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ABSTRACT

Articular cartilageand synovialtissuefrom patients with osteoarthritis (OA)showan overactivity of connexin4:
(Cx43) and accumulation of senescentcells associated with disrupted tissue regeneration and diseast
progression.Theaim of this study wasto determine the effect of oleuropein on Cx43and cellular senescenc
for tissue engineering and regenerative medicine strategies for OA treatment. Oleuropein regulates Cx4:
promoter activity and enhancesthe propensity of hMSCsto differentiate into chondrocytes and bone cells
reducing adipogenesis.This small molecule reduce Cx43levels and decreaseTwist-1 activity in osteoarthritic
chondrocytes(OACs)leadingto redifferentiation, restoringthe synthesisof cartilage ECMcomponents(Col2A:
and proteoglycans),and reducingthe inflammatory and catabolicfactors mediated by NFkB (IL-113, IL-6, COX2
and MMP-3), in addition to lowering cellular senescencén OACssynovialand bone cells. Our in vitro results
demonstrate the use of olive-derived polyphenols such as oleuropein, as potentially effective therapeutic
agentsto improve chondrogenesi®f hMSCsto inducechondrocytere-differentiation in OACsand clearingout
senescentellsin joint tissuesin order to preventor stop the progressionof the disease.

INTRODUCTION senescent cells[1i4] together with increased
inflammation and breakdown of cartilage extracellular

Articular cartilage from patients with osteoarthritis matrix (ECM) [5]. Importantly, cartilage and synovial

(OA) shows accumulation of dedifferentiated and  tissue from OA patients contain high levels of the gap

GooD-dAFA2Y MPYYH Il DLb D


mailto:Ma.Dolores.Mayan.Santos@sergas.es

junction protein connexin43 (Cx43). Targeting Cx43
might be a promisg approach to treat several age
related and chronic degenerative diseases by modulating
tissue regeneration, inflammation and response to injury
[6]. Cx43 belongs to the integral membrane protein
family called connexins, that enable direct
communication between neighboring cells via
hemichannels, gap junctions, extracellular vesicles and
tunneling nanotubel’]. Additionally, connexins act as
signaling hubs regulating different signaling pathways
via their cytoplasmic domair|®, 8]. Cx43 is the major

Cx protein expressed in chondrocytes, synovial cells
(SC) and bone cells (BC)9i11] and it has been
involved in normal development and function of joint
tissueqd12, 13]and joint disorderfoi 11, 14, 15]

During tissue regeneration and following injury,
dedifferentiation, redifferentiation and senescence
processes play finely tuned temporal and spatial roles to
reverse the los§2, 16]. In addition, accumulation of
senescent cells is described to play aomegle in OA
progressior[1, 17 22]. Cellular senescence is a stable
cell-cycle arrest with increased expression of cell cycle
inhibitors such as pl¥“* and enhanced synthesis of
the senesceneassociated secretory phenotype (SASP)
factors, which mainlgonsist of inflammatory cytokines
and ECM degrading enzymes, among other fa¢&8}

The elimination of senescent cells using senolytics has
been described to attenuate cartilage and joint
degeneration in OAl, 24i 26]. In fact, some of these
drugs incuding UBX0101 and the naturatcurring
flavone Fisetin27, 28] with potential senolytic activity
are currently under clinical trial for OA treatment
(NCT04210986; NCT04349956; NCT04229225;
NCTO04129944[29i 32].

Cx43 has been involved in different phaséstissue
regeneration including chronic inflammation, cell
differentiation and cellular senescend@3, 34]
Overexpression of Cx43 and enhanced gap junction
intercellular communication (GJIC) in osteoarthritic
chondrocytes (OACs) compromise their apilib re
differentiate, promoting a stefike state by activating
Twist-1, which leads to dedifferentiation véitheliat
to-mesenchymal transitiodEMT) [2]. However, we
have also previously observed that high levels of Cx43
lead to p53/p2inediated celllar senescencd?].
Increased levels of Cx43 in OA cartilage is extensively
described in the literatuf®, 11, 35 37], as well as the
presence of dedifferentiation (stdike state) and
proliferative chondrocytept, 38i 44] together with the
accumulation of senescent cell§1, 18, 20, 29]
indicating that both phenotypes, dedifferentiated and
senescent chondrocytes,-exist in cartilage from OA
patients and contribute to the progression of the disease.
However, we have recently demonstrated that

downreguhtion of Cx43 reduces stemness and
accumulation of senescent cells, indicating that Cx43
acts as a molecular switch in the phenotype of
chondrocyte within a wound healing procgs In fact,
downregulation of Cx43 in different wound healing and
agerelaed disorders halts disease progression by
restoring tissue regeneratiptbi 47].

Oleuropein is the most abundant polyphenol in the
leaves and fruit of the olive plant and is a potent
antioxidant agent with antumour and anti
inflammatory propertied48, 49]. The mechanism of
action of this polyphenol is under investigatipt8].
Some studies showed that oleuropein and its major
metabolite hydroxytyrosol have antioxidant activity by
inhibition and/or scavenging of ROO0], which can
reduce NFkB activdion [51, 52]. Other mechanistic
studies implicate nitric oxide (NO) producti¢i3, 54]

or autophagy and inhibition of the mammalian target of
rapamycin  (mTOR) [55, 56]. A gene expression
profiling study has suggested that oleuropein affects the
expressia of genes involved in oxidative stress,
inflammation,  fibrosis, cell  proliferation or
differentiation [57], suggesting that the beneficial
effects of this molecule may be multifactorial and
contextdependeni57]. Innovative approaches based on
functional foods have been recently studied and many
beneficial effects of dietary olive oil on human health
were already describefb8i 62]. In fact, extra virgin
olive oil and olive leaf extract supplemented diets have
been shown to reduce inflammation and preserve
cartilage, muscle and joint function in rat preclinical
models of OA63i 68].

In this study, we have used a smrsdhle screening to
identify compounds that downregulate Cx43. Here we
describe the use of small molecules based on olive
phenolic compound$o downregulate Cx43 in OA by
using 2D and 3D human cartilage models. We have
found that oleuropein decreases Cx43 promoter activity
and GJIC, thus enhancing osteogenesis and
chondrogenesis in hMSCs and redifferentiation of
OACs. Beside downregulation @x43, olivederived
small polyphenols reduce cellular senescence in OACs,
BC and SC, in addition to inflammatory and catabolic
activities related to cartilage degradation in OA patients.

RESULTS

Olive-derived polyphenols impair adipogenesis and
enhance he chondrogenic and osteogenic ability of
hMSCs

We wused a smalcale screening to identify
compounds that downregulate Cx43 (data not shown),
and we identified the small molecule oleuropein
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(Figure 1A). Oleuropein and an olivextract (OE)
significantly reduced Cx43 protein levels in OACs
(Figure 1A). MTT assays showed no effect of {1Q

UM oleuropein on cell viability of primary
chondrocytes and hMSCs (Supplement&igure 1).
Based on these results and other stufs&$, 10 uM

was selected as the highest concentration with no toxic
effect after 17 h in culture.

We next examined hMSCs differentiation capacity in the
presence of oleuropeiRigure1B, 1C and Supplementary
Figure 2). In accordance with previous result89],
oleuropeirtreated hMSCs showed significantly less
adipogenic differentiation ability, whereas osteogenesis
was significantly increased Figure 1B and
SupplementaryFigure 2A, 2B). Furthermore, a 3D
micromass culture system using chondrogenic medium
sypplemented with 10 uM oleuropein or OE revealed
increased ECM properties, reflecting a greater degree of
chondrogenic differentiation, with higher levels of
Col2Al1 deposition and increased levels of aggrecan
(ACAN) gene expressiorF{gure 1C and Supplemeaty
Figure2C). Remarkably, decreased Cx43 gene expression
was detected in hMSCs during differentiation, mainly
during chondrogenesiigure1D, 1E and Supplementary
Figure 3A). We have also observed changes in Cx43
phosphorylation pattern at 7 and 14 slaf chondrogenic
differentiation Figure 1D), which can affect Cx43
stability and channel activity. Different Cx43
phosphorylation patterns were also detected during
adipogenesis and osteogenesis, suggesting differential
regulation of Cx43 during hMSCs ffdirentiation
(Supplementaryrigure 3B). The treatment of hMSCs
during chondrogenic differentiation with oleuropein for
14 days caused an additional 1.7 fold reduction in Cx43
gene expressiofirigurelE).

I n concordance wi t h
redifferentiation for 7 days with oleuropein decreased
Cx43 protein levels, buttidid not affect its
phosphorylation pattern={gure 1F). However, we did
not observe changes in the phosphorylation pattern
when hMSCs or chondrocytes were treated with
oleuropein FigurelF and Supplementatyigure4A).

It is important to note that these results were obtained
during differentiation of hMSCs under osteogenesis or
chondrogenesis F{gure 1Bi 1E) and dedifferentiated
OACs in normal and in chondrogenic mediulRiglre

1A and F). However, the treatment of undifferentiated
hMSCs cultured in basal growth medium with
oleuropein/OE increased Cx43 levels (Supplementary
Figure 4A and 8B) and GJIC (Supplementaryigure
4C), indicating that the effect of these olive derived
polyphrenols may be different depending on the cellular
context.

Downregulation of Cx43 activity by oleuropein
downregulates Twistl and enhances
redifferentiation of OACs

Oleuropein modulation of Cx43 significantly reduced
GJIC in OACs Figure 2A), but not in Ilealthy
chondrocytes Rigure 2B). The decrease in Cx43 and
GJIC was correlated with a significant reduction in the
levels of the stemness markers CD105 and CD166
(Figure 2C). This result was consistent with our
previous observations, where CD105 and CD1@&Bew
reduced when Cx43 was downregulated or when OACs
were redifferentiated. In fact, oleuropein effectively
improved the OACs phenotype, detected by the increase
of Col2A1 levels and the decrease of proinflammatory
mediators and MMB levels Figure 2D, Z2E).
Oleuropein treatment reduced overall Cx43 positivity,
increased Col2A1l levelsFigure 2D) and decreased
interleukin 6 (I.-6), COX-2, IL-13 and MMP3 gene
expressionKigure2E) and protein levelsHigure2F).

Next, we sought to confirm whether oleueap would
target chondrocyte plasticity in 3D cultures. Treatment
of OACs grown as a 3D culture in chondrogenic
medium with oleuropein increased the deposition of
proteoglycans and Col2AJigure 3A), improving the
ECM structure by decreasing Cx43 levélg(re3B).

To explore the effect of oleuropein on cell plasticity,
OACs were grown in adipogenic medium supplemented
with oleuropein, which significantly decreased their
adipogenic differentiation Higure 3C). However,
oleuropein promoted osteogenesisewhOACs were
grown in osteogenic medium supplemented with 10 uM
of oleuropein (SupplementaRygureb).

Upregulation of Cx43 in OA involves dedifferentiation

t h evim ehondrocgtegoumesershymal t@msiGon by Twist

activation, which was also reported in OA cartildge

70, 71]. OACs were treated with the arthritic insult
oligomycin, which induces cellular ROS$galuction and
cartilage degradation[72, 73]. After oleuropein
treatment, OACs showed a significant reduction in the
nuclear localization of Twist (Figure 3D). Nuclear
localization of Twistl in the presence of oligomycin
was attenuated when Cx43 proténels were reduced
by oleuropein treatment of OACsFigure 3E). In
addition, oleuropein treatment in OACs reduced the
expression of the mesenchymal and EMT markers N
cadherin and vimentirF{gure3F).

Oleuropein modulates Cx43 gene promoter activity
In chondrocytes, decreased Cx43 protein levels were

detected when OACs and the T28a2 cell line were
treated with oleuropeirF{gures 1A and 4A). However,
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Figure 1. Downregulation of Cx43 during chondrogenesis improves mifféation towards chondrocytes(A) Treatment of

OACs with oleuropein (Oleu) or olive extract (OE) for 2 h significantly downregulates Cx43 protein detected bybleesteich flow

cytometry. Median fluorescence intensity (MFI) ratios of oleuropein @dtreatments with respect to their untreated controls of each
experiment are represented (n=10 independent experimeRt£).0003). B) Differentiation capacity of hMSCs isolated from bone marrow

grown in adipogenic (top, 21 days) or osteogenic (bottomdajs) medium supplemented with 10 uM oleuropein or 10 uM OE. hMSCs
Odzt GdzNBR Ay 3INRGGK YSRAdzZY 6SNB dzaSR & || O2yiNRf & ¢ &dédresdioRA LI23S
Data represent the ratio of cells containingdileposits to the total number of cells (n=3 independent experimdnt8,0001). Values were
Y2NXFEAT SR (2 Ka{/ada RAFTFSNBYGAIGSR Ay FRALRISYAO YSRAdeddens A (i K2 d
experiments,P<0.0001). Alizan red staining was used to detect calcium deposits for osteogenic differentiation. Values were obtained by
counting red pixels and normalized to those of hMSCs differentiated in osteogenic medium without treatment (OM)irffdependent
experiments,P=00317). OSTCN gene expression was measured to confirm osteogenic differentiation (n=4 independent experiments,
P=0.0055). © Differentiation capacity of hMSCs isolated from bone marrow grown in chondrogenic medium as micromasses for 30 days.
Representativémages for Col2A1. The quantification is shown on the rightg@=siicromasses from independent experimeri®s0.0423).
Chondrogenesis was also evaluated by ACAN gene expression quantificatioh ifme®endent experiment$<0.0001). D) Cx43 protein

levels in hMSCs, isolated from bone marrow and from inguinal fat, differentiated for 7 and 14 days in the presence of chicnuemjem

(CM) in comparison to untreated hMSCs cultured in normal growth medium (EM)x43 RNA expression of hMSCs cultuved4 days in

the presence of chondrogenic medium (CM) alone or supplemented with 10 uM oleuropein. Data were normalized-1olé¥e@RTn=%H
independent experiment$<0.0001). ) Cx43 protein levels were analyzed by western blot in @Afesentiated for 7 days in the presence

of chondrogenic medium (CM), supplemented with 10 uM oleuropein. The graph represents the quantification from 3 independent
experiments P=0.0004). Data is expressed as mean+SDwayeANOVA;P<0.05, *P<0.01 and** P<0.0001.
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Figure 2. Downregulation of Cx43 by oleuropein decreases GJIC and improves the phenotype of(®AGsiropein (Oleu)
treatment significantly decreases GJIC evaluated by an SL/DT assay when OACs were exposed with this moleculepion=26h (t
AYRSLISYRSyYy (G S E LIStesl PEGOPALE The rgsiilidriReSe/chnfréned by calcein transfer by flow cytometry (n=4 independent

S E LIS NA Y Sy (it &t P=D.0087R B) Giiagh dhowing the effect of oleuropein on GJIC when healthy choytds (N) were exposed to

10 uM oleuropein compared with OACs (n=5 independent experimentsyageANOVAR=0.0004). Q) OACs cultured for 7 days with 10 pM

Oleu showed reduced expression of the mesenchymal markers CD105 and CD166, analyzed by fwi dy@drd  § #@stiZR=-6.9089Q a
(CD105) andP=0.0022 (CD166), n=6 independent experiments. CD166 levels were also analyzed by western blot (n=3 independent
S E LIS NA& Y Sy (it&est, Pf0iDess). H)yDbwinéegulation of Cx43 increased Col2A1, detecteiinmyunofluorescence in OACs treated

with 10 uM oleuropein. Graphs represent the corrected total cell fluorescence (CTCF) of Cx43 and Col2al (n=4 indepenaentgxpe

{ ( dzR $t#sh, P<D.0001 (Cx43), ang=0.0007 (Col2al)EY mRNA levels of 1R, 16, COX and MMR3 of OACs cultured in normal
medium (UT) exposed to 10 puM oleuropein for 2 h.q=4 A Y RSLISY RSy (i S ELISINGE V.833 {HARYR P<@.aDaRB)Y i Q &
P=0.1013 (COX), P=0.0466 (MMR3). (/) |6 detected by ELISA when OACs were treated with oleuropein for 72 h (n=4 independent

S E LIS NA Y Sy (i tatést, RaioaaR)S 6 ((n@3independent experiments) and GDXn=4 independent experiments) protein levels
detected by westermblot in OACSNB I 11 SR gAGK mn xa 2 Stdes@PRIS0A98 (), PI01AIH(CARYP DafalisdzR Sy G
expressed as mean+S[P<0.05, **<0.01 and *<0.0001.
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these changes were not evident in treated €x43
ovaexpressing T/€28a2 chondrocytes Figure 4A,
bottom), suggesting that oleuropein may affect Cx43
gene promoter activity rather than protein stability. We
thus measured whether oleuropein affected the activity
of the Cx43 gene promoter using a rtale reporter
system. T/€28a2 chondrocytes were transfected with a
firefly luciferase reporter vector containing the
regulatory regions of the Cx43 promoter and incubated

A Growth M CcM CM+10uM Oleu
E 7

Col2A1

Toluidine
Blue

CM+10uM OE

for 1 h with oleuropein and the mitochondrial inhibitor
oligomycin, which enhanced Cx43 gerexpression
(Figures 3E, 4B). Cx43 promoter activity decreased
after oleuropein treatment Figure 4B), while
oligomycin increased the luminescence signal, and the
effect of oligomycin was significantly attenuated in the
presence of oleuropeinFigure 4B), which was
correlated with Cx43 gene expressioRiglre 4B).
Luminescence signal strongly correlated with the effects
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Figure 3. Oleuropein treatment enhances chondrocyte redifferentiatidn) Immunohistochemistry of Col2A1-@4independent
experiments; onevay ANOVAP=0.0019) and toluidine blue staining of proteoglycan subunits (n=6 independent experiment&apne
ANOVAP=0.059) indicate significant enrichment in ECM components in OA@smagses grown in 3D culture for 30 days in chondrogenic
medium (CM) when supplemented with 10 uM oleuropein (Oleu) or B)IEZX43 protein levels detected by western blot (and normalized to
Ponceau staining) are reduced when OACs micromasses are expoSédl supplemented with 10 pM oleuropein or OE for 21 days (n=3
independent experiments; oneay ANOVAR=0.0328). ©) Oil red staining showing reduced OACs dedifferentiation upon exposure to Oleu
or OE in adipogenic medium (n=5 independent experiments:vame ANOVAP=0.0001). D) Nuclear levels of Twidt were decreased in
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P=0.001). § Cx43 protein levels in primary OACs rafleh treatment with oleuropein or oligomycin. Western blot represents n=4
independent experiments. Quantification is shown on the right ey ANOVARP=0.0036). On the right, immunofluorescence for Tist
(red) in primary OACs treated with 5 pg/ml oligycin and 10 uM oleuropein for 1 h. The graph represents the percentage of cells with
Twist1 nuclear localization (n=4 independent experiments;-ar@y ANOVAR=0.0067). ) The mRNA expression of the EMT markers Twist
1, N‘Cadherin and Vimentin in OA@sated with 10 pM oleuropein for 2 h. Data were normalized to HPR8vels. n= 5 independent
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of oleuropein and oligomycin on protein levelSdgures

3E and 4). These results indicate that oleuropein
affects Cx43 gene promoter activity, thus
downregulating Cx43 protein leveld-igure 1A and
Figure4Ai 4C) and GJIC in OACsKigure2B).

Oleuropein enhances elimination of senescent cells

Senescent cells through their secretory activity (SASP)
can promote dedifferentiation and reprogramming in
neighboring cells in the context of tissue injym4].
OACs treated with 10 uM oleuropein for 7/14 days in
growth medium showed a significant reduction of
senescent cells accumulated after 5 days of primary
culture figure 5A). Consistent with these models,
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Cx43 upregulation due to the oligomycin insult
significantly contributed to increase cellular senescence
in OACs accumulated after 5 days in monolayeg\re

5B, left), whereas ctreatment with oleuropein
significantly halted the accumulation of senescent cells
after 24 h Figure5B, left) and 7 days unddreatment
(Figure 5B, right). Interestingly, increase®A-b Ga |
activity wasdetected when the T/28a2 chondrocytes
were treated with bleomycin to induce cellular
senescence for 24 h, while the exposure to oleuropein
for 24 h reduced the number of senesceells
(SupplementaryFigure 6B). In accordance with these
results, treatment of OACs with oleuropein led to
decreased levels of the senescence biomarkef¥{#16
(Figure5C) and p53/p21Kigure5D). Furthermore, the
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Figure 4. Oleuropein modulatethe Cx43 promoter activity in chondrocytegA) Treatment with 10uM oleuropein for 2 h
decreases Cx43 protein levels in -P&?2 cells (n=4 independent experiments, Studehtest, P=0.0012), but this effect was not observed

in the same cell lin@verexpressing Cx43 (pIRESI3)(n=3 independent experiments, Studenttest, P=0.0624). B) Luciferase reporter

assay indicating that oleuropein inhibits Cx43 promoter activity. The graphs indicate the normalized luminescence abgvifyG28a2
transfected with a pGEBasic plasmid containing 300 base pairs of Cx43 promoter ligated to the luciferase gene. Cells were cultured in
DMEM with 10% FBS (UT) and withddml oligomycin or 1QuM oleuropein for 1 h as indicated (n=4 independent experimeoit&way
ANOVAP=0.0012). On the right, Cx43 gene expression undey/®l oligomycin and 1QM oleuropein treatment in OACs treated for 1 h

(n=4 independent experiments; oreay ANOVAR=0.0002). Data were normalized to HPRIEvels. ) Immunofluorescece assays of Cx43

in OACs treated with 10M oleuropein or 5ug/ml oligomycin for 1 h. Data were normalized to the untreated condition (n=3 independent
experiments; onevay ANOVAR<0.0001). Data is expressed as meaD; P<0.05, *#<0.01 and **<0.0001.
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proliferative arrest observed after the treatment of T/C
28a2 healthy chondrocytes with the Cydbependent
Kinase 4/6 inhibitor palbociclib to induce senescence
was partially inhibited by the eweatment with
oleuropein (Figure 5E). Oleuropein reduced the
accumulation of senescent cells and attenuated the
oligomycininduced SASP secretion detected by6IL
COX-2 and IL-1B gene expression in chondrocytes
(Figure 5F).The SASP, including 6 gene expression,
can be activated by N& B[75]. Oleuropein protected
from the i ncrease of
(Figure 5G, left),and N B ( p65)
in OACs was diminished when cells were exposed to
oleuropein for 1 h (Figure 5G). Further, }FB
translocation was grtially abolished in OACs treated
with oleuropein for only 2 h (Figure 5H).

To further test the senolytic activity of oleuropein, SC
and BC from OA patients were treated wileuropein
(Figure 6). We observed decreased Cx43 protein levels
after oleurg@ein exposure (Figure 6A and 6D), together
with a significant reduction in senescent cells
accumulated after 5 days in primary culture (Figure 6B
and 6E), confirmed by p{¥“A gene expression and the
synthesis of the SASRictorsIL-13 COX-2 and IL-6
(Figure 6C and 6F).

DISCUSSION

Previous data from our group demonstrate that Cx43
downregulation improves the chondrocyte phenotype,
protecting chondrocytes from dedifferentiation and
senescencg?]. Although oleuropein and oliveased
diets were reporteth protect from OA progressidii6,

77], there was no solid evidence about its underlying
molecular mechanisms. In our study, we show that
oleuropein modulates Cx43 gene promoter activity,
reducing Cx43 and GJIC in OACs. Indeed, our data
indicate that Cx43downregulation by oleuropein in
OACs improves cell phenotype by protecting
chondrocytes from Twist activation and from
accumulation of senescent cells (Figures 2, 3, 5 and 6).
This is the first study that demonstrated one of the
potential mechanisms dafleuropein in OACs, SC and
BC (Figures 5 and 6) from patients, and in hMSCs
(Figure 1), with relevant applications in regenerative
medicine.

Our results show that the effects of oleuropein are often
equal or even smaller than those of the olive extract,
suggesting that other compounds may synergize with
oleuropein activity in chondrocytgg8]. On the other
hand, the treatment of hMSCs with oleuropein or OE
during differentiation leads to downregulation of Cx43
and GJIC, enhancing osteogenesis and chgedesis,

but reducing adipogenesis. This differential sensitivity

of hMSCs to oleuropein and OE may have potential
applications in preventive and regenerative medicine in
other bone and cartilage disorders.

Our data show decreased Cx43 and GJIC levethan
presence of oleuropein in OACs and in differentiating
hMSCs, but increased Cx43 and GJIC levels in
undifferentiated hMSCs, suggesting that the effect of this
molecule on GJIC depends on its effect on Cx43 levels
(or subcellular localization). In facphosphorylation of

C x 4 Lx4affedte proteim skabiliyy and GJeCaactiviig] mnd
acti vatwe ave tetected Nianges in Cx43 phosphorylation

pattern during hMSCs differentiation but not under

n uc | edaeuropein treatment indicating that oleuropein affects

Cx43 levels more than gap junction plague activity or
modulation. We cannot therefore discahdttthe effect

of oleuropein may also depend on chasindependent
activities, which involve
Cx43 to recruit proteins to the membrg8é, 8, 81] or

its ability to control gene transcriptiof82]. It is
important to note tt oleuropein may have other targets
that may contribute to the drug effect. Despite this
limitation and based on our results, we expect that the
effect of oleuropein occurs at least partially through Cx43
modulation. Here, we show that oleuropein restores
chondrocyte phenotype detected by reduced levels of the
stemmarkers CD105, CD166, -sad and vimentin
(Figure 2C, 3F). The effect of oleuropein in chondrocyte
plasticity correlated with activation of redifferentiation
via downregulation of Cx43 and Twist(Figure 3D 3F),
leading to increased levels of proteoglycans and Col2A1
together with decreased levels of inflammatory cytokines
and metalloproteinases (Figuresi2Z, and 3A).

In cell culture and in cartilage, OACs undergo
dedifferentiation and senemswe [2, 18, 20]
Elimination of senescent cellsn vivo using the
senolytic drug UBX0101 has been demonstrated to
improve cartilage regeneration after articular joint
injury in mice [1]. Here we show that oleuropein
reduces cellular senescence in OACs, &d BC and
protects from accumulation of senescent cells under an
arthritic insult (Figures 5A, 5B, 6B and 6F). MB has
been shown to regulate the inflammatory components of
the SASP, together with other factdgs, 84]. In this
study the reduction ofenescence is accompanied by
reduced NFkB activity, and therefore reduced synthesis
of SASP (Figure 5F). Notably, these components
enhance inflammation, senescence and activate
dedifferentiation and cellular reprogramming of nearby
nonsenescent cells @.via IL-6) [74], contributing to

the sterrike state of chondrocytes in OA and to the
accumulation of senescent cells. Accordingly, we have
previously reported that upregulation of Cx43 leads to
p53/pl6 upregulation and senesceffi2gg Using the
T/C-28a2cells with a Cx43 overexpression vector and a
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CRISPR/Cas9mediated heterozygous Cx43 gene  Cellular reprogramming, dedifferentiation via EMT and
knockdown cell line we have demonstrated that Cx43 is senescence play active roles during tissue regeneration
an upstream effector of both senescence (involving p53 [85, 86]. Accumulation of dedifferentiated (stdike

and p16 pathways) and NeB activation[2]. cells) and senescent cells leads to impaired tissue

Figure 5.Cx43 downregulation by oleuropein decreased chondrocyte senesce@}&AbGal activity detected by flow cytometry
in OACs treated with 1AM oleuropein (Oleu) for 7 and 14 days (h#3ndependent experiments; orgay ANOVAP<0.0001). B) The
graphsshow the comparative analysis of -88al activity measured by flow cytometry of OACs exposed for 24 h pd16leuropein or 5
pg/ml oligomycin as indicated (n=5 independent experiments;-wag ANOVARP=0.0003). On the right, S#Gal activity determined yoXx

Gal cleavage and cell staining (blue), evaluated by microscopy in OACs treated for 7 dayqithidi@ropein or 5ug/ml oligomycin (n=3
independent experiments; oneay ANOVAR<0.0001). © p16 mRNA expression of OACs treated wituOoleuropeinfor 2 h. Data were
normalized to HPRT levels (n=5 independent experiments; Studsrit test, P=0.0002). D) Western blot of p53 (n=3 independent
experiments), p21 (n=3 independent experiments) and p16 (n=4 independent experiments) in OACs treategiMitiiel@opein for 2 h(*
tubulin was used as a loading control. Studsnmttest, P=0.001 (p53)P=0.0278 (p21)P=0.0286 (p16).H) Cell proliferation evaluated by
immunofluorescence of K7 in T/G28a2 chondrocytes treated with 1M palbociclib and/orlO uM oleuropein for 24 h. Images represent
n= 3 independent experiments. Omeay ANOVAP=0.0434 (UT vs Palbd}0.0096 (Palbo vs Palbo+Olel). Downregulation of Cx43 by
oleuropein attenuates H6 and COX upregulation when OACs are exposed to atigoin for 1 h (n=3 independent experiments; ongay
ANOVA).® Western blot (n=3 independent experiments) shows the effect qiMileuropein and 10 ng/mL TNEeatments (for 1 h) on
Cx43 protein levels in OACs (emay ANOVAP=0.0018). On the right\FaB detected by immunofluorescence in OACs treated with 10
ng/mL TNBfor 1 h. This effect is partially abolished b$ 1.0 uM oleuropein treatment. The graph represents the cell percentage with
nuclear NFeB staining (n=7 independent experiments; emay ANOVAR=0.0055). ) Nuclear levels of Nl in OACs cultured with ,0M
oleuropein for 2 h. Lamin A was used as a loading control (n=3 independent experiments; &tutiest P=0.0021). Data is expressed as
meantSD; P<0.05, **<0.01 and **<0.00Q..
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