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Abstract: Authors have demonstrated that apoptosis activation is a pathway related to cartilage
degradation characteristics of the OA process. Autophagy is an adaptive response to protect cells
from various environmental changes, and defects in autophagy are linked to cell death. In this sense,
decreased autophagy of chondrocytes has been observed in OA articular cartilage. The aim of this
work was to study the role of OA mitochondria in apoptosis, autophagy, and senescence, using
OA and Normal (N) transmitochondrial cybrids. Results: OA cybrids incubated with menadione
showed a higher percentage of late apoptosis and necrosis than N cybrids. Stimulation of cybrids with
staurosporine and IL-1f3 showed that OA cybrids were more susceptible to undergoing apoptosis
than N cybrids. An analysis of the antioxidant response using menadione on gene expression
revealed a lower expression of nuclear factor erythroid 2-like 2 and superoxide dismutase 2 in OA
than N cybrids. Activation of microtubule-associated protein 1A /1B-light chain 3 was reduced in
OA compared to N cybrids. However, the percentage of senescent cells was higher in OA than N
cybrids. Conclusion: This work suggests that mitochondria from OA patients could be involved in
the apoptosis, autophagy, and senescence of chondrocytes described in OA cartilage.

Keywords: apoptosis; autophagy; senescence; transmitochondrial cybrids; mitochondria; osteoarthritis

1. Introduction

Recent insights indicate that the conventional understanding of osteoarthritis (OA)
solely as a consequence of aging or mechanical stress on the joints is no longer adequate to
comprehend its underlying mechanisms [1,2]. The pathological transformations observed
across all joint tissues prompt us to view OA not merely as a localized joint disorder, but
rather as a systemic disease affecting the entire joint as an organ [3,4]. While initial joint
injury inflicts direct harm to joint tissues, a significant portion of subsequent damage stems
from cellular responses to the injury [5]. By reconceptualizing OA and recognizing the joint
as an organ, it becomes apparent that this condition entails systemic implications with a
backdrop of mild, chronic inflammation [6].

Such a framework holds promise in uncovering innovative strategies for maintaining
cellular equilibrium during the aging process. Recent investigations have extensively
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reviewed the role of oxidative stress and aberrant redox signaling in the pathophysiology
of OA, revealing heightened levels of oxidative damage to proteins, lipids, and DNA in
cartilage and other joint tissues [7-10].

Mitochondrial DNA (mtDNA) haplogroups correlate with OA in several cohorts from
different countries [11]. Several articles have described the association between mtDNA
variants and the OA [12-14]. Another study described, for the first time, the association
between the mtDNA variants and the methylation status in articular cartilage by acting
on key mechanisms involved inOA, such as apoptosis and metabolic and developmental
processes [15].

Several cellular events participate during the cartilage degradation and OA pathogen-
esis such as apoptosis, autophagy, mitogenesis, and senescence. Several authors demon-
strated that apoptosis activation plays an important role in OA pathogenesis [16,17]. Au-
tophagy involves the engulfment of cytoplasmic contents into double membrane-bound
vesicles called autophagosomes, which fuse with lysosomes, degrading their contents,
which are subsequently then released into the cytoplasm [18]. Autophagy acts as an adap-
tive response to protect chondrocytes from various environmental changes, while, with
gradual cartilage degradation, decreased autophagy is linked with cell death [19]. Defects
in this process have been observed in OA articular cartilage [20,21]. Autophagy is essential
to preserve the integrity and function of articular cartilage [22].

Evidence indicates that mitochondria are involved in the pathogenesis of OA [23]. The
maintenance of mitochondria homeostasis and function is important for the correct function
of tissues. The elimination of damaged mitochondria occurs by mitophagy [24]. This is a
selective process that removes damaged or dysfunctional mitochondria through autophagic
machinery, and functions to maintain mitochondrial quality and homeostasis [25].

Senescence is characterized by proliferation arrest, an increase in cell size and mito-
chondrial mass together with mitochondrial dysfunction, and the increased secretion of
pro-inflammatory and pro-oxidant signals [26-28]. The concept of “chondrosenescence”
was defined some years ago and is intimately linked with the OA process since this dis-
turbed the balance between autophagy and inflammasomes, contributing to the age-related
degradation of articular cartilage and other joint tissues [29,30].

Mitochondrial fission and fusion orchestrate the quantity, distribution, and morphol-
ogy of these cellular organelles, thereby exerting significant influence on various mitochon-
drial functions including energy generation, metabolic processes, intracellular signaling,
and apoptosis [31-33]. The fission process, essential for generating new mitochondria, is
governed by mitochondrial fission protein 1 (Fis 1) [34]. Conversely, mitochondprial fusion is
regulated by GTPase enzymes, specifically mitofusins 1 and 2 (Mfn1 and Mfn2), which over-
see fusion of the outer mitochondrial membrane. Maintaining a delicate balance between
fission and fusion mechanisms is pivotal for the upkeep of the mitochondrial structure and
functionality in healthy cells. Crosstalk between apoptosis, autophagy, mitophagy, and
mitochondrial fission and fusion seems to be critical for cells upon the induction of cell
death. All data have shown that the different modes of cell death are not exclusive, but,
rather, modulate each other [35].

Transmitochondrial cybrids are generated by fusing a cell without mitochondrial
DNA (mtDNA) (Rho-0 cell) with an enucleated cell that harbors the mitochondria DNA
of interest (platelets or enucleated fibroblasts). This cellular model is interesting because
it allows for the study of the real role of mitochondria with the same nuclear DNA back-
ground [36,37]. Cybrids have been successfully used to explore the contribution of mi-
tochondrial dysfunction and/or mtDNA gene mutations to the pathogenesis of diseases.
These diseases include Parkinson’s, Alzheimer’s, mitochondrial cardiomyopathy, mitochon-
drial encephalopathy lactic acidosis stroke-like episodes (MELAS), and Myoclonic Epilepsy
with Ragged-Red Fibers (MERF). To our knowledge, we are the first researchers to use
cybrids as an in vitro model to describe the functional relationship between mitochondria
alteration and OA [14,36,37].
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The aim of this work was to study the role of OA mitochondria in apoptosis, autophagy,
and senescence using transmitochondrial cybrids.

2. Materials and Methods
2.1. Participants

Platelet samples from both healthy individuals (N) and those with osteoarthritis (OA)
were sourced from the Sample Collection for Rheumatic Disease Research, established by
Dr. Blanco and recorded in the National Biobank Registry under Collection Code C.0000424.
All participants provided written informed consent, and the study received approval from
the local Ethics Committee of the Galician Health Administration. The procedures adhered
to the principles outlined in the Declaration of Helsinki of 1975, as revised in 2000.

2.2. Transmitochondrial Cybrid Preparation

Cybrids generated from the 143B.TK-Rho-0 cell line were created following the meth-
ods detailed in prior studies [36,37]. Transmitochondrial cybrids were cultured in Dul-
becco’s Modified Eagle Medium (DMEM, Gibco, Grand Island, NY, USA) with 10% fetal
bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 pg/mL; Gibco). For
experiments requiring metabolic stress conditions, cells were grown in low glucose DMEM
(1 g/L). The cells were incubated at 37 °C in a humidified atmosphere with 5% CO,. For
each experiment, cells from two healthy donors (2 N) and two osteoarthritic donors (2 OA),
with two clones from each (4 N and 4 OA), were analyzed. Experiments were conducted
using cells at passages 27-34.

2.3. Detection of Apoptotic Cells

The susceptibility of cells to apoptosis was analyzed. Cells were incubated in the
presence of 2 uM staurosporine, a protein kinase inhibitor, for 2 h, 10 ng/mL interleukin
1 (IL-1P) for 48 h, or 50 uM menadione, a phosphatase inhibitor and an inhibitor of mito-
chondrial DNA polymerase vy, for 2 h (Sigma—Aldrich, Merck KGaA, Darmstadt, Germany).
Cells were resuspended in a 1 x annexin-binding buffer prior to adding 5 pL of annexin
V—fluorescein isothiocyanate (FITC) and 5 uL of propidium iodide (PL; ImmunoStep, Sala-
manca, Spain).

After 15 min of incubation, 400 pL of the 1x annexin-binding buffer was added before
analysis with a FACsCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
For each assay, 1 x 10* cells were measured. The data were processed using CellQuest
software (version 7.5.3, Becton Dickinson). Apoptosis was assessed by counting cells
that were stained with both annexin V-FITC and PI. The results were expressed as the
percentage of cells positive for each stain.

2.4. Analysis of Anion Superoxide Production

To evaluate the role of menadione in oxidative stress, the mitochondrial anion superox-
ide (O, ) was measured. Cells were treated with 50 uM menadione for 2 h (Sigma—Aldrich),
and 5 pM MitoSOX™ Red (Invitrogen, Carlsbad, CA, USA) was then added. Cells (1 x 10%)
per assay were measured by FACsCalibur flow cytometry (Becton Dickinson), and data were
analyzed using CellQuest software (Becton Dickinson). Results were expressed as the mean
of the median of fluorescence (arbitrary units, AU) from three independent experiments.

2.5. Autophagy Determination

Autophagy was assessed through the analysis of LC3 and phospho-ribosomal pro-
tein 56 (p-rpS6) using western blotting (WB). To serve as a positive control for LC3, cells
were incubated with 30 pM chloroquine (Sigma—Aldrich) for 16 h. For p-rpS6, cells were
treated with 10 pM rapamycin (Calbiochem, Germany) for 16 h. The following antibod-
ies were employed: LC3 (1:1000; Cell Signaling Technology, Beverly, MA, USA; #3868),
p-rpS6 (1:2000; Cell Signaling Technology; #4858), and a-tubulin (1:5000; Sigma—Aldrich;
#1'9026). Band intensity was analyzed using Amersham Imager 600 software, and protein
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quantification on WB was performed using Image J v1.54g software Java8 (https://imagej.
net/ij/, accessed on 23 May 2024).

2.6. Senescence Determination

The percentage of senescent cells was evaluated by the quantification of SS-galactosidase
activity and CDKN1A gene expression. 3-galactosidase activity was detected using fluo-
rescein di-B-D-galactopyranoside (FDG-10 uM; Thermo Fisher, Waltham, MA, USA) by
flow cytometry. Cell cultures were pretreated with 2 uM etoposide (Sigma-Aldrich) for 48
h to induce DNA damage as a genotoxic stress leading to cellular senescence, and 10 nM
bafilomycin A (Sigma—Aldrich) was then added for 1 h to modulate intracellular pH. At
the end of incubation, cultures were washed with PBS, resuspended by trypsinization,
and analyzed immediately using a FACScalibour flow cytometer (Becton Dickinson) as
described before.

2.7. Quantitative Real-Time PCR

Total RNA was extracted with TRIzol (Life Technologies, Carlsbad, CA, USA), and
0.5 ug was reverse transcribed into cDNA using the NZY First-Strand cDNA Synthesis Kit
(NZY Tech, Lisboa, Portugal). Quantitative real-time PCR (qQRT-PCR) was performed using
a LightCycler 480-II Instrument (Roche, Mannheim, Germany) along with the LightCycler
480 Probe Master (Roche). The results were analyzed using Qbase+ version 2.5 software
(Biogazelle, Gent, Belgium). Gene expression was calculated relative to the reference gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Sequence primers and universal
probe library (UPL) probes are described in Table 1.

Table 1. Gene name, sequence of primers, and UPL probes used in gRT-PCR amplification.

Gene Name Symbol Primer Fw (5'-3) Primer Rv (5'-3) UPL Probe
Nuclear factor erythroid 2 like 2 NFE2L2 gcaacaggacattgagcaag  tggacttggaaccatggtagt #52
Superoxide dismutase-2 SOD2 ctggacaaacctcagcccta tgatggcttccagcaactc #22
Nuclear respiratory factor 1 Nrfl ggggaaagaaagctgcaag gtgcctggetccatgaaa #49
Beclin-1 BECN-1 caggctgaggctgagagact gctecagetgcetgtegtt #69
B-Cell Lymphoma 2 }.Iom()logy motifs like BCL2L13 gacctcaacgcacagtacga gagattgtacaggaccctcca #68

protein 13

Cyclin Dependent Kinase Inhibitor 1A CDKN1A tecactgtcttgtacccttgtg ggcgtttggagtggtagaaa #32
Hypoxia Inducible Factor 1 Subunit Alpha Hif-1a tggaatggagcaaaagacaa tggtcagctgtggtaatcca #3
Mitofusin 2 Mfn-2 tcagctacactggctccaac caaaggtcccagacagttcc #83
Mitochondrial Fusion 1 Fis1 ctgaacgagctggtgtctgt gagcctgctgecttetca #62
Glyceraldehyde-3-Phosphate GAPDH gagtccactggegtcttcac gttcacacccatgacgaaca #45

Dehydrogenase

Fw: Forward. Rv: Reverse. UPL Probe: Universal Probe Library probes.

2.8. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 8.0.1 for Windows
(GraphPad Software, San Diego, CA, USA). Data are presented as the mean =+ standard
error of the mean (SEM) from independent experiments with a minimum of three observa-
tions unless stated otherwise. An unpaired Mann-Whitney U test was used to evaluate
differences between groups. Differences with p values < 0.05 were considered to be statisti-
cally significant.

3. Results
3.1. Apoptosis Analysis

The analysis of apoptotic levels showed that all cybrids had the same percentage of
positive cells for annexin-V not exceeding 5.51% under basal conditions. However, when
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the cells were treated with staurosporine, a classical apoptotic stimulus, OA cybrids showed
a statistically significant increase in positive cells for annexin-V in comparison to N cybrids
(p = 0.013) (Figure 1a). To evaluate the cybrids’ response in an inflammatory environment,
cells were treated with IL-1f3. It was found that OA cybrids were more susceptible to
undergoing apoptosis than N cybrids (p = 0.001) (Figure 1b).
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Figure 1. Analysis of apoptotic cells. Cybrids cells were treated with different stimuli. (a) Stau-
rosporine (2 uM). (b) Inflammatory environment (IL-1$, 10 ng/mL). (c) Mitochondrial stress in
the presence of menadione (50 uM). All data were obtained from three independent experiments
performed with two replicates and two clones of each donor. Data are presented as mean + SEM
and analyzed by unpaired Mann-Whitney U test. PI: propidium iodide; N: healthy cybrids; OA:
osteoarthritis cybrids.

To test the survival capacity of cybrids under mitochondrial stress, 50 UM menadione
was used. Higher concentrations of menadione induced toxic oxidant stress associated
with tissue injury, mitochondrial DNA damage, and cell death [38]. When the OA cybrids
were incubated with menadione, the percentage in late apoptosis (p = 0.001) and necrosis
(p = 0.03) was higher in OA cybrids than in N cybrids (Figure 1c). Early apoptosis was
similar in both OA and N cybrids.

The effect of 50 uM menadione on oxidative stress was assessed by measuring O~
production after 2 h of cell incubation and evaluating the antioxidant response after 48 h
of exposure. Menadione treatment resulted in increased O, levels in both healthy (N)
(p = 0.002) and osteoarthritic (OA) (p < 0.0001) cybrids (Figure 2a). However, no signifi-
cant differences were observed in the basal/menadione ratio between N and OA groups
(Figure 2b). The antioxidant response, assessed by the gene expression of nuclear factor
erythroid 2-like 2 (NFE2L2) and superoxide dismutase 2 (SOD2), showed a lower expression
in OA cybrids compared to N cybrids (p = 0.019 and p = 0.001, respectively) when cul-
tured with menadione (Figure 2c). Additionally, the analysis of mitochondrial biogenesis,
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through the expression of nuclear respiratory factor 1 (Nrf1), indicated a reduced level in
OA cybrids compared to N cybrids (p = 0.002) in the presence of menadione (Figure 2d).
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Figure 2. Role of menadione in oxidative stress. (a) Mitochondrial anion superoxide (O, ™) production
under basal and menadione conditions was evaluated by the fluorescence intensity of MitoSox®.
(b) Data expressed as the ratio of basal/menadione O, between N and OA. (c) Relative mRNA
expression levels in the presence of menadione (50 uM), nuclear factor erythroid 2-like 2 (NFE2L2),
and superoxide dismutase-2 (SOD2) were detected by quantitative real-time (RT)-PCR. (d) Relative
mRNA expression level in the presence of menadione of nuclear respiratory factor 1 (Nrfl) was
detected by RT-PCR. All data were obtained from four independent experiments performed in
duplicate. Data are presented as mean &= SEM and analyzed by unpaired Mann-Whitney U test. N:
healthy cybrids; OA: osteoarthritis cybrids.

3.2. Autophagy Analysis

Autophagy, a key homeostatic mechanism in cartilage, is reduced in OA chondro-
cytes [19,21]. To study this process in cybrids, LC3 protein was evaluated using the ratio
LC3II/LC3I. Activation of the mTOR signaling pathway was measured for the analysis of
p-rpS6, a downstream target of mTORC1 [17]. LC3 activation was found to be significantly
reduced in OA compared to N cybrids (p = 0.04). However, the level of p-rpS6 did not differ
between OA and N cybrids (Figure 3a). Full length uncropped original WB are represented
in Supplementary Figure S1.

The levels of gene expression of beclin-1 (BECN1), an effector of autophagy, B-cell Lym-
phoma 2 homology motifs like protein 13 (BCL2L13), an autophagy promoter, and hypoxia
inducible factor 1 subunit alpha (Hif-1a), a modulator of beclin-1/Bcl-2 complexes [39-41],
were found to be significantly lower in OA cybrids compared to N cybrids (p = 0.0004 for
BECNI1, p = 0.04 for BCL2L13, and p < 0.0001 in the case of Hif-1«) (Figure 3b).
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Figure 3. Autophagy Analysis. (a) Total protein from healthy (N) and osteoarthritic (OA) cybrids was
examined using western blotting with antibodies against microtubule-associated protein 1A /1B-light
chain 3 (LC3), phospho-ribosomal protein S6 (p-rpS6), and «-tubulin (TUB). Representative blots
and densitometric quantification data are displayed. (b) Relative mRNA expression levels of beclin-1
(BECNT1), B-cell lymphoma 2 homology motifs like protein 13 (BCL2L13), and hypoxia-inducible
factor 1 subunit alpha (Hif-1x) were measured using quantitative real-time PCR (RT-PCR). (c) Relative
mRNA expression levels of mitofusin 2 (Mfn2) and mitochondrial fission 1 (Fis1) were also assessed
using RT-PCR. Data were collected from three independent experiments, each performed in duplicate,
and are presented as mean + SEM, analyzed by the unpaired Mann-Whitney U test. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used as a reference. Positive controls were 30 uM
chloroquine for LC3 and 10 uM rapamycin for p-rpS6.

Alterations in autophagy flux were related to mitochondrial fragmentation and mi-
tophagy, and were also necessary for mitochondrial fusion [42,43]. An analysis of the
gene expression of mitofusin 2 (Mfn2) and mitochondrial fission-1 (Fis 1) under metabolic
environmental stress (glucose, 1 g/L) revealed a lower genetic level in OA than N cybrids in
the analysis of Mfn2 (p = 0.008). However, levels of Fis 1 did not show differences between
OA and N cybrids (Figure 3c).

3.3. Senescence Analysis

Senescent cells were evaluated through the hydrolysis of FDG mediated by (3-galactosidase
and the gene expression of CDKN1A. Cultured cybrids were treated with either 0 to 5 uM
etoposide for 48 h in order to determine the optimal concentration for increasing the
percentage of senescent cells. It was found that 2 uM was enough to induce a phenotypic
change and a significant increase in CDKN1A gene expression in comparison to untreated
cells (p = 0.026) (Figure 4a). An analysis of basal conditions showed a significantly higher
percentage of senescent cells in OA than in N cybrids (p = 0.0001) (Figure 4b). Following the
increase in senescence described in OA cybrids, when cells were pretreated with etoposide
in combination with bafilomycin A, higher levels of senescent cells were found in OA than
N cybrids (p = 0.016) (Figure 4b).

Gene expression analysis of BECN1, BCL2L13, and CDKN1A showed that only levels
of BCL2L13 increased in OA cybrids in the presence of etoposide (p < 0.0001). However,
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levels of BECN1 and CDKN1A were not modulated during the induction of senescence
(Figure 4c).
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Figure 4. Analysis of Senescent Cells. (a) Determination of the optimal etoposide concentration
was based on the gene expression of cyclin-dependent kinase inhibitor 1A (CDKN1) and the cellular
morphology of cybrids treated with 0 and 2 uM etoposide over 48 h. (b) Senescent cells were assessed
by B-galactosidase-mediated hydrolysis of fluorescein di-3-D-galactopyranoside (FDG), resulting in
increased fluorescence measured by flow cytometry. (c) Relative mRNA expression levels of beclin-1
(BECN1), B-cell lymphoma 2 homology motifs like protein 13 (BCL2L13), and cyclin-dependent
kinase inhibitor 1A (CDKN1) were measured using quantitative real-time PCR (RT-PCR). Data were
collected from three independent experiments, each performed in duplicate, and are presented as
mean + SEM, analyzed by the unpaired Mann-Whitney U test. GAPDH served as a reference gene.
N: healthy cybrids; OA: osteoarthritis cybrids.

4. Discussion

We found that mitochondria from OA donors are involved in three processes related
to cartilage degradation in OA: cellular apoptosis, senescence, and autophagy.

Apoptosis has been positively correlated with the severity of cartilage damage and
matrix depletion in human OA tissue [10,16,17]. In 2004, Roach and co-workers [44] coined
the term “chondroptosis” to describe cells undergoing apoptosis in a non-classical manner
that appeared to be typical of programmed chondrocyte death in vivo. We found that
cybrids carrying mitochondria from OA patients were more susceptible to undergoing
apoptosis than cybrids carrying mitochondria from individuals without OA when cultured
in the presence of staurosporine and IL-1SS. Since OA cybrids behaved similarly to OA
chondrocytes, this finding suggests a connection between OA mitochondria, the apoptotic
pathway in OA, and chondrocyte/cartilage degradation [45].

Elevated reactive oxygen species (ROS) levels contribute to the dysregulation of tissue
homeostasis and OA severity [46]. This heightened oxidative stress stems from mitochon-
drial dysfunction, as evidenced by OA chondrocytes displaying decreased mitochondrial
DNA content and reduced mitochondrial mass [47]. To test survival capacity under mi-
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tochondrial stress, menadione was used. Menadione induced a pro-oxidative stress by
producing intra-cellular HyO,, which induces oxidative stress, mitochondrial dysfunction,
and apoptosis in endplate chondrocytes [48]. The presence of this compound increased
the percentage of apoptotic cells in OA cybrids in comparison with N cybrids; when the
activation of antioxidant response was evaluated, the gene expression of SOD2 and NFE2L2
decreased in OA cybrids. The redox-sensitive signaling system, Keap1l/NFE2L2/ARE,
plays a key role in the maintenance of cellular homeostasis under stress, and in inflam-
matory, carcinogenic, and proapoptotic conditions. NFE2L2 plays a significant role in
maintaining the structural and functional integrity of mitochondria, with its importance
heightened especially during periods of stress [49]. The disturbance in mitochondrial
function, leading to elevated levels of intracellular ROS, has been theorized to perturb
cartilage homeostasis and contribute to the observed cartilage damage in OA [23,50]. More-
over, it has been reported that the mechanical loading of chondrocytes in vitro and in vivo
promotes the mitochondrial generation of O7- accompanied by a decrease in the expression
of mitochondrial SOD2 [7,51,52]. The aforementioned data highlighted that mitochondrial
dysfunction in OA is associated with the downregulation of SOD?2.

Nrfl, a transcription factor associated with PPARGC1A, plays a pivotal role in mito-
chondrial biogenesis. In the presence of menadione, cybrids exhibit differential expression
of the Nrfl gene: N cybrids demonstrate elevated expression compared to OA cybrids. The
observed expression pattern, coupled with prior research [37], indicates a potential deficit
in mitochondrial biogenesis within OA cybrids. This aligns with observations in human
OA chondrocytes, where impaired mitochondrial biogenesis is known to drive catabolic
responses [47].

Apoptosis, characterized as programmed cell death, is acknowledged as a significant
occurrence in the progression of OA. Meanwhile, autophagy also holds significance for
cartilage homeostasis, playing a vital role in sustaining regular cellular metabolism, par-
ticularly in cell types like chondrocytes, which possess limited regenerative capabilities.
Recent research indicates the potential co-occurrence of autophagy alongside apoptosis
in OA [53]. Numerous studies have demonstrated the relationship between autophagy
and the pathogenesis of OA, and a low level of autophagy was observed in senescent
chondrocytes and is associated with OA cartilage [20-22,54]. Our data showing that OA
cybrids have a lower LC3 activation and lower levels of beclin-1, Bcl-2-like protein 13, and
hypoxia inducible factor-1« than N cybrids supports this idea. Low expression levels of
BECN1 may contribute toward chondrocyte death. BECN1 overexpression in OA cartilage
increased cell viability, inhibited matrix metalloproteinases, and inhibited chondrocyte
apoptosis via PI3K/Akt/mTOR signaling [55]. Recently, it was found that BCL2L13 binds
to LC3 inducing mitochondrial fragmentation and mitophagy in other cell lines [42,43].
Hif-1a maintains homeostasis in chondrocytes [56] and mediates mitophagy, having a
protective role in several diseases [57]. In chondrocytes, autophagy was stimulated by
Hif-1a and the regulation of apoptosis by this gene was also described [39,40]. The mecha-
nisms of autophagy induction by Hif-1a may involve the modulation of a beclin-1/Bcl-2
complex [57].

Mitochondria form a dynamic network characterized by tubular structures that undergo
constant remodeling. Mfn2, a GTPase located in the outer mitochondrial membrane, plays
a pivotal role in facilitating mitochondrial fusion. This process influences mitochondrial
dynamics, distribution, quality control, and overall function [58]. Fusion serves various vital
functions within cells, aiding in the alleviation of cellular stress by facilitating the removal of
damaged mitochondria through a process known as mitophagy [58]. Our findings highlighted
how OA cybrids show alterations in the autophagic process and in Mfn2 gene expression.
They are also likely to have an increase in damaged mitochondria, leading to an increase in
metabolic disorder and inflammation as occurs during the OA process [59].

Senescent cells exhibit heightened levels of senescence-associated beta-galactosidase
activity and comprise non-proliferative cell populations due to an irreversible state of
growth arrest [60,61]. To promote and support cell-cycle arrest, p16INK4A (CDKN2A),
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accompanied by the p53 (TP53) target, p21 (CDKN1A), inhibits cyclin-dependent kinases,
thereby preventing phosphorylation of the retinoblastoma protein and thus in turn sup-
pressing the expression of proliferation-associated genes [62,63]. We found that OA cybrids
have a higher number of senescent cells than N cybrids. Senescent cells exhibit metabolic ac-
tivity, yet they accumulate dysfunctional mitochondria, leading to amplified mitochondrial
mass, heightened oxygen consumption, diminished efficiency of oxidative phosphorylation,
reduced membrane potential, and increased levels of ROS [26,28,64], as observed in OA
cybrids [14,37]. These findings elucidate the role of mitochondrial alterations in inducing
the senescence-associated secretory phenotype (SASP) during senescence [27,28]. OA is
associated with a substantial presence of senescent cells, and SASP has been implicated in
the degradation of cartilage [65,66].

Senescent cells also exhibit resistance to mitochondria-mediated apoptosis, in part
by the upregulation of anti-apoptotic BCL2 family members [54,55]. Similar findings
were described, in this work, in OA cybrids where cells harboring mitochondria from OA
donors in the presence of etoposide, a senescence inductor, showed an increase in the gene
expression of BCL2L13.

The critical role of mitochondria in cellular senescence was described, and senescent
cells accumulated dysfunctional mitochondria [27,64]. In OA, the presence of mitochondrial
dysfunction was described [25,67,68], as was the rise in the number of senescent cells [30,65,69].
Taking into account the data described here, using an in vitro model with cells harboring
OA mitochondria, the relevance of all these events in the OA process are related directly to
OA mitochondria.

Mitochondria have been described as playmakers of apoptosis, autophagy, and senes-
cence [70], three processes that have also been detailed in OA. Using cybrids, this work
suggests that mitochondria from OA patients are involved in the apoptosis, autophagy,
and senescence described in OA cartilage (Figure 5).

Mitochondrial damage loop —~
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Figure 5. Scheme representing how the mitochondrial damage increases the mitochondria defective
accumulation, and how this process is related with apoptosis, senescence, and autophagy, disrupting
the mitochondprial function and the elimination of damage mitochondria. All these alterations break
the equilibrium between anabolic and catabolic process in the cartilage and are related with the
pathogenesis of OA.

The present work has some limitations. (1) This study could be replicated using
a higher number of donors to analyze the reproducibility of the data. (2) The cybrids
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have a nuclear background derived from 143B.TK-cells. To evaluate these parameters and
their relation to the osteoarthritis process, future research could generate cybrids with a
chondrocyte nuclear background. (3) There might be differences between mitochondria
from platelet and chondrocyte. If the mitochondrial dysfunction of the platelets was
induced by OA processes, there could be a change in these parameters during permanent
cell culture.
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