbit

IgG secondary antibody conjugates (Novex).
The effects on NF-κB activation (the change in the intensity of nu-

clear p65 staining) and the level of oxidative damage in the cytoplasm
(as assessed through the 8-oxo-dG staining) were evaluated by confocal
microscopy. Single sections passing through the nuclei were analyzed,
and the fluorescence intensity of a round area (with a 5 μm radius),

roughly corresponding to half the nuclear area, was measured.

2.9. Evaluation of the effects on cell proliferation

The effects of SPD addition were also evaluated on cell growth. To
this end, 8 primary chondrocyte cultures were established from 8 dif

Table 1
Details of primers used for gene expression analysis.

GENE Primer forward Primer reverse Amplicon Length

GAPDH (transcript Vv 1–4,7) TGGTATCGTGGAAGGACTCA GCAGGGATGATGTTCTGGA 123
LC3B AGCATCCAACCAAAATCCCG TGAGCTGTAAGCGCCTTCTA 144
P62 (transcript Vv 1–3) AAGCCGGGTGGGAATGTTG GCTTGGCCCTTCGGATTCT 213
SOX9 GAGCAGACGCACATCTC CCTGGGATTGCCCCGA 118
RUNX2 (transcript Vv 1,2,4,7) GGAATGCCTCTGCTGTTATG AGACGGTTATGGTCAAGGTG 105
MMP13 AGCCACTTTATGCTTCCTGA TGGCATCAAGGGATAAGGAAG 130
TIMP3 CCTTGGCTCGGGCTCATC GGATCACGATGTCGGAGTTG 121
VEGF (transcript Vv 1–9) TGATGATTCTGCCCTCCTC GCCTTGCCTTGCTGCTC 82
iNOS ACATTGATCAGAAGCTGTCCCAC AAAGGCTGTGAGTCCTGCAC 235
COX2 CAGCACTTCACGCATCAGTTT GCGCAGTTTACGCTGTCTA 129
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ferent patients and their differential proliferative abilities were assessed
as described in Ref. [41] by means of the PicoGreen dsDNA (Molec-
ular Probes, Eugene, OR) quantitation reagent. 1000 cells were plated
in triplicate wells of a 96 well plate either in plain medium (10% FCS
DMEM) or with the addition of 100 nM SPD. Cells were left to prolifer-
ate and plates were collected at time 0, 3, 7, 10 and 14 days after plat-
ing. At each time the plates were emptied and stored frozen until analy-
sis. 100 μl of cell lysis buffer (Molecular Probes) was added to each well

and then combined with an equal volume of TE working solution con-
taining the PicoGreen dsDNA quantitation reagent diluted 1:40. After
5 min incubation, the sample fluorescence was measured with a Spec-
tra Max Gemini plate fluorometer (Molecular Devices, Sunnyvale, CA).
The instrument was set in the well scan mode with 480 excitation and
540 emission (cut off 515). Values were referred to fluorescence inten-
sity at day 0 and expressed following the formula “percentage of growth

increase = (fluorescence tn-fluorescence t0)/fluorescence t0*100”.

2.10. Statistics

The graphs represent the cumulative analysis of at least four differ-
ent experiments or otherwise stated (in the Figure legend). All the data
presented in graphs are expressed as means ± SEM. Means of groups
were compared with GraphPad Prism 5 statistical software (GraphPad
Software, Inc.) and analyzed for statistical significance (* = p < 0.05,
** = p < 0.01, *** = p < 0.001). Differences were considered statisti-
cally significant at p < 0.05. Comparison of different groups of samples
was performed by mean of the Student's t-test, either for paired or un-
paired samples, where appropriate.

3. Results and discussion

3.1. SPD reduces hydrogen peroxide cytotoxicity and OS markers

In order to investigate the chondroprotective effects of SPD against
OS, chondrocytes were pretreated with 100 nM SPD for 24 h before the
addition of H2O2. Then the extent of cell death and oxidative DNA dam-
age was evaluated (Fig. 1).

SPD pre-treatment was able to attenuate cell death after H2O2 expo-
sure in a statistically significant manner (Fig. 1 A).

Accordingly, SPD afforded protection against DNA damage. The
chondroprotective effects exerted by SPD were also evident as a signif-
icantly reduced γH2AX signal, a marker of double strand breaks (Fig.

1B). Indeed the graph shows that H2O2 strongly induces the augmenta-
tion of γH2AX foci due to OS, but SPD pre-treatment reverts this pheno-

type.
γH2AX foci are marker of double strand breaks (DSBs) that occur af-

ter exposure to OS in order to organize the DNA damage response and
repair [42]. Phosphorylation of H2AX is one of the earlier cellular re-
sponse to DSBs that accumulates in DNA foci and activates complex mol-
ecular pathways [43] collectively known as the DNA damage response
(DDR) [44] to obtain rapid and efficient error correction and to preserve
genomic stability.

8-oxo-dG is a known marker of oxidative damage to DNA [45,46]
that in chondrocytes mostly stains mitochondrial DNA [47], more sus-
ceptible to oxidative damage and less protected compared to genomic
DNA [48]. Furthermore, 8-oxo-dG staining can also indicate oxidative
damage to RNA that severely hampers RNA synthesis and protein trans-
lation [49]. In fact, H2O2 led to a strong increase of 8-oxo-dG signal,
while SPD pre-treatment was able to reduce the intensity of 8-oxo-dG
staining in H2O2 treated cells (Fig. 1B, first row of images and right
graph). Moreover, the subcellular distribution of this signal markedly
changed, with less signal in the nuclear area.

To gain insight in the modality of the cytoprotective action of SPD,
caspase 3 (CP3) activation was investigated. Caspase 3-like activity

was induced by hydrogen peroxide, and significantly reduced by SPD
in both unstimulated and H2O2-stimulated conditions (Fig. 1B, penul-
timate right graph). Accordingly, the immunofluorescent pattern of ac-
tive CP3 changed from an intense nuclear dotted pattern (H2O2) to a
more diffuse and more mitochondrial pattern (SPD+H2O2), similar to
that of cells treated with SPD only (high magnification in Fig. 1B).
To provide a quantitative assessment of this intracellular re-localiza-
tion, the nuclear/cytoplasmic ratios of the signal were measured as de-
scribed above, and presented in the lower right graph. The findings of
differential localization of active CP3 and particularly its preferential
localization in the nucleus after H2O2 delivery is in keeping with in-
formation at https://www.proteinatlas.org/ENSG00000164305-CASP3/
cell#human [50]. Localization of CP3 in the nucleoplasm and in the mi-
tochondria corresponds to a unique distribution pattern among the cas-
pases involved in the crosstalk between DNA damage and apoptosis, that
is consistent with an activation in the mitochondria of the enzyme that
then moves to the nuclei to activate endonucleases that execute DNA
double strand breaks [37,51].

This possibly indicates that also in chondrocytes SPD is effective in
counteracting CP3 activity as previously reported in nervous cells [52],
thus preventing endonuclease activation [37]. At the same time SPD
may sustain a mitochondrial activity of caspase 3, recently put in con-
nection with mitochondrial biogenesis [53].

3.2. SPD chondroprotective action is mediated by induction of autophagy
and mitophagy

In their previous work Yang et al. [52] indicated that the protective
effects of SPD in neurons occurs through autophagy, namely through in-
duction of Beclin-1 (BECN-1), and that SPD is able to exert a CP3 inhibit-
ing activity, thus sparing BECN-1 from CP3-mediated cleavage. Note-
worthy, these authors also showed that protective effects are lost upon
BECN-1 silencing. In order to ascertain the involvement of autophagy in
the chondroprotective action of SPD, we first assessed the expression of
the autophagy-related proteins BECN-1 (initiator of phagophore), LC3-II
(marker of autophagosome) and p62 (sequestosome 1 protein, required
for binding of LC3 and functioning as a selective substrate of autophagy
thus serving as a marker of the autophagic flux) in chondrocytes by
Western blot.

The amount of BECN-1 was significantly increased by SPD pre-treat-
ment (Fig. 2A). The clear induction of BECN-1 seen in our settings
is in keeping with a previous report [11]. The expression of BECN-1
was markedly decreased by H2O2, suggesting a higher turnover of the
protein under OS. However, our Western blot analysis rules out that
BECN-1 reduction by H2O2 is due to caspase-mediated degradation,
since no degradation fragments were seen that could be suggestive of
either caspase or calpain degradation [54]. Available information sug-
gests an involvement of BECN-1 in a wide array of processes (https://
www.uniprot.org/uniprot/Q14457 [55]), including autophagosome for-
mation and autophagy of the mitochondrion. Therefore, we speculated
that BECN-1 reduction may be at least partially due to its degradation in
the autophagolysosomes because of the increased autophagic flux when
SPD delivery preceded exposure to OS. It is noteworthy that the rate of
the autophagic flux impacts on the level of some autophagic proteins,
including BECN-1, since they are involved particularly in mitophagy, as
previously reported [56]. Other papers have described peculiar patterns
for BECN-1, overlapping with mitochondria, endoplasmic reticulum and
nuclear laminae [57]. On the other hand, available information indi-
cates that BECN-1 exerts both autophagy-related and unrelated activities
but supporting cell health and homeostasis, such as the growth-promot-
ing activity, the apoptosis-inhibiting activity [58] and the DNA damage
response [59].

To achieve a deeper insight into the peculiar subcellular distribution
of BECN-1 in chondrocytes we carried out some immunofluorescent ex
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Fig. 1. SPD prevents hydrogen peroxide-induced cell death, DNA damage and caspase 3-activity. (A) SPD pre-treatment significantly reduces cell death, as evidenced by DNA stain-
ing (Sytox Green). Left: a representative image of flow cytometry diagram in control (CTRL), spermidine (SPD), hydrogen peroxide (H2O2), spermidine + hydrogen peroxide (SPD + H2O2)
conditions. Right: quantitative histogram graph (n = 5, *p < 0.05). (B) SPD pre-treatment significantly reduces DNA damage (γH2AX and 8-oxo-dG) and active caspase-3 (CP3). Left: a

representative image of flow cytometry analysis of the level of γH2AX in CTRL, SPD, H2O2 and SPD + H2O2 conditions. Dark grey histograms: isotype control and light grey histograms:

γH2AX-specific antibody. Right graph: cumulative results (n = 5, **p < 0.01). The correlated behavior of 8-oxo-dG and active CP3 was investigated by double immunofluorescence

and confocal microscopy analysis (n = 3 different experiments). First row: 8-oxo-dG staining (mainly staining mitochondrial DNA) intensity reduced and retained in the cytoplasm in
SPD + H2O2 compared to H2O2. Right graph: cumulative data of 8-oxo-dG intensity obtained from 20 cells for each condition (n = 20, ***p < 0.001). Second row: active CP3 intensity
reduced in SPD + H2O2 compared to H2O2 and with a mitochondrial pattern; third row: enlargements from correspondent confocal pictures above, of the insets indicated by the dotted
squares; fourth row: merged images from multi-labeled immunofluorescence. Middle right graph: SPD alone or in combination with H2O2 significantly reduces caspase-3 like activity
induced by OS, compared to CTRL and H2O2, respectively. CP3 activity was assessed as a function of the accumulation of a fluorescent product following the cleavage of the fluorogenic
peptide substrate Ac-Asp-Glu-Val-Asp-7-amido-4- methylcoumarin (Ac-DEVD-AMC). The intensity of the fluorescence signal was then normalized per mg protein, and expressed as fold
increase compared to the untreated controls (n = 4, *p < 0.05); lower right graph: a quantitative analysis of the nuclear-cytoplasm ratio (N/C) shows an increased cytosolic localization
of active CP3 in SPD and SPD + H2O2 compared to CTRL and H2O2, respectively. (n = 10, **p < 0.01, ***p < 0.001). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

periments. In the selected experimental settings, because of “high den-

sity” cultures, most chondrocytes are resting, and only about 10% of

them are in the cell cycle. Therefore, at first we focused on BECN-1
imaging in chondrocytes in interphase. In these cells, BECN-1 stain-
ing appeared diffuse, with a pattern suggestive of the cytoskeleton

and with a stronger staining at the level of the centrosome (microtubule
organizing center or MTOC) (Fig. 2A, right image). The centrosome
has also relevant functions in controlling many cell processes, includ-
ing vesicles trafficking and autophagy [60], in keeping with recent find-
ings that point at a loss of metformin protective activities in cells devoid
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Fig. 2. SPD promotes the autophagy flux and the mitophagy by stimulating the expression of autophagy markers. (A) SPD alone increases the protein level of Beclin 1 (BECN-1)
and H2O2 decreases it compared to CTRL. Left: A representative image of BECN-1 Western blot analysis (upper image) along with β-actin, as loading control (lower image). Middle: rela-

tive quantification for BECN-1/β-actin (n = 10, *p < 0.05, **p < 0.01). Right: immunofluorescence image of BECN-1 staining in a chondrocyte in interphase, with evidence of stronger

staining of the microubule organizing center. (B) SPD rescues the autophagy deficiency consequent to H2O2 exposure by increasing protein and RNA expression of LC3 and p62. The in
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crease in protein expression was evidenced in cloroquine (CQ)-treated chondrocytes by Western blot analysis. Left, a representative experiment, reporting p62 (upper image) LC3I/II (inter-
mediate image) and β-actin, as loading control (lower image), Cumulative data obtained with multiple experiments are reported in the right upper graphs showing relative quantification

for LC3II/β-actin (n = 4, *p < 0.05) and p62/β-actin (n = 4). Lower right: H2O2 reduces the mRNA levels of LC3 and P62 genes while SPD pre-treatment increases expression of these

genes, in both CTRL and H2O2 - treated conditions, as analyzed by RT-qPCR. Values are reported as LC3/GAPDH (n = 5, *p < 0.05) and p62/GAPDH (n = 6, *p < 0.05, **p < 0.01). (C)
H2O2 reduces while SPD rescues mitophagy as evaluated by means of immunofluorescence coupled with confocal microscopy analysis of the extent of colocalization of TOM20 (mitochon-
drial marker) and LC3B. Left images, representative fields with one cell for each condition and right graph showing cumulative data of the extent of TOM20/LC3 colocalization derived
from 15 cells for each condition (n = 15, ***p < 0.001).

of ATG6/BECN-1 [61]. All the pleiotropic activities reported for BECN-1
are in keeping with its wide intracellular distribution in chondrocytes
and its connections with the MTOC and the cytoskeleton that also sug-
gest a pivotal role in cell division, in accordance with previous literature
[62]. Indeed, in both the CTRL and SPD treatment conditions, figures
of dividing cells were appreciated where a much stronger BECN-1 stain-
ing depicts each mitotic phase, as shown in Fig. 5A. On the other hand,
these figures were completely absent in hydrogen peroxide treated cells,
suggesting OS direct damaging effect on BECN-1 that could be more ac-
cessible in dividing cells. Furthermore, in the magnification shown in
Fig. 5A, colocalization of red (BECN-1) and green (LC3B) signals sug-
gests a functional connection of these two autophagy related proteins
in cells undergoing mitosis (https://www.uniprot.org/uniprot/Q14457
[55]).

Western blot LC3 analysis suggested that our experimental settings,
and possibly the starvation step [4] greatly enhanced autophagy, as in-
dicated by a much higher intensity of the LC3-II versus the LC3-I band
in all conditions.

Following published guidelines [13], for a better assessment of the
autophagy flux we evaluated the expression of autophagy related pro-
teins of the cells in all four conditions comparing the pattern obtained
from cells either untreated or treated with CQ, a chemical inhibitor
of autophagosome-lysosome fusion and thus of the late steps of au-
tophagy. The CQ block of the autophagic flux allowed accumulation of
autophagosomes and LC3-II and therefore also to appreciate across the
different conditions the differential levels of the autophagy-related pro-
teins, that otherwise appear to be expressed at a homogeneous level.
Therefore, in CQ-treated cells, we observed a significantly increased ex-
pression of the autophagosomal marker LC3-II when SPD pre-treatment
preceded H2O2 exposure (Fig. 2B, left image and upper left graph).

The analysis of p62 showed a similar trend, yet failing to reach sta-
tistical significance. Collectively, these data suggest that both autophagy
and autophagic flux are enhanced when SPD pre-treatment precedes ex-
posure to OS and that the failure to appreciate these effects without CQ
is due to a high level of autophagy associated with the experimental
setting of hyperconfluent cells (Fig. 2B, right upper panels). The au-
tophagy-promoting activity of SPD particularly after exposure to H2O2

was in keeping with the enhanced transcription of both LC3 and p62
genes, that further points at their increased turnover due to an enhanced
autophagic flux. Conversely, exposure to H2O2 only, reduced their tran-
scription compared to the CTRL condition (Fig. 2B, right lower graphs).

The complex regulation of autophagy by redox signaling and their
crosstalk has been discussed in detail elsewhere [63]. Interestingly, star-
vation itself as well as caloric restriction mimetics lead to intracellular
ROS accumulation, that in turn promotes induction of autophagy. Con-
versely, exogenous H2O2 delivery has been reported to impair the au-
tophagic flux, through lysosomal dysfunction that underlies senescence
induction [64]. We here report that delivery of H2O2 in chondrocytes
has also a direct damaging effect on BECN-1, and reduced transcription
of LC3 and p62, thus possibly contributing to the impairment of the au-
tophagic flux.

Analysis of the type of autophagy occurring in chondrocytes using
the immunofluorescent co-localization of the signals of TOM20 (green,
a mitochondrial marker) and LC3B (red, a marker of autophagolyso-
some) showed a strong reduction of mitophagy after H2O2 but also the
ability of SPD to rescue mitochondrial sequestering into the autophago-
somes (orange, mitophagy) in all conditions. Reconstruction of one rep

resentative cell for each condition was undertaken and shown in Fig.
2C. These images indicate that in the SPD + H2O2 condition, the areas
of stronger LC3B signals co-localized with TOM20 antigen, thus indicat-
ing mitophagy. Moreover, a quantitative comparison of the intensity of
colocalized pixels (filtering the events with fluorescence intensity close
to the bisector that were rendered in white in lower images of Fig. 2C)
showed a significantly higher co-localized signal of TOM20 and LC3B
when SPD pre-treatment preceded H2O2 delivery (Fig. 2C, right graph).

The paired evaluation of the oxidative markers (γH2AX and

8-oxo-dG, Fig. 1) indicated that SPD pre-treatment allowed an en-
hanced turnover of damaged organelles.

Facilitation of mitophagy has recently put in connection with pre-
vention of inflammation [65].

3.3. SPD chondroprotective action is lost upon blockage of autophagy

To fully confirm the role of autophagy in the chondroprotection me-
diated by SPD, a set of experiments were carried out comparing the vi-
ability of cells which had underwent siRNA-mediated silencing of ATG5
(siATG5) versus cells treated with control siRNA (siCTRL). The effi-
ciency of the knockdown was investigated by Western blot (Fig. 3A, left
image). Cumulative data derived from 4 experiments showed a reduc-
tion approaching 70% as indicated by the Manufacturer (Fig. 3A, right
graph).

ATG5 silencing does not affect chondrocyte viability in control con-
dition, but it does after exposure to OS (Fig. 3B).

Exposure of siATG5 or siCTRL chondrocytes to H2O2 with or with-
out SPD pre-treatment indicated that the protection afforded by SPD
pre-treatment was completely lost in siATG5 chondrocytes that have im-
paired autophagy, which showed a statistically significant higher cell
death compared to siCTRL cells (Fig. 3B).

3.4. SPD pre-treatment decreases expression of differentiation, catabolic and
inflammatory markers in chondrocytes exposed to hydrogen peroxide

Hydrogen peroxide is a genotoxic reagent and, therefore, chondro-
cyte exposure to this agent leads to activation of the NF-κB signaling

pathway [3]. NF-κB has a pivotal role in sustaining osteoarthritis patho-

genesis [66], acting at different levels: in determining loss of matura-
tional arrest of chondrocytes in articular cartilage, in promoting release
of catabolic enzymes or angiogenetic factors that impact on the home-
ostasis of this avascular tissue and in increasing expression of NF-κB tar-

get genes such as iNOS and COX2 that contribute to increased release of
NO and prostaglandins, mediators of inflammation and pain.

The analysis carried out in 6 different primary cultures showed that
SPD pre-treatment significantly counteracted the hydrogen peroxide-de-
pendent increase of the following mRNAs (Fig. 4A and B): RUNX2 (a
transcription factor that is a marker of progressed chondrocyte differ-
entiation [67,68]); MMP13, the pivotal collagen 2 catabolic enzyme;
VEGF, a key angiogenetic factors and a β-catenin target gene that previ-

ous work has put in connection with the NF-κB > MMP-13 > β-catenin

axis [68,69]. With regards to SOX9, its expression was increased by
SPD, in keeping with previous results from our laboratory [33]. Col-
lectively, the increased expression levels of SOX9, RUNX2, MMP13 and
VEGF upon delivery of H2O2 are consistent with a NF-κB activating ac-

tivity of the latter [3], and NF-κB activation in turn exerts a differ-

entiation promoting activity [68]. Despite conflicting literature find
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Fig. 3. SPD chondroprotective action is lost upon blockage of autophagy as evi-
dent after ATG5 silencing. (A) Primary chondrocytes were transfected for 48 h with
ATG5-siRNA (siATG5) or siRNA negative control (siCTRL). ATG5 levels were determined
by western blotting. Left: representative images of the Western blot analysis of one repre-
sentative example with ATG5 (upper image) along with β-actin, as loading control (lower

image). Right: relative quantification for ATG5/β-actin ratio (n = 4, **p < 0.01) (B) 24 h

after transfection, siCTRL and siATG5 chondrocytes underwent exposure to SPD and/or
H2O2. At the end of incubation, cells were counted to assess cell viability by trypan blue
exclusion test. (n = 4, *p < 0.05).

ings [70,71], the SOX9 promoter contains p65 (i.e. NF-κB RelA) bind-

ing sites and in mouse limb cartilage RelA has been reported to act as a
transcriptional factor for SOX9 induction and chondrogenic differentia-
tion [72].

Moreover, genuine NF-κB targets such as iNOS [73] and COX2 [74]

were reduced by SPD pre-treatment both with or without hydrogen per-
oxide treatment (Fig. 4C), thus suggesting that SPD was able to reduce
NF-κB activation. These findings are in accordance with previous data

pointing at an anti-inflammatory activity of SPD primarily targeted to
inhibit NF-κB activation, through prevention of IκBα degradation and

p65 nuclear translocation [75]. Analysis of p65 nuclear/cytoplasmic lo-
calization showed that treatment with CQ (i.e. block of the autophagic
flux) was associated with increased nuclear p65 signal (Fig. 4D). At the
same time, as expected, the block of the autophagic flux also led to sig-
nificantly higher 8-oxo-dG signal that possibly further sustains a posi-
tive feed-back on NF-κB signaling [3]. These findings confirm that also

in chondrocytes, the maintenance of an efficient autophagic flux is re-
quired for tuning down NF-κB activation, and the aging stress response

[21].
With regards to OA pathophysiology, our experimental settings could

be considered as an in vitro model to predict the higher tolerance to OS
of the articular cartilage of people with higher intake of polyamines,
in keeping with recent findings that SPD acts as a caloric restriction
mimetic, able to improve longevity and homeostasis in several tis-
sues, thus effectively preventing age associated diseases [76]. A re-
cent report compared animal of similar size, i.e. the normal labora

tory mice (mus musculus) with naked mole rats and found that the
metabolomic signature of the longevity of the latter is also contributed
by higher levels of spermidine related molecules [8]. Future work could
address in vivo the OA attenuating activity of SPD, either delivered as
a dietary supplement or intra-articularly injected or topically applied in
a DMM (destabilization of medial meniscus) model [77]. The DMM is
at present the model of choice to test the effectiveness of new potential
OA treatments and depending upon the schedule of delivery (i.e. at the
time of surgery or at the stage of mild-to-moderate or moderate-to-se-
vere OA), it lends itself to compare both the preventive and the thera-
peutic activity [78]. At the same time these future in vivo studies could
allow to estimate the intra-articular bioavailability of spermidine as well
as other pharmacokinetic aspects. 3.5. SPD treatment enhances cell prolif-
eration of chondrocytes.

It is well known that polyamines are essential for cell proliferation
[79] and may be speculated that the higher availability of BECN-1 af-
forded by SPD treatment may favor chondrocyte proliferation.

Evaluation of the cell growth with or without the addition of 100 nM
SPD showed its ability to selectively enhance proliferation of cell cul-
tures with low proliferative rates (Fig. 5B). The findings derived from 8
different primary cultures showed that the proliferation curve from day
0 to day 14 led to an increase in the Picogreen signal ranging from 100
to 370% compared to day 0. More in detail, in the case of cultures with
a normal proliferative behavior SPD addition significantly accelerated
cell proliferation at intermediate time points but did not change the fi-
nal results (Fig. 5B, left graph). On the other hand, in the case of cul-
tures with a low proliferative rate, at early time points SPD significantly
increased cell proliferation and its growth promoting activity was main-
tained until the end of the proliferation curve, leading to an increase
of about 100% compared to the CTRL condition (Fig. 5B, right graph).
This suggests that SPD protective activity is also evident in conditions of
cell senescence, when cytoprotection may be effectively rescued by an
increase in autophagy and removal of damaged organelles or molecules.

4. Conclusions

The SPD ability to provide effective protection against the conse-
quences of intracellular OS is confirmed by multiple evidence in our pe-
culiar experimental settings, as outlined in Fig. 6: against both cell and
DNA damage (CP3 activation, 8-oxo-dG, γH2AX and cell death) as well

as NF-κB activation and downstream effects on inflammation, ECM re-

modeling, chondrocyte hypertrophy and angiogenesis.
Among other autophagy related proteins, SPD greatly enhanced

BECN-1, a protein with a pivotal role in cell homeostasis through both
autophagy related and unrelated activities, and also increased LC3-II
and p62 that sustained the enhanced autophagic flux. The loss of
SPD-mediated chondroprotection in ATG5-silenced cells confirmed the
key role of autophagy in these protective effects.

Taken together, our findings highlight the chondroprotective,
anti-oxidant and anti-inflammatory activity of SPD and suggest that
the rescue of an efficient autophagic flux is the molecular basis of the
protection afforded by SPD against OS. The clearance of damaged or-
ganelles and molecules is an effective mean to counteract cell senes-
cence that has a pivotal role in OA pathogenesis and in this perspec-
tive we believe that the findings obtained in intracellular oxidative dam-
age, inflammation and proliferation argue in favor of an effective SPD
anti-senescence activity.

Considering the importance of non-invasive strategies in the treat-
ment of OA, we propose SPD as a promising candidate for a non-phar-
macologic treatment of OA.
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Fig. 4. SPD treatment decreases the expression of differentiation, catabolic and inflammatory markers in chondrocytes exposed to hydrogen peroxide. Relative quantification
of gene expression of differentiation (A); catabolic (B) and inflammatory (C) markers. The amount of each mRNA was normalized for GAPDH expression in each sample and referred
to untreated, control sample. Each graph reports data collected from 6 independent samples. Comparisons were undertaken with Student's t-test for paired samples (n = 6, *p < 0.05,
**p < 0.01). (D) The effects of hydrogen peroxide are suggestive of NF-κB activation, that may occur downstream autophagy blockage and impaired clearance of oxidative damage. To

test the connection, double immunofluorescence was carried out to assess the extent of 8-oxo-dG and nuclear p65 in cells following autophagy inhibition with CQ. Right graphs report the
comparisons of the intensity of 8-oxo-dG staining (n = 20, ***p < 0.001) and of nuclear p65 (n = 10, ***p < 0.001) between cells treated with or without CQ.
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Fig. 5. SPD treatment enhances cell proliferation of chondrocytes. (A) BECN-1 is pivotal in cell mitosis as evidenced by its stronger intensity in each phase and its activity is exerted
in close interaction with LC3B, as suggested by confocal analysis. The pattern of stronger BECN-1 intensity in mitotic cells and its close interaction with LC3B is preserved in all condi-
tions, with the exception of exposure to OS (prophase cell: CTRL; anaphase cell: SPD; telophase cell: SPD + H2O2; cytokinesis cells: CTRL). Exposure to hydrogen peroxide is responsible
for a profound derangement of proper organization of subcellular structures in the mitotic cells (middle images), that is completely prevented by SPD pre-treatment of the cells. (B) the
higher availability of BECN-1 therefore sustains cell proliferation as evidenced in cell proliferation analysis (Picogreen assay), carried out with a kinetic from 0 to 14 days, using triplicate
wells for each time point. Shown are representative examples of differently proliferating cell cultures, out of 8 different experiments. Normally growing cultures are accelerated by SPD
pre-treatment that determines an advantage evident at half the kinetic (day 7 and 10), while slow proliferating cultures show evident proliferation enhancement as early as day 3, and
maintain an advantage till the end of the culture, with increased cell recovery in SPD treated samples. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 6. SPD exerts both direct and indirect effects on Caspase 3 and NF-κB activation and cell damaging activities triggered by OS exposure that may drive chondrocyte/

cartilage derangement. SPD is able to reduce OS, thereby tuning caspase 3 activation, DNA damage and cell death. On the other hand, OS is responsible for NF-κB activation and down-

stream induction of ECM remodeling, inflammation and chondrocyte hypertrophy, both supporting OA pathophysiology. Besides SPD direct effects (ROS scavenging, inhibition of caspase
3 activation and DNA and cellular damage), chondroprotection afforded by SPD is guaranteed by the enhancement of autophagic flux (via BECN-1, LC3 and p62 induction) and disposal
of damaged molecules and organelles.
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