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Osteoarthritis (OA) is a joint degenerative disease that is an exceedingly common
problem associated with aging. Aging is the principal risk factor for OA, but damage-
related physiopathology of articular chondrocytes probably drives the mechanisms
of joint degeneration by a progressive decline in the homeostatic and regenerative
capacity of cells. Cellular aging is the manifestation of a complex interplay of cellular
and molecular pathways underpinned by transcriptional, translational, and epigenetic
mechanisms and niche factors, and unraveling this complexity will improve our
understanding of underlying molecular changes that affect the ability of the articular
cartilage to maintain or regenerate itself. This insight is imperative for developing new
cell and drug therapies for OA disease that will target the specific causes of age-related
functional decline. This review explores the key age-related changes within articular
chondrocytes and discusses the molecular mechanisms that are commonly perturbed
as cartilage ages and degenerates. Current efforts and emerging potential therapies
in treating OA that are being employed to halt or decelerate the aging processes are
also discussed.

Keywords: senescence, osteoarthritis, chondroprotection, degeneration, regenerative medicine

INTRODUCTION

Articular cartilage is a highly specialized connective tissue found at the ends of the articulating
bones that allows transmission of forces and provides a smooth surface for low-friction
movement of weight-bearing joints. Articular cartilage is composed of a dense extracellular matrix
(ECM) with a sparse distribution of highly specialized cells called chondrocytes. It is avascular,

Abbreviations: ATP, adenosine triphosphate; AGEs, advanced glycation end products; AMPK, AMP-activated protein
kinase; ACI, autologous chondrocyte implantation; DNMT1, DNA (cytosine-5)-methyltransferase 1; ECM, extracellular
matrix; EVs, extracellular vesicles; ER, endoplasmic reticulum; FOXO3, forkhead family O subclass transcription factor 3;
IL-1B, interleukin-1 beta; LDL, mtDNA, low-density lipoproteins; mitochondrial DNA; MRC, mitochondrial respiratory
chain; TFAM, mitochondrial transcription factor A; MAPK, mitogen-activated protein kinase; mTOR, mammalian target
of rapamycin; NF-kB, nuclear factor-kB; NO, nitric oxide; OA, osteoarthritis; PGC-1a, peroxisome proliferator-activated
receptor g coactivator lo; PTEN, phosphatase and tensin homolog deleted on chromosome 10; ROS, reactive oxygen species;
RAGE, receptor for advanced glycation end-products; SASP, senescence associated secretory phenotype; Sirtl, Sirtuin 1; UPS,
ubiquitin-proteosome system.
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aneural, and alymphatic in nature; hence, it has a poor self-repair
capacity, and therefore damage to cartilage in weight-bearing
joints is at a higher risk of progressing into more serious joint
conditions such as osteoarthritis (OA).

Aging is also a major risk factor for the development of OA.
Age-related changes in articular cartilage predispose individuals
to develop OA; additional factors including biomechanical,
genetic, or systemic metabolic factors can accelerate the
progression of the condition (Del Carlo and Loeser, 2003).
It is generally accepted that OA is a multifactorial disease
and, this supersedes a more simplistic notion of it being a
disease of “wear and tear.” Newer mechanisms attributed to
the disease include cell senescence and the senescence-related
secretory cell phenotype, chondrocytes’ reduced reactivity to
growth factors, mitochondrial dysfunction, oxidative stress, and
abnormal accumulation of advanced glycation end products
(AGEs). It is the cumulative effect of the mechanical load and
associated cell dysfunction over the years that result in cartilage
breakdown and the macroscopic clinical evidence of “wear and
tear.” Hence, OA is regarded as a naturally occurring irreversible
phenomenon, rather than a specific, potentially treatable disease
(Loeser, 2011); however, in light of new studies, this paradigm is
being challenged, and new thinking may lead to novel medical
approaches for the prevention, reversal, or treatment of OA.
Therefore, this mini-review highlights the molecular mechanisms
underlying aging of chondrocytes and degeneration of cartilage.

MOLECULAR AND CELLULAR
REGULATION

Proteostasis (Autophagy, UPS, and
Protein Folding Mechanism)

One hallmark of aging is loss of proteostasis caused by
dysfunctional ubiquitin-proteasome system (UPS), protein
folding, and autophagy. Age-related decreases in proteostatic
activity impact cellular differentiation and viability and
inflammatory processes in disease. Indeed, impaired proteasomal
function in human osteoarthritic chondrocytes can contribute
to decreased levels of sox9 and aggrecan, factors that are crucial
for chondrocyte function and maintenance (Serrano et al,
2018). Immunoproteasomes reflects a persistent antistress
mechanism in aging tissue. Activation of forkhead transcription
factor (FoxO) in response to reduced IGF-1 signaling enhances
longevity (Low, 2011). These findings indicate that IGF-I or
insulin can reduce protein degradation rapidly by suppressing
autophagy via mTOR activation and independently Akt
suppressing FoxO transcription, which also inhibits proteasomal
degradation through the reduction of transcription of ubiquitin
ligases atrogin-1 and MuRF1 (Vellai et al., 2009). It is noteworthy
that age-related decline in expression of molecular chaperones
induces endoplasmic reticulum (ER) stress and cellular
apoptosis in articular cartilage (Tan et al., 2020), which suggests
that loss of proteostasis induces ER stress in aged articular
chondrocytes. Autophagy is one arm of the proteostasis

network that coordinates proteome and organelle quality
control and degradation as well as the regulation of energy and
nutrient supply, thereby maintaining cell survival and normal
biosynthetic function in virtually all cell types. Autophagy
is necessary for lifespan extension in several organisms, and
multiple autophagy-related proteins are directly modulated by
longevity pathways. Autophagy is a protective and homeostatic
mechanism in normal cartilage especially in modulating cellular
responses to stress. If autophagic pathways are compromised,
cells may undergo apoptosis, leading eventually to cartilage
degeneration (Caramés et al., 2010). Autophagy-related protein-
7 is an essential regulator of autophagosome assembly; when
depleted in chondrocytes, they accumulate large numbers of
glycogen granules, hardly proliferate, and died specifically in the
proliferative zone without any ER-stress signal (Horigome et al.,
2020). Suppression of autophagy in prechondrogenic cells leads
to defective chondrogenesis, through a lack of glycogenolytic
supply of glucose to avascular prechondrocytes. Enhanced
autophagy is reported to affect intracellular metabolic activity,
i.e, by regulating the metabolism of nutrients, protein, and
lipid and can delay the progression of OA (Luo et al., 2019).
Intriguingly, key bioenergy sensors such as the AMP-activated
protein kinase (AMPK) signaling pathway and Sirtuin 1 (Sirt1)
also have roles in the regulation of autophagy, senescence, and
aging (Ong and Ramasamy, 2018).

Conversely, cellular regulators of autophagy such as Sirtl,
forkhead family O subclass transcription factor 3 (FoxO3),
mammalian target of rapamycin (mTOR), nuclear factor-kB
(NF-kB), and p53 have pivotal roles in energy metabolism,
gene and protein expression, and aging. Sirtuin, known for its
roles in stress resistance and longevity, and FoxO3, a major
modulator of cellular metabolism, proliferation, and oxidant
stress resistance, enhance autophagy, whereas mTOR, and
NF-kB repress autophagy following stress and inflammation,
respectively (Lotz and Caramés, 2011). The loss of autophagy
in articular cartilage under mechanical or inflammatory stress
is associated with aging-related cell death and increasing OA
severity (Goldring and Berenbaum, 2015). Experimental evidence
suggests that autophagy plays both a cytoprotective and death-
promoting role in the pathogenesis of OA (Chang et al,
2013). Autophagy is activated as an adaptive response to
hypoxic conditions; it also plays a cytoprotective role under
various types of stress including disease treatment with DNA-
damaging reagents, ER stress, nutrient and energy deprivation,
as well as radiation. Overall, the age-dependent decline in
autophagic activity contributes to the accumulation of damaged
macromolecules and susceptibility to aging-related OA (Caramés
et al, 2010). In contrast to autophagy-induced cell survival, the
occurrence of OA autophagy in OA chondrocytes may be over-
induced to the extent that the essential cellular constituents for
cell survival are degraded leading to autophagic cell death. The
mechanisms by which autophagy regulates the pathogenesis of
OA have yet to be fully unraveled (Chang et al., 2013); however,
it seems understanding its role holds immense potential in
targeting the process to modulate aging of chondrocytes and
eventually may be a promising therapy for treating OA.
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Mitochondrial Dysfunction
Mitochondrial oxidative phosphorylation accounts for up
to 25% of the total steady-state adenosine triphosphate
(ATP) production in cartilage; however, in OA chondrocytes,
mitochondrial functions including mitochondrial respiratory
chain (MRC) activity and ATP synthesis are altered. Intriguingly,
proteomic analysis of healthy and OA cartilage reveals 26%
of the deregulated protein signature is related to respiratory
chain function (Ruiz-Romero et al., 2009). The accumulation of
mitochondrial DNA (mtDNA) deletions and point mutations
or the indirect effects of nitric oxide (NO), proinflammatory
cytokines, prostaglandins, and reactive oxygen species (ROS)
on MRC function and ATP synthesis could lead to chondrocyte
dysfunction. For example, deficiency of mitochondrial
superoxide dismutase 2 and increases ROS in chondrocytes
leads to mitochondrial dysfunction (Gavriilidis et al., 2013).
Thus when ROS generation exceeds the antioxidant activity
threshold of chondrocytes, oxidative stress impairs MRC protein
complexes resulting in reduced ATP production, deprivation of
energy reserve, impaired matrix synthetic function, and reduced
chondrocyte viability. Importantly, mitochondrial dysfunction
affects several pathways that are critically involved in OA
pathology, including oxidative stress generation, chondrocyte
apoptosis, cytokine-induced chondrocyte inflammation, and
matrix catabolism, as well as ECM calcification (Blanco et al.,
2011). MRC dysfunction perturbs the homeostatic balance of
healthy cartilage by inducing the production of proinflammatory
stimuli and matrix metalloproteinases promoting catabolic
glycosaminoglycan release, while simultaneously suppressing
the synthesis of proteoglycans thereby exacerbating cartilage
degeneration. Certain mtDNA haplogroups predispose people
to OA; mtDNA haplogroup U is associated with an increase
in radiologic severity of knee in OA, conversely mtDNA
haplogroup ] safeguards against hip and knee in OA (Blanco
et al, 2011; Goldring and Berenbaum, 2015). AMPK and
Sirtl work together to maintain biological homeostasis
through suppressing oxidative stress, NF-kB activation, and
deregulation of several inflammatory and catabolic responses.
NF-kB activation of inflammatory and catabolic responses
is suppressed by deacetylating the p65 NF-kB subunit and
priming it for proteasomal degradation, resulting in enhancing
autophagy via repair of dysfunctional mitochondria. However,
deficiency of AMPK activation in OA and aging chondrocytes
could lead to reduced expression of Sirtl and peroxisome
proliferator-activated receptor g coactivator la (PGC-la),
thereby contributing to chondrocyte mitochondrial dysfunction.
New evidence has demonstrated that pharmacologic activation
of AMPK inhibits inflammation-induced catabolic activities,
upregulates expression of antioxidant enzymes and prevents
excessive mitochondrial ROS production. Importantly, activation
of the AMPK/Sirt1/PGC-1a signaling pathway reverses impaired
mitochondrial biogenesis capacity in human OA chondrocytes
via mitochondrial transcription factor A (TFAM) mediation.
The concept of therapeutic activation of chosen components
of the AMPK/Sirtl/PGC-la pathway is yet to be validated
in an in vivo animal model of OA and in human OA (Wang
et al,, 2015). In addition to Sirtl, a recent study has highlighted

the role of Sirt3-mediated mitochondrial homeostasis in OA.
Sirt3, which is mainly located in mitochondria, can exert
its deacetylation activity to regulate mitochondrial function,
regeneration, and dynamics (He et al., 2020). Mitochondrial
dysfunction-induced chondrocyte phenotypic inflammatory
and matrix degradation responses also occur via ROS-mediated
activation of c-Jun N-terminal kinase (JNK)-mitogen-activated
protein kinase (MAPK)/cFos-AP1 pathways in chondrocytes of
osteoarthritic and aged cartilage (Ansari et al., 2020). Although
ROS generation in cells is inevitable, in human chondrocytes
autophagy activation protects against mitochondrial dysfunction
caused by accumulated ROS damage. Taken together, an intimate
and highly coordinated link between bioenergy systems and
chondrocyte aging or OA is now evident. This link is regulated
through a balanced redox system, protective mechanisms
such as autophagy, and apoptosis-survival/longevity pathways
such as JNK-MAPK/cFos-AP1 and AMPK/Sirtuins pathways
(Lopez de Figueroa et al., 2015).

Oxidative Stress

Oxidative stress ensuing from an imbalance of ROS synthesis
and antioxidant defense is a result of increased ROS synthesis
or decreased level of antioxidant and can be measured in
chondrocytes by, for example, an increased level of nitrotyrosine,
a measure of ROS-induced oxidative damage to proteins (Loeser
et al., 2002; Del Carlo and Loeser, 2003; Hui et al., 2016),
and an increased ratio of oxidized glutathione to reduced
glutathione with age (Del Carlo and Loeser, 2003). In vitro studies
suggest that when under oxidative stress cellular antioxidant
enzymes are inactivated via nitration of catalytically active
tyrosine residues; Tyrl06 and Tyrl04 (Savvides et al., 2001).
Furthermore, peroxynitrite (ONOO-), a potent oxidant formed
from the reaction of NO with superoxide, is probably responsible
for the inactivation of thiol-related antioxidant enzymes (Del
Carlo and Loeser, 2003). With an imbalanced redox status, the
susceptibility of chondrocytes to oxidant-mediated cell death
increases, and albeit indirectly, predisposes the older individuals
to develop OA (Del Carlo and Loeser, 2003). In response to
inflammatory mediators, mechanical stress, and partial oxygen
pressure (pO3), chondrocytes can produce an abnormal level
of ROS that exceed their antioxidant capability leading to
a disturbance of redox homeostasis. Overproduction of ROS
oxidizes membrane phospholipids, intracellular and extracellular
components, nucleic acids, and transcription factors, leading to
impaired biological activity and cell death. ROS or secondary
byproducts of oxidative stress likely lead to oxidation of
collagens and proteoglycans by covalently modifying the primary
structure of the proteins. ROS induces oxidative cleavage
of collagens and proteoglycan by breaking the amino acid
bonds or amino acid side chains. Additionally, oxidative
posttranslational modifications induce the unfolding of collagens
and proteoglycans employing steric hindrance or by altering
hydrogen bonds and electrostatic interactions. Ultimately,
crosslinking within the proteins or between neighboring proteins
give rise to alterations in protein secondary and tertiary structure,
the spatial orientation of collagen fibers and bundles, as well
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as surface charge and tension of proteins, which all impair
the biomechanical properties of ECM. Initially, oxidative stress
causes posttranslational modification of ECM proteins, and
following the second set of signals, including AGE- and ROS-
induced inflammation and catabolic pathways, act in conjunction
to promote degeneration of articular cartilage, leading to the
OA phenotype (Hardin et al., 2015). Stress-induced chondrocyte
apoptosis is mediated via PI3K/Akt and caspase pathways at
the very early stages of cellular stress (Lee et al., 2020). Indeed,
extensive oxidative stress decreases the synthesis of collagen
and proteoglycan via regulation of phosphatase and tensin
homolog deleted on chromosome 10 (PTEN), which negatively
regulates PI3K/Akt and ERK/MAPK pathways endogenously,
and these pathways are essential for the synthesis of ECM
proteins. Interestingly, a recent study has highlighted that the
prolonged activation of Akt signaling caused an accumulation
of ROS and triggered chondrocyte senescence as well as
senescence-associated secretory phenotype (SASP) in PTEN-
deficient mice (Xie et al., 2019). On the other hand, chronic
administration of the antioxidant N-acetylcysteine suppresses
chondrocyte senescence (Xie et al., 2019), suggesting the vital
role of an antioxidant in mitigating aging of chondrocytes and
OA progression. Collectively, degradation products and cellular
content embodying oxidized molecules could aggravate synovial
inflammation and create a vicious cycle, established by further
degradation of products and newly synthesized ROS (Henrotin
et al,, 2003). Newly discovered evidence shows that a progressive
loss of cartilage ECM and cellularity with advancing age is
associated with elevated levels of oxidative stress, apoptosis,
MMP13 expression and activity, as well as a decline in autophagy.
All these age-related changes partially explain the significant
predisposition of aged joints to degeneration and development
of OA. In addition to basal mitochondrial ROS synthesis, ROS
are also synthesized by the activated receptor for advanced
glycation end-products (RAGE) through activation of NAD(P)H
oxidase. ROS directly damage proteins, activate p38 MAPK-
induced apoptosis and NF-kB-induced cartilage breakdown
via upregulation of ADAMTS-5 and MMP13, suggesting the
importance of oxidative damage and the IL-1 pathway in
initiating the age-related changes that lead to the development of
OA. In support of this mechanism, a recent study has revealed
the involvement of double-stranded RNA-dependent protein
kinase R (PKR) in regulating p38 MAPK and p53-dependent
destruction of Akt, resulted in aberrant mitochondrial biogenesis
and increased oxidative stress in chondrocytes (Ma et al., 2019).
Predictions by computational modeling, show the inhibitory
effect of blocking the IL-1 pathway on MMP13 production
and inhibition of ALK1-mediated MMP-13 synthesis in the
amelioration of cartilage degeneration of aged cartilage. These
latter studies establish a firm evidential basis for therapeutic
interventions (Hui et al., 2016).

Telomere Shortening and Telomerase

Dysfunction
In human articular chondrocytes, the average rate of telomere
shortening is approximately 40 base pairs/year (Martin and

Buckwalter, 2001) Telomeres maintain chromosome stability by
preventing chromosomal end fusion, and in embryonic stem
cells telomeres are enzymatically renewed through the activity
of telomerase (Kuszel et al., 2015). Most somatic cells lack
detectable telomerase activity and so are susceptible to telomere
shortening (Greider, 1998). Cellular stress can reactivate inactive
telomerase gene expression, leading to telomere extension and
the reacquisition of genomic stability; unregulated reactivation of
telomerase can also lead to malignant transformation (Mollano
et al, 2002). An analysis of telomeres in equine articular
chondrocytes has shown that telomerase activity decreases with
advancing age and telomerase activity is present in prepubescent
horses but not postpubescent horses, implying that telomerase-
positive chondrocytes from prepubescent donors are superior
for cartilage repair approaches. Furthermore, it was found that
while anabolic stimuli do not affect prepubescent telomerase
activity, catabolic stimuli diminishes it (Wilson et al.,, 2014).
In general, chondrocyte chromosomal telomere shortening is
positively associated with biological aging and pathogenesis
of OA (Martin and Buckwalter, 2001; Tamayo et al., 2011).
In addition to the mean telomere length of cells, critically
short telomeres appear to have a disproportionate influence
on cell viability and fate (Kuszel et al., 2015). In 2012, Harbo
et al. (2013) documented that the mean telomere length and
the appearance of ultra-short telomere (below 1,500 basepairs)
correlate with OA severity, proximity to lesions, and senescence
level. The direct relationship between ultra-short telomeres
and biological aging has, however, yet to be fully elucidated.
A gradual reduction of mean telomere length reflects replicative
senescence whereas the presence of ultra-short telomere is
suggestive of stress-induced senescence. Therefore, ultra-short
telomeres are potential biomarkers of oxidative damage and their
presence is indicative of cellular senescence (Maria Harbo et al.,
2012). OA is believed to be an accelerated local aging disease
associated with premature articular cartilage senescence, and,
shortened telomeres and increased chromosomal aberrations
in chondrocytes can contribute to locally advanced senescence
(Fragkiadaki et al., 2020). Generalized increases in genomic
instability lead to an accelerated systemic senescent phenotype,
as shown by the increased numerical chromosomal aberrations
in peripheral blood leukocytes from OA individuals that possibly
enhance the age-related degenerative joint disease (Tamayo
et al.,, 2011). Telomeres shortening by oxidative stress may be
clinically important in the early diagnosis and prognosis of OA,
and understanding its relationship with other metabolic factors
holds a great promise in developing therapeutic targeting of
chondrocytes and related disorders.

Chondrocyte Senescence

Human articular chondrocytes can become senescent with
advancing age especially following trauma and decreased cellular
homeostasis of critical cellular pathways such as autophagy
(Martin and Buckwalter, 2001). Two different mechanisms of
senescence are suggested in chondrocytes: replicative senescence
and stress-induced premature senescence (Rim et al., 2020).
Upregulation of expression of inflammatory cytokines and cell
cycle arrest-related genes such as interleukin-1 beta (IL-IB),
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pl6, p21, p53, and p38 MAPK induces senescence directly
(Vinatier et al., 2018), while downregulation of chondrocyte
phenotypic maintenance genes such as SOX9, BMP-2, IGF-
I, and TGF-p induces senescence indirectly. In vivo research
is required to support these concepts and only then can
articular cartilage regeneration strategies be developed to
overcome the current impediments to tissue repair (Ashraf
et al,, 2016). Various types of cell-intrinsic and cell-extrinsic
stress stimuli activate cellular senescence program orchestrated
by the interplay of various cellular signaling cascades which
eventually activate cell cycle arrest/senescence regulators, either
p53 or pl6 or both (van Deursen, 2014). Cell senescence
via activation of p53-p21-pRb pathway can be reversed by
inactivation of p53 or oncogenic Ras; p53-inactivated cells
resume extensive proliferation culminating in crisis, whereas
oncogenic Ras resumes limited cell proliferation. Once cells
fully engage the pl6-pRb pathway, subsequent inactivation
of p53 and pRb, as well as silencing of pl6, stimulates
DNA synthesis (S phase) which lead to failure in activation
of proliferation, indicating permanent cell cycle arrest. This
evidence suggests that pl6 is essential for establishing the
irreversibility of senescence (Beauséjour et al., 2003). Senescence
induction is regulated by many signaling pathways including
p38MAPK/NF-kB pathways and Akt signaling that hamper the
integrity of articular cartilage. In general, Akt can transduce
both proanabolic and procatabolic signaling in response to
diverse stimuli during cartilage repair (Greene and Loeser,
2015) exemplified by PTEN-deficient articular chondrocytes
that exhibit high levels of senescence inducers p16!™<4¢ and
P53, senescence-associated 3-galactosidase activity, and typical
features of a SASP (Xie et al., 2019).

As discussed earlier, telomeres shorten with the chronological
age of chondrocyte donors and telomere changes are associated
with senescence-like phenotypic drift (Martin and Buckwalter,
2001; Musumeci et al., 2015). Owing to the postmitotic nature
of articular cartilage where chondrocyte renewal is virtually
absent, stress-induced shortening of telomere is more likely
than replicative shortening of telomeres. Stimuli including
excessive mechanical loading, inflammation, and persistent
oxidative stress cause an increased level of ROS which
leads to DNA, protein, lipid and organelle damage. DNA
damage induces telomere shortening that impacts the Hayflick
limit, ie., the ability of cells to re-enter the cell cycle for
further rounds of cell division ultimately leads to cellular
senescence and that propagation of senescence leads to cell
death (Musumeci et al., 2015). Senescent chondrocytes arrest
in the Gl phase of the cell cycle secret SASP, in which
accumulation of the SASP-expressing cells contributes to tissue
senescence by impairing the ECM attributed to the increased
production of degradative enzymes, MMPs. Moreover, aging
and/or OA-related decline in the anabolic and proliferative
response to growth factors as well as the loss of cellularity
support the concept that chondrocyte senescence contributes
to the progression of cartilage degeneration (Musumeci et al.,
2015). Apart from biological aging, in vitro serial expansion
(four passages) of chondrocytes in monolayer culture reported
to turn on the senescence- and dedifferentiation-mediated

genes, leading to the loss of cartilage regeneration ability
(Ashraf et al., 2016). Taking all into account, the association
between aging/trauma, senescence, and phenotypic changes
reduce the number of healthy and functioning chondrocytes,
hence promoting cartilage degeneration and eventually lead to
osteoarthritic pathophysiology.

Reduced Growth Factor Response

In articular cartilage, several growth factors are known to
modulate signaling pathways involved in the stimulation of
cellular quiescence, growth, division, and differentiation, hence
regulating the development and homeostasis of cartilage. It is
executed via multiple modes including the level of receptors,
the concentration of growth factor ligands and growth factors.
TGF-p signals via the ALKS5 receptor and maintains young
chondrocytes in a quiescent state however, the level of ALK5
receptor declines with age leading to an increased ratio of
ALKI1-ALK5. Despite the protective role of TGF-f under
normal physiological condition, enhanced signaling via ALK1
in aged chondrocytes leads to an upregulation of MMP-
13, thereby initiating homeostatic imbalance and cartilage
breakdown (Hui et al., 2016). Insulin growth factor 1 (IGF-
1) has been shown to have anabolic effects in cartilage under
normal circumstances, and decreased levels of IGF-1 also
play a critical role in switching the balance toward catabolic
metabolism during the development of OA (Wei et al.,, 2017).
Under conditions of oxidative stress, IGF-1 does not promote
chondrocyte survival (Del Carlo and Loeser, 2003). Given
that chondrocyte responsiveness to growth factor stimulation
decreases with age (Loeser et al., 2002), the effect of increased
oxidative stress in decreasing the survival-promoting capacity
of IGF-1 is amplified (Del Carlo and Loeser, 2003). Excessive
levels of ROS have been found to inhibit activation of the
IRS-1/PI3K/Akt signaling pathway, which normally promotes
matrix synthesis, while at the same time ROS activates the
ERK MAP kinase which suppresses aggrecan, type II collagen,
and Sox-9 expression. Sustained activation of ERK is associated
with cell senescence, and a study using rat chondrosarcoma
cells has shown that sustained ERK activation, mediated by
FGFR3, promoted the expression of markers that are involved
in the senescent phenotype. Extracellular ROS also contribute
to the inhibition of the Akt pathway through oxidized low-
density lipoproteins (LDL). Oxidized LDL binding to LOX-
1 has been found to induce chondrocyte senescence which
was associated with reduced levels of Akt phosphorylation
after IGF-1 stimulation. Oxidative stress induced by oxidized
LDL has also been associated with the promotion of the
hypertrophic chondrocyte phenotype which has been described
in OA cartilage (Loeser, 2011). It is intriguing to understand how
aging intertwines with the expression of growth factor receptors
which is implicated in survival and the response level of the
cells to stimulatory and inhibitory signals to modulate their
activities. Current efforts in this line is crucial in paving a path
for new improved interventions not only to treat aging associated
cartilage conditions but also to provide prevention strategies
for healthy aging, and this is discussed in the later section on
therapeutic opportunities.
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Epigenetics

It is proposed that genetic factors determine the 20-30% of
the variation in human lifespan whereas non-genetic factors,
stochastic events, and environment determine the remaining
70-80% of the variation. Stochastic events and environmental
factors lead to epigenetic modifications, and these are a
major contributor to the aging phenotype. During aging,
mammalian cells undergo extensive epigenetic changes, resulting
in global DNA hypomethylation and promoter hypermethylation
(Munoz-Najar and Sedivy, 2011). It has been suggested that the
global DNA hypomethylation during aging is likely the outcome
of the passive demethylation of heterochromatic DNA caused
by a progressive loss of DNA (cytosine-5)-methyltransferase 1
(DNMT1) function and/or erroneous targeting of this enzyme
by other cofactors. Genomic DNA hypomethylation possibly
leads to an overexpression of de novo factors. DNA methylase
DNMT3Db could lead to DNA methylation, resulting in aberrant
hypermethylation of promoter CpG islands of many genes
that are initially unmethylated. The role of epigenetics in
linking aging and OA is still an emerging and promising field.
Promoter hypermethylation of estrogen receptor and insulin-
like growth factor II (IGF2) during aging predispose elderly
to sporadic colorectal tumorigenesis (Mufioz-Najar and Sedivy,
2011), similarly, promoter hypermethylation of estrogen receptor
and IGF2 may cause a deficiency of estrogen and IGF2 in
maintaining articular cartilage, thereby accelerating cartilage
turnover and predispose the elderly (and in particular females)
to develop OA. However, there is no experimental evidence
supporting a direct relationship between hypermethylation
of these genes during aging and OA. On the other hand,
epigenetic mechanisms could mediate aberrant gene expression
of transcription factors, cytokines, ECM degradative enzymes,
and ECM proteins in articular chondrocytes, thus triggering the
onset of OA. It has been documented that DNA methylation and
histone acetylation can mediate the downregulated expression
of SOX9 in advanced OA. The question whether epigenetically
modified expression of SOX9 in articular cartilage is the cause
or the result of OA has yet to be answered (M. Zhang and
Wang, 2015). Upregulation of microRNAs miRNA-199a-3p and
miRNA-193b with age may be involved in the chondrocyte
senescence by downregulating anabolic factors such as SOXO9,
aggrecan, and collagen type II. Conversely, downregulation of
miRNA-320c expression with age may be involved in the juvenile-
like phenotypic properties of chondrocytes by downregulating
catabolic factor ADAMTS-4. These findings suggest that miRNA-
199a-3p, miRNA-193b, and miRNA-320c could be functional
markers of cartilage degeneration and evaluation of donor tissues
for cartilage grafting (Ukai et al., 2012).

Metabolism

Macroanatomically, chronic metabolic and oxidative stress lead
to a thinning of the collagen and proteoglycan layers as well as
disorganization of collagen fiber orientation. Microanatomically,
superficial, transitional, and radial zones of cartilage exhibit
a loss of chondrocytes and ECM proteins (Hardin et al,
2015). Subchondral ischemia resulting from hypertension

associates with OA compromising nutrient exchange into
articular cartilage, hence prompting bone remodeling. Ectopic
lipid deposition in cartilage induced by dyslipidemia might
initiate the development of OA, impaired by deregulated
cellular lipid metabolism in joint tissues. Hyperglycemia
accelerates oxidative stress and AGE product formation which
are implicated in cartilage degeneration, whereas low-grade
systemic inflammation contributes to a degenerative internal
cartilage niche that leads to OA progression OA. Obesity-
related metabolic factors, particularly altered levels of adipokines
lead to the expression of various proinflammatory factors and
degradative enzymes, leading to the inhibition of cartilage matrix
production, simultaneously spur remodeling of subchondral
bone (Zhuo et al., 2012).

Modulation in ECM Components

The half-life of type II collagen on average is approximately
100 years (Verzijl et al., 2000) and aggrecan 3.5 years (Maroudas
et al, 1998). In contrast to the whole aggrecan protein,
the aggrecan G1 domain with the role of hyaluronic acid
binding has a lower turnover rate of approximately 25 years.
Aggrecan turnover gives rise to proportionately more G1 domain
fragments occupying hyaluronic acid, therefore, inferior aggrecan
structures are generated upon aging (Hardin et al., 2015). Age-
related changes not only occur in chondrocytes but also in
the cartilage matrix, thereby contributing to OA development.
MRI studies show that knee cartilage thinning occurs during
aging, particularly on the femoral side of the joint and on the
patellae, suggesting a gradual loss of cartilage matrix with age.
Thinning can be due to the loss of chondrocytes and/or reduced
growth factor responsiveness but also in part to something as
simple as reduced water content. Excessive collagen cross-linking,
visualized by yellowing of tissue through glycation, increases
cartilage stiffness and brittleness, thereby increasing susceptibility
to fatigue failure. Increased levels of AGEs in cartilage is
correlated with declining anabolic activity (Loeser, 2011).

In surveying the numerous molecular pathways underlying
the degenerative process in OA, their relationship to
senescence/aging or longevity of chondrocytes, only serves
to highlight their intricacy and interdependency. Hence,
understanding the complexity of these pathways and the
discovery of tools targeting them that are relevant to depressing
inflammation, oxidative stress, and senescence in aging
chondrocytes may be important in combating, treating, or
reversing chronic diseases like OA.

THERAPEUTIC OPPORTUNITIES AND
FUTURE PERSPECTIVE

Degeneration of cartilage is considered to be a multifactorial
dysregulation of cellular systems, where the cellular processes
are interlinked and regulate each other. Fundamentally, aging
and degeneration of the cartilage that leads to OA is attributed
by increased inflammation and decreased regenerative potential
of cartilage. Ideally, therapeutics that could restore impaired
function of chondrocytes and reverse/delay cartilage aging

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 625497


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Ramasamy et al.

Chondrocyte Aging-Mechanisms and Therapeutics

Oxidative stress

Qe B
O® R0
®
DNA damage

| Bioenergy

Mitochondrial
dysfunction

Accumulation of

dysfunctional
proteins
receptors A
Epigenetic Growth
factor response

alteration

Telomere shortening

T Inflammation | Proteostasis
A
TSenescence |ECM production &
\/\ﬁ \
A | Chondrogenic \
A factors
A A
1sasp |A A
SR Gradual loss of
¢4 cartilage matrix

L x
ARy  gopndEy

Ageing chondrocyte @2
Type Il collagen fiber 777

Advanced Glycation End Products @®  Growth factors/cytokines A\

Proteoglycan complex 4

Mitochondria

ECM and cartilage niche, leading to the degeneration of cartilage and onset of OA.
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components) and senescence are fundamental events that is associated with the onset of cellular aging and aging-associated degenerative disorders. Chondrocytes
undergoing aging at multiple levels including genetic/epigenetic aberration, disruption in biochemical and bioenergetics related cellular processes, modulation of

will involve the modulation of the latter two elements. We,
in this review, propose the treatments to achieve this could
be pharmacological interventions or/and cell-based therapy
that offer suppression of excessive inflammation and support
regenerative capabilities.

Pharmacological Treatments

Collectively, understanding molecular determinants of
chondrocyte aging and OA has paved a way in identifying
potential pharmacological treatments that can regulate
these deregulated pathways, hence reversing or delaying
the degeneration of cartilage. Treatments including apoptosis-
inducing reagents in a model of genetic apoptosis inhibition,
arsenic trioxide, hypoxia, mETC inhibitors, and a short
mitochondrial form of p19ARF have been reported to induce
autophagic cell death (Yonggiang Chen et al., 2010). Despite
the promising outcomes by mTOR inhibitors in the treatment
of cancer and other diseases, rapamycin (mTOR inhibitor)
and its rapalogs have not been tested in OA in the clinical
setting. mTOR has a negative feedback inhibition on the activity
of PI3K/Akt pathway, and the inhibition of mTOR leads to

increased activity of the PI3K/Akt/NF-kB pathway, which
may increase MMP secretion by chondrocytes. Therefore, by
simultaneously targeting the PI3K/Akt/NF-kB pathway, dual
inhibition of PI3K and mTOR can be considered a potential
therapeutic approach for OA (Pal et al., 2015). Pharmacological
upregulation of autophagy by rapamycin reduces the severity
of experimental OA, synovitis, ADAMTS-5, and IL-1B
expression, thus enhancing chondrocyte survival and preventing
glycosaminoglycan loss. Though these results are encouraging,
the potent antiproliferative and immunosuppressive effects of
rapamycin pose an additional challenge in translating such
strategies for human applications. Nutrient supplementation
with non-immunosuppressive compounds such as spermidine,
polyamines, or w-6 polyunsaturated fatty acid or treatment
with activators of the UPS could be considered, yet the safety,
specificity, and efficacy need to be experimentally and clinically
validated. Glucosamine is a safe and widely used dietary
supplement that has the potential in enhancing cartilage health
in human, and also acts as an effective activator of autophagy.
Glucosamine activates autophagy in vitro and in vivo via the
Akt/Fox03/mTOR signaling pathways, raising the feasibility that
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glucosamine can be utilized to maintain cellular homeostasis
and joint health although such treatment needs to be continual
and long term to be beneficial (Goldring and Berenbaum, 2015).
Disease and pain control with glucocorticoid therapy in OA
has been employed extensively for decades, acting by diffusing
across cellular membranes, binding their cognate nuclear
receptors and, interrupting the inflammatory and immune
pathways at a number of levels. A recent study demonstrated
that dexamethasone, a synthetic glucocorticoid, increases the
intracellular ROS levels, autophagy markers, and expression
of FoxO3. In response to the increased ROS level, autophagy
is induced as a defense mechanism via ROS/Akt/FoxO3
pathway which subsequently protects human chondrocytes from
ROS-induced apoptosis. Of note, long-term administration
of dexamethasone increasing ROS level could upregulate the
expression of ADAMTSs and MMPs via ROS-dependent manner,
thereby contributing to advancing cartilage degeneration (Shen
et al., 2015). There have been many studies that have pursued
the targetting of these metabolic pathways in order to stabilise or
reverse OA disease especially using natural products, nutrients,
pharmacological agents and biologics such as cell-free and
cell-based regenerative strategies, and a selection of these are
captured in Table 1.

The use of ROS scavengers is probably the simplest
strategy to prevent stress-induced senescence; antioxidants,
ascorbic acid (vitamin C), N-acetylcysteine, sodium pyruvate,
sodium selenite, and Trolox (see also Table 1) improve
mesenchymal stem cell cellular “health,” increase cell yield,
and maintain the differentiation potential of cells (Turinetto
et al, 2016). RNA interference of p16'"5*% in OA cell cultures
can restore their anabolic metabolic responsiveness to growth
factors, similar to younger fetal chondrocytes, but the effect
appears to require continual treatment to suppress p16!"k4
expression (Zhou, 2004). To prove the causal role of senescent
cells in chronic disease, Baker et al. (2011) developed an
in vivo transgene model to selectively remove p16™K4® fve
senescent cells by apoptosis in aged and prematurely aging
hypomorphic BubR1*/H mice which then showed delayed
onset of sarcopenia, prevention of adipose loss and cataract
formation. Baar et al. (2017) used cell-penetrating peptides
that target FOXO4 interactions with p53 localized at DNA
segments with chromatin alterations reinforcing senescence
(DNA-SCARS) to sensitize senescent cells to p53-dependent
apoptosis. FOXO4-p53-interfering peptides can be used to
induce apoptosis in senescent cells in vitro and in vivo,
in the latter context reducing fragility and renal failure in
fast aging Xpd!™P/TTP and naturally aging mice. Similarly,
dasatinib and quercertin also function in combination to
eliminate senescent cells and reduce frailty in aged mice
through inhibition of Src kinase and antiapoptotic Bcl-xL
(Xu et al, 2018). The use of dasatinib/quercertin to treat
OA has been mooted (McCulloch et al., 2017), but their
use in vitro to prepare cells for ACI is possibly a more
targeted application. Despite convincing data pointing to the
causal role of senescence in chronic conditions, in light of the
evidence demonstrating senescent cell participation in promoting
wound healing (Demaria et al., 2014), stem cell priming and
plasticity (Ritschka et al,, 2017), and limb regeneration (Yun

et al., 2015), aspects of their physiological function has to be
appraised. In cartilage, the accumulation of senescent cells in
adult tissues may help to retain cellularity in a tissue that
otherwise could be depopulated below a threshold level for
maintenance of the ECM.

Evaluation of recent studies suggests the secretory profile of
senescent cells constitutes a transient signal to initiate repair
processes, while persistent activation of a proinflammatory
secretome is the basis of chronic wounding and disease (Kowald
etal., 2020). Again, these are reasons why senolytic interventions
may be best suited to generating a stable, progenitor population
for cell therapy rather than treating OA joints.

Regenerative Therapies

Cell-Based Therapies

Pharmacological treatments to regulate pathways leading to
accelerated aging of chondrocytes in cartilage can potentially
reduce the severity of OA in patients with established
disease affecting the whole joint. This approach is less
amenable for younger patients who at first presentation are
symptomatic with localized cartilage lesions in their joints.
These lesions can be repaired using a variety of cell therapies
that overcome an inherent barrier to cellular migration
facing chondrocytes embedded within a dense ECM at the
wound edges (Hunziker, 2002). For example, mesenchymal
stem cells (MSC) in the marrow beneath the overlying
subchondral bony plate can be released into the lesion by
drilling or puncturing through the plate. However, microfracture
produces transient fibrocartilaginous repair tissue that is
functionally suboptimal.

Another, no less-invasive procedure, autologous chondrocyte
implantation (ACI), requires two surgeries, the first to remove
a cartilage biopsy, from which cells are cultivated, that are
then transplanted in a second procedure into the debrided
lesion under a periosteal flap (Brittberg et al., 1994). The latter
procedure produces more hyaline cartilage than microfracture.
The inherent disadvantage of ACI is the number of cells
isolated and expanded from the biopsy limits the size of
the lesion that can be repaired because the ability of cells to
efficiently redifferentiate reduces markedly upon >5 passages
in culture (Schulze-Tanzil et al, 2002). Also, replicative
senescence within the expanded cell population may also
further limit their repair potential. To overcome these
limits, repair strategies have progressed to use allogeneic
mesodermal (and tissue-specific) progenitors and adult stem
cells/MSCs; as allogeneic transplanted cells differentiate and
become embedded in a supportive ECM, they are effectively
immune privileged.

As mentioned earlier, mature chondrocytes have limited
ability to repair cartilage defects due to an inherent inability
to migrate through the ECM, one approach to repair
cartilage defects is by introducing a new cell population
to stimulate repair and produce structural repair of
lesions. Hence, MSCs are considered to be an excellent
compatible cellular source that are easily expanded in
culture, and following seeding in an artificial matrix, can
be implanted into a cartilage defect and retain the capacity
to undergo chondrogenesis and generate hyaline cartilage.
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TABLE 1 | Chondroprotective therapeutics and the underlying mechanism of action targeting aging and degeneration associated determinants.

Categories of therapeutic

strategies

Therapeutics

Therapeutic mechanism

References

Natural products/nutrients and  Ascorbic acid

their derivatives

Pharmacological agents
(biological factors/Drugs)

Biologics (cell-based)

Biologics
(cell-free)

Baicalin

Curcumin

Delphinidin (a primary plant
pigment, and also an
antioxidant)

Diosmin

Polyphenols derived by olive
extracts (e.g., Oleuropein)
Resveratrol

Vitamin D

Irisin, a cleaved form of
fibronectin type Il domain
containing 5 (FNDC5)

Fenofibrate

Navitoclax (ABT263)

Peroxiredoxin Il (Prx Il)

Rapamycin

Articular cartilage progenitors

Adult stem cells
(tissue-specific and
mesenchymal stem cells)

Embryonic stem cells/induced
pluripotent stem cells

Platelet-rich plasma

e Protection for human chondrocytes against oxidative stress

e Prevented the apoptosis of endplate chondrocytes by inhibiting the
oxidative stress

o Inhibited endoplasmic reticulum stress

o Protects human OA chondrocytes against IL-1B-induced apoptosis

e Protects the degradation of ECM through activating autophagy via
miR-766-3p/AlFM1 axis

e Protected the mitochondrial function, hence prevented cartilage
degeneration

e improves age-related and surgically induced osteoarthritis by promoting
autophagy

o Inhibited apoptosis of chondrocytes through activation ERK1/2
signaling Pathways induced autophagy

o Inhibited the PERK-elF2a-CHOP pathway through promoting SIRT1
expression in oxidative stress

e Cytoprotects chondrocytes against oxidative stress through activation
of autophagy

e Chondroprotective effect via modulating oxidative stress
Targeted Cx43 and senescence

o Exerted anabolic, anti-catabolic, anti-inflammatory and
chondroprotective effects

o Delays cartilage degeneration autophagy via AMPK/mTOR pathway

o Activated autophagy via mediating the AMPK-mTOR signaling pathway
in chondrocytes, to reduce osteoarthritis

e Modulated Oxidative Stress

e Regulated mitochondrial Integrity

o Regulated autophagy

e Senotherapeutic molecules with pro-autophagic activity

o A specific inhibitor of the BCL-2 and BCL-xL proteins
e Reduced inflammation
o Senolytic drug

o Anti-oxidative stress and anti-aging effects
e Reduced oxidative stress and cell senescence in chondrocytes by
activating the p16-CDK4/6-pRb-E2F signaling pathway

o A specific inhibitor of the mTOR signaling pathway
e Enhanced expression of autophagy regulators and prevents
chondrocyte death.

¢ Resistance to telomere erosion through the expression of telomerase
o Tissue replacement therapies

e Reduced catabolic effect

e Reduced inflammation—via their indirect regenerative effects
(secretomes and EVs)

o Immunomodulatory effect

o Anti-apoptosis and anti-fibrosis

e Tissue replacement therapies

o Tissue replacement therapies

e Reduced inflammation

e Regulates cell chemotaxis

e Improved angiogenesis

e Enhanced cell proliferation and cell differentiation

e Enhanced ECM production, hence matrix deposition

Chang et al., 2015

Pan et al., 2017; Cao et al.,
2018; Li et al., 2020

Lietal, 2017; Feng et al.,
2019; Nicoliche et al., 2020

Lee et al., 2020

Yi—Ru Chen et al., 2019
Varela-Eirin et al., 2020

Imetal., 2012; Qin et al.,
2017

Kong et al., 2020

Wang et al., 2020

Nogueira-Recalde et al.,
2019

Yang et al., 2020

Shao et al., 2020

Caramés et al., 2012; Pal
etal., 2015; Bao et al.,
2020

Dowthwaite, 2004; Williams
et al., 2010; McCarthy

et al., 2012; Jiang et al.,
2016

Samuel et al., 2018;
Samuel et al., 2019

Chang et al., 2020;
Gardner et al., 2019
Moussa et al., 2017; Garbin
and Olver, 2020

(Continued)
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TABLE 1 | Continued

Categories of therapeutic
strategies

Therapeutics

Therapeutic mechanism

References

Extracellular
vesicles/exosomes

e Improved cartilage thickness
e Increased matrix deposition
e Better subchondral bone integrity

Wang et al., 2017; Khatab
etal., 2018; Zhang et al.,
2019; Jin et al., 2020

e Reduced synovial cell apoptosis

e Reduced MMPs

Additionally MSCs can also be used to produce paracrine
factors to induce cartilage repair, either alone or implanted
in combination with autologous articular chondrocytes
(Sariset al., 2021).

In vitro expanded tissue-specific articular cartilage progenitors
exhibit resistance to telomere erosion through the expression
of telomerase, and, in contrast to bone marrow-derived MSCs,
they preferentially differentiate to form hyaline cartilage
rather than calcified cartilage or bone (Dowthwaite, 2004;
Williams et al., 2010; McCarthy et al., 2012). Cell kinetic
and telomeric analysis of articular chondroprogenitors
from normal and OA human cartilage show approximately
50% of OA progenitors undergo accelerated senescence
following culture expansion (Fellows et al, 2017). Zhou
(2004) discovered OA chondrocytes show a higher trend
of p16"™k47 expression than age-matched controls and fetal
cartilage, and, that this pattern of expression extends to cells
following isolation and culture expansion. These data argue
for the isolation of chondroprogenitors from younger non-
diseased donors for culture expansion (Adkisson et al., 2010).
Senolytic or senostatic molecules can be used to maintain
a healthy viable progenitor population during an in vitro
cell culture expansion phase, removing cells that would
otherwise compromise repair through “bystander” effects upon
transplantation.

Cell-Free-Based Regenerative Therapies
Platelet-Rich Plasma-Based Therapy

In recent years, much effort has also been directed to study
the therapeutic value of naturally occurring biomolecule pools
such as platelet-rich plasma (PRP) for cartilage regeneration.
The presence of many important growth factors in PRP
may enhance the anabolic signal for regeneration, and thus
may offer therapeutic benefit to patients with OA (Marmotti
et al, 2015). Applying a similar theoretical framework, PRP
may also enhance cellular expansion and chondrogenesis of
the MSCs, thus may synergistically improve cartilage repair.
The reproducible positive effect of PRP on chondrocyte and
MSC proliferation and chondrogenic differentiation indicates
that the adjunct of use of PRP may be advantageous to
promote cellular expansion in vitro for the enhancement of
cell-based therapy.

The regenerative capacity of PRP is mainly attributed to
its broad biomolecular composition, including chemokines,
cytokines, small molecules, adhesive proteins, proteases,
antiproteases, exosome-derived microRNAs, receptor ligands,
and growth factors, all of which are essential components
for the initiation and maintenance of the tissue healing

response (Garbin and Olver, 2020). This includes regulation
of cell chemotaxis, angiogenesis, cell proliferation, cell
differentiation, and ECM production (Foster et al., 2009;
Gobbi et al, 2012; De La Mata, 2013). Multiple clinical
studies have shown that intra-articular injection of PRP
significantly ameliorates OA symptoms (Kon et al., 2010; Filardo
et al.,, 2011; Gobbi et al., 2012; Patel et al., 2013; Raeissadat
et al, 2013). Intriguingly, the use of PRP has been shown
in immature bovine cartilage explants to induce articular
cartilage maturation including reorganization of the ECM
into a more adult-like state and this may underly some of the
efficacy noted for PRP injections especially in younger patients
(Zhang et al., 2017).

Extracellular Vesicles as an Emerging Therapeutic
Approach

The relevance of extracellular vesicles (EVs) in regulating the
development of age-related conditions is based on the notion
that EVs are one of the known mechanisms responsible for
the maintenance of cellular homeostasis (Baixauli et al., 2014;
Desdin-Micé and Mittelbrunn, 2017). Loss of EV regulatory
influence contributes to the deregulation of processes essential
for cellular integrity and signaling pathways involved in
cellular metabolism and growth (Yafei Wang et al, 2017).
Consequently, this leads to the development of cellular events
such as oxidative stress, protein aggregation, mitochondrial
dysfunction, and inflammation (Klaips et al, 2018), all of
which are contributing factors of aging, as discussed earlier.
Intriguingly, stem cells, as somatic cells, release a large
number of EVs (Drago et al, 2013; Katsuda et al., 2013;
Tetta et al, 2013). The role of EVs in mediating tissue
repair by stem cells from which they are derived has been
consistently demonstrated (Camussi et al., 2010; Ratajczak, 2011;
Panagiotou et al., 2016).

Preclinical studies especially in vivo studies revealed
injection of secretomes or EVs derived from multiple cellular
sources improves cartilage thickness, matrix deposition,
and subchondral bone integrity, reduced synovial cell
apoptosis, and reduced MMPs in animal injury models
(Yafei Wang et al., 2017; Khatab et al., 2018; Zhang et al., 2019;
Jin et al., 2020).

While these in vivo studies directly injected EVs intra-
articularly, their study designs were highly varied. Moving
forward, clinical studies for EV transplantation requires
deliberate consideration on the standardization of EV
preparation protocol, dose, and injection times, thus allowing
more reproducible and comparable datasets to be used to
progress treatments for cartilage degeneration in OA.
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CONCLUSION

In summary, cellular homeostasis of chondrocytes and cartilage
is maintained through the molecular sensors regulating
complex yet interlinked cellular events including bioenergetical
homeostasis, survival, the balance of oxidative and antioxidative
production, genetic integrity, mechanobiology, and intercellular
communications within the tissue niche. When deregulation
occurs in tissue and cellular homeostasis of cartilage, it leads
to degenerative disorders. In this review, we have highlighted
the hallmarks of chondrocyte aging and degeneration of
cartilage in light of their key molecular determinants and
their underlying mechanisms. Recent efforts in developing
therapeutics that target deregulated cellular homeostasis are
captured too. Moving forward, novel approaches for activating
the deregulated survival pathways and restore the balance of
homeostasis through naturally occurring nutrients and natural
products or pharmacological interventions or even innovative
strategies using biologics for slowing down or reversing aging
of cartilage should be further investigated. This new generation
of treatment strategies can potentially make a significant impact
on improving the lives of patients suffering from many aging
associated chronic diseases like OA.
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