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Abstract: Changes in articular cartilage during the aging process are a stage of natural changes in the
human body. Old age is the major risk factor for osteoarthritis but the disease does not have to be
an inevitable consequence of aging. Chondrocytes are particularly prone to developing age-related
changes. Changes in articular cartilage that take place in the course of aging include the acquisition
of the senescence-associated secretory phenotype by chondrocytes, a decrease in the sensitivity
of chondrocytes to growth factors, a destructive effect of chronic production of reactive oxygen
species and the accumulation of the glycation end products. All of these factors affect the mechanical
properties of articular cartilage. A better understanding of the underlying mechanisms in the process
of articular cartilage aging may help to create new therapies aimed at slowing or inhibiting age-related
modifications of articular cartilage. This paper presents the causes and consequences of cellular aging
of chondrocytes and the biological therapeutic outlook for the regeneration of age-related changes of
articular cartilage.
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1. Introduction

The motor system is the basis for the motion of the human body and the processes that take place
in it during aging result not only in limiting the self-sufficiency in performing everyday activities,
changes in attitude and gait and increased risk of falling but they also affect the function of internal
organs and the quality of life [1].

Attempts to elucidate the causes of age-related changes in articular cartilage and the development
of osteoarthritis (OA) include several theories, including the wear and tear theory [2]. Causes of
OA development are also sought in processes related to cellular aging, such as the acquisition
of the so-called senescence-associated secretory phenotype (SASP), which derives from a change
of gene expression in old cells [3], the weakening of the chondrocyte response to growth factors,
including the insulin-like growth factor-1 (IGF-1) and transforming growth factor-β (TGF-β) [4],
mitochondria function disorders and the effect of oxidative stress [5] as well as the accumulation
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of advanced glycation end products (AGEs) [6]. Therefore, the destruction of articular cartilage
which progresses with age is not only a result of mechanical overload caused by obesity, posture,
gait disorders or trauma. Depletion of cartilage that penetrates into the sub-cartilage bone is a gate to
non-differentiated mesenchymal cells which—depending on numerous local factors—can differentiate
towards osteoblasts which produce bone tissue, towards fibroblasts which contribute to the formation
of fibrous connective tissue or towards chondroblasts, which can produce fibrous or hyaline-like
cartilage [7]. Unfortunately, physiological regenerative capability of articular cartilage is highly
limited and, in cases of significant damage, only external therapeutic intervention can improve the
local condition.

2. Cellular Senescence

Cellular senescence affects all cells. After the number of divisions (ca. 30–60) determined by the
replication limit (Hayflick’s limit) in an in vitro culture, cells lose their replication potential and stop
dividing while continuing to age but they do not die at once and can remain metabolically active for
a long time [8]. The aging of cells and organs is probably caused by the accumulation of old cells,
which—because of changed metabolism and secreted proteins—create their own microenvironment,
affecting their own activity and adjacent cells. The low-grade inflammation which develops as a result
of these processes accompanies a majority of old-age diseases [9]. Cellular senescence not only reflects
the aging of the body but it also plays a significant role in tissue regeneration in young individuals and
probably reduces the risk of neoplasm formation by inhibiting mitotic divisions of cells with damaged
genetic material [10]. Unlike in apoptotic cells, the activity of senescence associated β-galactosidase
(SA-β-gal) increases in the aging process [11]. As a result of DNA damage, aging cells acquire a specific
secretory phenotype which leads to their elimination by immune system phages, while at the same
time contributing to the development of age-related diseases. The essence of SASP lies in secretion to
the environment of a range of cytokines (interleukin: IL-1, -6, -7, -13, -15), inflammatory chemokines
(CCL2/MCP-1, CCL8/MCP-2, CCL26, CXCL8/IL-8, CXCL12/SDF-1), growth factors (amphiregulins,
EGF, hFGF, HGF, heregulins, KGF, NGF, VEGF), metalloproteinases (MMP) -1, -3, -10, -12, -13, -14,
other proteases and their modulators (TIMP-2, PAI-1,PAI-2, t-PA, u-PA) [12].

Two types of cellular senescence are distinguished: replicative and accelerated [13]. Replicative
senescence is associated with exhaustion of the division limit. This is caused by shortening of telomeres,
whose function is to protect the ends of chromosomes from joining and preserving the genome
integrity. Human telomeres consist of thousands of repetitions of motifs made up of six pairs of
bases TTAGGG and they constitute a specific counter of cell divisions. The telomere structure is
supported by shelterins—proteins that ensure maintenance of their specific structure. Telomeres are
multiplied with a specific reverse transcriptase (RT)—telomerase in a complex process, coordinated
by genomic replication. Human telomerase is made up of two main subunits—the telomerase RNA
template (hTERC) and the catalytic enzyme telomerase reverse transcriptase (hTERT), which are
responsible for replication of base pairs in a specific sequence and for the length of telomeres,
respectively [14]. Activity of telomerases in regular human tissues is not sufficient to keep the
telomere length constant, which results in telomeres becoming shorter with each cellular division [15].
When telomeres are shortened down to half of their original length on five chromosomes, phenotypic
cell senescence occurs [16]. Stress-induced premature senescence (SIPS), associated with DNA damage,
is another type of cellular senescence that takes place regardless of physiological telomere shortening.
Accelerated senescence can be triggered by oxidative stress, oncogenes, UV radiation or a chronic
inflammation [17]. This process is faster than replicative senescence and it does not result directly
from exhausting the division potential. The causes of each of these types of senescence is different
but they are associated with activation of the same path of response to DNA damage. Such a
signal in replicative senescence is generated by shortened telomeres or ones without shelterins.
A similar response in accelerated senescence is triggered by a rupture of a double strand of DNA
in telomere sections which are inaccessible to the repair systems due to their specific structure and
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protective proteins [17]. A response to DNA damage is controlled, inter alia, with protein p53,
which is an inhibitor of cyclin-dependent kinases, which is responsible for inhibiting cellular divisions
and hypophosphorylated Rb (retinoblastoma protein), which is responsible for recruiting enzymes
associated with epigenetic chromatin modification [18].

3. Senescence-Related Changes of Articular Cartilage

Homeostasis of cartilage depends on the regularity of function of mature chondrocytes and
progenitor cells. With age, the matrix of articular cartilage also undergoes molecular, structural
and mechanical changes, there are some changes in the composition and structure of proteoglycans,
collagen cross-linking increases and the elongation strength of cartilage decreases. The balance between
anabolic activity of chondrocytes and destructive processes is disturbed. Articular cartilage thins
slowly as the matrix reduces, cartilage hydration decreases and the chondrocyte count decreases
(Figure 1). An age-related decrease in the number of chondrocytes in articular cartilage has been
observed in people without clinical symptoms of arthritis, although more pronounced chondrocyte
loss is present in patients with OA [19]. The number of chondrocytes in the hip joint cartilage in people
aged 30–70 years was reduced by ca. 40% [20]; similar differences have been observed in animal
studies [21]. However, in a study of human knee joint cartilage, no significant changes in the number
of chondrocytes were observed [22]. The frequency of chondrocyte divisions observed in articular
cartilage in adults is low, which—with a very small number of local progenitor cells—may suggest
that chondrocytes in elderly people are the same cells as many years earlier but are considerably
changed. It also appears that the number of apoptotic cells in human articular cartilage does not
increase significantly with progressing age [22].
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Figure 1. The age-related changes in cartilage.

Senescence of chondrocytes is accompanied by aging-related changes in extracellular cartilage
matrix (ECM). The unique properties of extracellular matrix of cartilage have their source in collagenic
and non-collagenic glycoproteins, proteoglycans and hyaluronic acid. ECM in articular cartilage plays
a crucial role in regulating chondrocyte functions via cell-matrix interaction, organized cytoskeleton
and integrin-mediated signalling [23]. A reduction in cartilage volume can be caused by a reduction of
water content dependent largely on the content of aggrecan, which is the principal proteoglycan in an
articular cartilage matrix. Sulphated, negatively-charged glycosaminoglycans (GAG), which make
up aggrecan, are characterised by high hydrophilicity and are responsible for cartilage elasticity.
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There have been reports describing age-related changes of size, structure and degree of sulphation of
aggrecan which resulted in a decrease in hydration and elasticity of cartilage [24].

3.1. Telomere Shortening

Like in cells of other tissues, telomeres have been found to be significantly shortened in
chondrocytes of articular cartilage which have passed through a larger number of cellular divisions [25];
larger numbers of shortened telomeres have also been reported in chromosomes of chondrocytes in
elderly people [25]. Age-dependent shortening of telomeres has been observed recently in a study
conducted with people with no symptoms of arthritis and in a group of OA patients [26]. The activity
of telomerase is higher in chondrocytes in young individuals, which enables repair procedures in
young chondrocytes; this activity is reduced considerably after puberty [27]. Attempts have been
made to explain the importance of telomeres shortening for senescence of chondrocytes and their
precursors—mesenchymal stem cells (MSCs). The length of telomeres varies depending on the donor’s
age. Embryonic or foetal cells have longer telomeres, telomerase activity in them is higher and they
senesce later than cells collected from adult individuals [28]. The length of telomeres in chondrocytes
has been reported as 9 to 11 kbp in donors over 55 years old and below 12 kbp in donors under 22 years
old [3]. Guillot et al. report that telomeres in foetal stem cells were significantly longer (10 to 11 kbp)
than in MSCs obtained from the bone marrow of adult individuals (under 7 kbp) [28], whereas Mareschi
et al. found the length of telomeres in MSCs of young donors to be approx. 10 kbp [29]. In these in vitro
studies, the telomere length in bone marrow MSCs decreased by 1.5–2 kbp per passage. Telomere
length in bone marrow MSCs decreased by 17 bp a year, as found in an in vivo study [30]. Interesting
findings were presented in a paper by Parsch et al. where telomeres in bone marrow MSC remained
shorter than in chondrocytes even after they were chondrogenically differentiated and their shortening
was inhibited at a length of approx. 10 kbp [31]. Apart from the length reduction caused by replicative
senescence, telomeres shortening is caused by oxidative stress and destruction of DNA strands [32].
Telomeres in chondrocytes and in MSCs have been found to shorten considerably in cell culture
subjected both to sublethal oxidative stress and to prolonged low-level stress [33,34]. A relationship
has been described between a considerable shortening of telomeres in chondrocytes and intensified
senescence of chondrocytes and the severity of OA [35], although no differences have been observed
in another study in the length of telomeres in regular chondrocytes and in those collected from OA
lesions [36]. The reason for the large differences between these studies may be the use of different
telomere length estimation methods.

3.2. Oxidative Stress

Chondrocytes and MSCs are known to be exposed naturally to under-physiological oxygen
concentrations. Reactive oxygen species (ROS) induce telomere shortening stimulated by DNA
damage [37,38]. The amount of ROS in chondrocytes increases with age, excessive mechanical load
and activity of inflammatory cytokines [39]. The addition of ROS to a chondrocyte culture resulted in
developing aging-related phenotypic traits in chondrocytes [39]. The amount of proteins (which are
shelterins) associated with telomerase TRF1, TRF2 (telomeric repeat binding factor 1, 2) increases
considerably in chondrocytes under oxidative stress during early cell division. These proteins are
responsible for the formation and maintaining the structure of telomeres, protein XRCC5 (X-ray repair
complementing defective repair in Chinese hamster cells 5) participating in the repair of two-strand
DNA and sirtulin 1 (SIRT1), which suppresses protein p53 and prevents inhibition of cell divisions.
Secretion of these shelterins is much weaker in later divisions [37]. This study suggests a protective
effect of proteins TRF1, TRF2, XRCC5 and SIRT1 on young chondrocytes against shortening of
telomeres associated with damage to DNA strands under oxidative stress, whereas in chondrocytes
which divide later, a decrease in the activity of these regulatory proteins results in decreased tolerance
to ROS and in the accumulation of damaged DNA, which may induce aging-related processes.
ROS appear to induce acceleration of chondrocyte senescence by intensifying expression of p53 and
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p21 and by activation of p38 MAPK (mitogen-activated protein kinase) and phosphatidylinositol
3-kinase/Akt (PI3K/Akt) signalling pathways [40]. Chondrocytes in areas of cartilage affected
by OA have been found to contain an increased amount of nitrotyrosine—an oxidative damage
marker—which was proportionate to intensification of histological changes [41]. Oxidative stress
affecting chondrocytes participates in inducing apoptosis, decreases the cells sensitivity to growth
factors, leads to mitochondria dysfunction, telomere-related genomic instability and loss of cartilage
matrix [42–45]. ROS also contribute to senescence of MSCs, which are precursors of chondrocytes.
The presence of antioxidants (such as N-acetylcysteine (NAC) and ascorbic acid) in cell cultures,
increased the proliferative activity of MSCs [44,46] and the proliferative and differentiating capability
of MSCs in low oxygen concentration (3–5%) was higher than in physiological concentrations
(20%) [47,48].

With age, excessive formation of ROS takes place and the oxidative-antioxidative equilibrium
is disturbed in cartilage matrix. In reaction with the core protein of proteoglycans, reactive oxygen
species modify amino acid residues and cause ruptures of the polypeptide chain of the core protein
and formation of proteoglycan fragmentation products in the form of glycosaminoglycan chains bound
to core protein residues and free glycosaminoglycans [49].

3.3. Inflammatory Cytokines

Epidemiological studies indicate a relationship between a low-level systemic inflammation
and an increase in a concentration of inflammatory cytokines, including C-reactive protein (CRP),
IL-6 and TNF-α and the development of OA [50,51]. Inflammatory cytokines can be generated
locally in chondrocytes, synovial membrane cells and infrapatellar fat pad-derived cells [50].
Articular cartilage aging may result from the acquisition of a specific secretory phenotype by
chondrocytes, whose characteristic features include an increase in the production and secretion
of interleukins, matrix metalloproteinases and growth factors, including epidermal growth factor
(EGF) [38,52]. SASP-inducing factors include granulocyte macrophage colony stimulating factor
(GM-CSF), growth regulated oncogene-α, -β, -γ (GRO-α, -β, -γ), IL-1α, IL-6, IL-7, IL-8, monocyte
chemoatractant protein (MCP)-1, -2, IGF-1, macrophage inflammatory protein-1α (MIP-1α) as well
as MMP-1, MMP-10 and MMP-13 [50]. Literature reports have described increased expression of
metalloproteinases MMP-1 and MMP-13 in aging cartilage [53] and the accumulation of neoepitopes
of collagens formed as a result of denaturation and fragmentation of collagen [54]. Other studies have
found the capability for production and secretion of IL-1 [55] and IL-7 [56] by isolated chondrocytes
to significantly increase with the donor’s age and an increase in IL-7 secretion to be associated
with increased production of MMP-13 [56]. Moreover, the inflammation process induced by the
administration of IL-1β was associated with an increase in the expression of p16INK4a, resulting in
increased production of MMP-1 and MMP-13 [52].

The total amount of all proteoglycans in cartilage decreases with age. Age-related modifications of
proteoglycans in cartilage matrix are related to synthesis disorders and enzymatic and non-enzymatic
degradation. Degradation of proteoglycan macromolecules which intensifies with age is accompanied
by overexpression of MMP, including MMP-1, MMP-8, MMP-13 with a concomitant decrease
in their tissue inhibitors (TIMP) [57]. The activity of disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS), including aggrecanases ADAMTS-4 and ADAMTS-5, which
participate in the digestion of core proteins of aggrecans, increases with age [58]. Apart from a
direct effect degrading the extracellular matrix of cartilage, these enzymes stimulate the secretion of
inflammatory cytokines, e.g.,: IL-1, IL-6 and the tumour necrosis factor-α (TNF-α) [38]. IL-1, IL-6 and
TNF-α induce chondrocytes to synthesise increased amounts of matrix metalloproteinases, at the same
time inhibiting the production of natural inhibitors of these endopeptidases [58]. Additionally, IL-1 and
TNF-α stimulate the production of insulin-like growth factor-binding protein-1 (IGFBP-1). IGFBP-1
binds IGF-1, thereby decreasing its binding capability with an appropriate receptor on chondrocytes,
which leads to a decreased response of mature chondrocytes to IGF-1 [59]. An effect of IL-1 and TNF-α
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results in an increase in the activity of inducible nitric oxide synthase (iNOS), and—secondarily—in an
increase in secretion to the matrix of catabolic metalloproteinases and prostaglandins [58].

3.4. Altered Responsiveness to Growth Factors

With time, the anabolic activity of chondrocytes in cartilage decreases and the chondrocyte
metabolic equilibrium shifts towards catabolic mechanisms.

Chondrocyte response to IGF-1 decreases with age [4]. Similar disturbances also occur in isolated
chondrocytes from cartilage with symptoms of OA [60]. IGF-1 stimulates the proliferation of cartilage
cells, supports the synthesis of cartilage matrix cells and inhibits chondrocytes apoptosis through
phosphoinositide 3-kinase (PI3K) and extracellular signal-regulated kinase (ERK) [61]. IGF-1 increases
the synthesis of proteoglycans of cartilage matrix under in vitro conditions by activating the kinases
PI3K/Akt/mTOR/p70S6 pathway [62]. Through PI3K, IGF-1 stimulates MSCs to chondrogenic
differentiation [62].

Expression and amount in cartilage of osteogenic protein OP-1 (BMP-7), which is a member of
the bone morphogenetic proteins superfamily, decreases with age. The addition of anabolic protein
OP-1 to a culture of chondrocytes collected from mature individuals does not affect the activity of
telomerase, whereas an addition of inflammatory cytokine IL-1α inhibits its activity [27].

The concentration of TGF-β2 and TGF-β3 (but not TGF-β1) in cartilage also decreases in an
age-related manner, like the number of TGF-β receptors [21]. TGF-β is secreted by cells as a latent
form (latent TGF-β, L-TGF-β). An active form is generated after dissociation of the non-covalently
bonded latency-associated peptide (LAP). LAP dissociation is effected by the plasminogen/plasmin
proteolytic system [63], thrombospondin-1 (TSP-1) [64], metalloproteases [65] as well as by mechanical
stress [66]. After TGF-β binds to the II type receptor, an activin receptor-like kinase 5 (ALK5) recruiting
complex is formed, which is a TGF-β type I receptor. Such a compound induces phosphorylation of
serine and threonine residues of type I receptor by type II receptor. The primed receptor transmits
the signal directly to cytoplasm, where R–SMAD proteins are phosphorylated and translocated to the
cell nucleus [67]. TGF-β signal transmission can be mediated by an alternative ALK1 type I receptor,
resulting in the final cellular differentiation and hypertrophy [68]. Binding of TGF-β to the ALK5
receptor leads to phosphorylation of proteins: SMAD2 and SMAD3, whereas binding of TGF-β to
the ALK1 results in phosphorylation of SMAD1, SMAD5 and SMAD8. Activation of SMAD2/3 and
SMAD1/5/8 pathways differs by the response. Signal transduction by SMAD2/3 is associated with a
protective effect and by SMAD1/5/8—with terminal differentiation and hypertrophy [69]. Activation
of signal pathways is necessary for in vitro development of MSCs population. Inhibition of TGF-β
pathways in rat and human cultures prevented their differentiation [70]. TGF-β in MSCs cultures
can be a factor used in the induction of chondrogenesis [71]; on the other hand, TGF-β can accelerate
processes of cellular senescence by increasing the activity of senescence-associated-galactosidase
(SA-Gal) and the production of mitochondrial reactive oxygen species (mROS) [72]. Philipot et al.
found that—during chondrogenic differentiation of BM-MSCs caused by TGF-β3—expression of
p16INK4a accompanying the production of type IIB collagen and MMP13 took place, which was a sign
of terminal cell differentiation [52].

3.5. Advanced Glycation End-Products

Modifications of proteoglycans of articular cartilage taking place with time are caused by the
catabolic effect of enzymes and oxidative stress but also by accumulation of products of late glycation
in cartilage (advanced glycation end-products, AGEs). The production of AGEs takes place as a
result of spontaneous, non-enzymatic glycation of proteins which, in turn, is a result of reaction of
reducing sugars, including sucrose, fructose and ribose with lysine and arginine residues. Due to its
relatively slow metabolism, cartilage is particularly predisposed to form AGEs. The half-life of type II
collagen, which is the most widespread protein of extracellular cartilage matrix, has been estimated to
exceed 100 years [73]. Although products of late glycation decrease the sensitivity of proteoglycans
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to proteolytic effect of metalloproteinases, the total pool of proteoglycans in cartilage is decreased
proportionally to the amount of AGEs [74]. The effect of AGEs on processes that take place in aging
cartilage has not been fully elucidated. The appropriate receptors (receptor for advanced glycation
end products, RAGE) on the chondrocyte cell membrane are probably responsible for inhibition of
synthesis and secretion of proteoglycans to cartilage extracellular matrix and for inducing the synthesis
of matrix metalloproteinases (MMP-1, MMP-3, MMP-13) and prostaglandine E2 [57].

3.6. Autophagy

Autophagy has gained interest in the past decade due to its role in regulation of the aging process.
Autophagy is a naturally occurring catabolic process that removes unnecessary of dysfunctional
cellular components in cytoplasm as aggregated proteins and redundant or damaged organelles [75].
Little is known about the role of autophagy in articular cartilage. In articular cartilage, which has a
very low rate of cell turnover, autophagy appears to be protective process for maintaining cartilage
homeostasis. Autophagy regulates maturation and promotes survival of terminally differentiated
chondrocytes under stress and hypoxia conditions [76]. Transiently increased autophagy is a
compensatory response to cellular stress. During the early degenerative phase, autophagy is increased
in cartilage, with increased accumulation of autophagic proteins, such as ULK-1, LC3 and Beclin-1
messenger RNA in chondrocytes [77]. Reduced expression of ULK1, Beclin-1 and LC3 protein was
observed in aging joints in humans and mice [78]. The reduction in these major autophagy regulators
was accompanied by increased chondrocyte apoptosis [77,78]. Many studies identified correlations
between autophagy and the mTOR signalling pathway. The cartilage-specific deletion of mTOR
upregulates autophagy and results in increased autophagy signalling and a significant protection from
the articular cartilage degradation, apoptosis and synovial fibrosis [79]. The intra-articular injection of
rapamycin- an mTOR inhibitor [80], or intra-articular administration of gelatin hydrogels incorporating
rapamycin-micelles [81], inhibited mTOR expression suppressed the development of the articular
cartilage degeneration. Additionally, REDD1- an endogenous inhibitor of mTOR that regulates cellular
stress responses is highly expressed in normal human articular cartilage and reduced with age [82].
Chondrocytes are adapted to hypoxic conditions. Two main HIF hypoxia-inducible factors isoforms
(HIF-1α and HIF-2α) mediate the response of chondrocytes to hypoxia. HIF-1α supports metabolic
adaptation to a hypoxic environment and by suppression of mTOR causes increased autophagy [83].
In contrast, HIF-2α has been shown to be a suppressor of autophagy under hypoxic conditions
in vitro [84].

4. Possible Anti-Aging Strategies

Old age and, obviously, the aging of tissues and organs pose a challenge to contemporary medicine.
Neither the treatment of pain as the main symptom of changes related to aging of the motor system,
nor burdensome surgeries are fully satisfying to patients; hence, the need for alternative methods for
slowing down the aging process and supporting regeneration of articular cartilage.

4.1. Cell Manipulation

4.1.1. Telomerase Activators

Several studies have been conducted to assess the effect of an increase in the hTERT activity on
the lifespan of MSCs. Increased expression of hTERT by transduction in MSCs resulted in extended
in vitro cell replication capability and in maintaining the potential for in vitro adipo-, chondro- and
in vivo osteogenic differentiation [85,86]. Neither a tendency for neoplasm formation nor changes in
the MSCs caryotype were observed in these studies. Recently, several telomerase-inducing factors have
been discovered and described [87–89]. Astragaloside (AST) and its active metabolite cysloastragenole
(CAG) activated telomerase and slowed down the aging process in human embryonic kidney HEK293
fibroblasts [90]. Cynomorium songaricum polysaccharide increased telomerase activity and led to
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elongation of telomeres in murine cells [91]. Tichon et al. found chemical telomerase activators:
AGS-499 and AGS-500 to induce expression of TERT in MSCs, to increase the length of telomeres and
to stimulate cell resistance to apoptosis induced by oxidative stress. No chromosomal aberrations or
MSCs differentiation disorders were observed [92]. Telomerase differentiation in vitro was increased
by curcuminoid derivatives with the core and at least one n-pentylpyridine side chain [93]. An extract
of Astragalus membranaceus root (TA-65) used in another study extended the proliferative activity
of T cells [94] and it significantly decreased the amount of extremely short telomeres in a study of
mice [95].

4.1.2. Antioxidants and Hypoxia

Several antioxidants have been described with a protective effect on chondrocytes and MSC
against cellular senescence and oxidative stress-induced apoptosis. NAC inhibited apoptosis in
chondrocytes [40] and MSCs [44] subjected to oxidative stress. In the study by Liu et al., stimulation
of chondrocytes with IL-1β caused a significant up-regulation of TLR4 and its downstream targets
MyD88 and TRAF6 resulting in NF-κB activation associated with the synthesis of IL-1β and TNFα.
These IL-1β-induced inflammatory responses were all effectively reversed by resveratrol- a polyphenol
of plant origin. Furthermore, activation of NF-κB in chondrocytes treated with TLR4 siRNA
was significantly attenuated but not abolished and exposure to resveratrol further reduced NF-κB
translocation [96]. In another study, following resveratrol injection, the expression of collagen type II
was retained but the expression of inducible nitric oxide synthase and matrix metalloproteinase-13
was reduced in OA cartilage. Moreover, the administration of resveratrol significantly induced the
activation of SIRT1 expression in mouse OA cartilage and in IL-1β-treated human chondrocytes [97].
The effectiveness of antioxidants in preventing damage to chondrocytes seems to increase when
biomaterial scaffolds are used [98]. A cell-free collagen/resveratrol (Col/Res) complex in the form
of hydrogel significantly reduced the activity of IL-1β, MMP-13 and COX-2 in an animal OA model;
additionally, it improved the condition of articular cartilage after only 12 weeks [99]. The physiological
oxygen concentration was found to weaken the growth of human chondrocytes and MSCs in a culture
and an increase in antioxidant production as a response to these oxygen concentrations resulted in
cell destruction [100,101]. Hypoxia in culturing regular human chondrocytes enabled maintaining
the chondrogenic cell potential [102] but this was not observed in a study with osteoarthritic human
chondrocytes [103]. In the study by Choi et al. chondrogenic differentiation of ASCs was found to be
increased under hypoxia as evidenced by the greater amount of proteoglycan formation and increased
chondrogenic genes expression, ACAN, COL2 and SOX9 [104]. It appears that human MSCs acquire
aging-related traits in cultures under hypoxic conditions later than under normoxic ones. Additionally,
the frequency of MSC divisions increases at low oxygen concentrations with the intact genotype
maintained [105]. An increase in the chondrogenic potential of MSCs caused by hypoxia has been
reported [104,106], although—as with chondrocytes—the direction of MSCs differentiation depends
on the oxygen concentration but also on other factors, such as the substrate used [107,108].

4.1.3. Mechanical Load

Mechanical load stimulates the metabolic activity of chondrocytes, which is responsible for
keeping the metabolic balance of matrix proteins [109] and participates in processes which regulate
MSCs differentiation towards chondrogenesis [110]. Dynamic compressive loading is the most common
system of mechanical stimulation of MSC-dependent cartilage regeneration used in mechanobiological
studies. The process of mechano-transduction is, at least partly, mediated by the TGF-β signalling
pathway [111–113]. Synthesis of matrix proteins by MSCs stimulated by multiaxial pressure is more
effective than with monoaxial stimulation [114]. Multidirectional forces support the production of
type II collagen, aggrecan and GAG, with or without the participation of external growth factors,
including TGF-β [113]; intensification of the production and activity of endogenous TGF-β caused
by mechanical load has been reported [111]. In a human MSCs culture, dynamic compressive
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loading significantly inhibited the expression of hypertrophy markers, such as type X collagen
X, MMP-13 and alkaline phosphatase (ALP) [114]. In another study, mechanical inhibition of
chondrocyte hypertrophy was mediated by TGF-β/SMAD and integrin β1/focal adhesion kinase
(FAK)/extracellular-signal-regulated kinase (ERK) pathways [115]. These findings suggest that
applying a mechanical load to a joint following the implantation of cartilage obtained by bioengineering
or applying a load to cellular structures before intra-articular implantation can support cartilage
maturation and inhibit its hypertrophy, giving better results than immobilisation of the joint, which can
have significant application in clinical practice.

4.2. Cell-Based Therapy

Attempts have been made for a long time to surgically stimulate local regeneration of weakened
articular cartilage in such procedures as abrasion arthroplasty, drilling and microfracture. Alternatively,
there are therapies based on autologous chondrocyte implantation (ACI), autologous matrix-induced
chondrogenesis (AMIC) and intra-articular injection of mesenchymal stem cells [116–119].

4.2.1. Autologous Chondrocyte Implantation

ACI is an example of the application of tissue engineering in the treatment of small- and
medium-size cartilage loss. This technique includes a surgical biopsy of cartilage from an affected
joint, isolation of chondrocytes with collagenase and creation of a monolayer culture, which requires
a series of cellular passages to achieve sufficient propagation of chondrocytes. At the next stage,
cells acquired in vitro are implanted at the site of a loss and immobilised with a periosteal patch,
which has a protective role but which also has chondrogenic capability, or they are protected with
a collagenic layer [120]. The results of the ACI procedure observed in population studies have
been encouraging—pain within the joint decreased and the formation of high-strength tissue was
observed [121]. However, there are some limitations to the application of ACI. However, it seems
that the proliferative capability and the chondrocytes’ ability to propagate in a one-layer culture
decrease with the age of a donor [122]. The study by Barbero et al. did not show any difference in the
proliferative activity of chondrocytes collected from donors under 40 years of age, whereas proliferation
of chondrocytes from donors over 40 years of age slowed down considerably [123]. A decrease in the
proliferative capability of chondrocytes collected from older donors can obviously limit the use of ACI
in treating age-related changes. Changes in the phenotype are also an issue in monolayer chondrocyte
cultures. The culture conditions do not reflect fully the in vivo conditions. When cultured in vitro,
cells can change shape from polygonal or round to flat after as few as four passages; at the time,
they start synthesising type X collagen, which is a sign of a loss of the chondrocytal phenotype. With a
growing number of passages, aging and dedifferentiation of chondrocytes in a monolayer culture is
taking place, which is associated with a decrease in the production of type II collagen, proteoglycans
and glycoproteins [40]. Transplantation of old and dedifferentiated cells results in an unwanted
growth of fibrous cartilage at the site under treatment [124]. Apart from a conventional monolayer
chondrocyte culture, there are methods currently in use using growth factors [62], pellet culture [125]
and bioreactors [126]. De-differentiation can be inhibited and chondrogenicity can be regained
successfully by functionalization of the dynamic culture surfaces with ECM [127], culture on a
continuously expanding surface [128], surface coating with Col I [129] and by applying a mechanical
load [130]. Although the methods are effective in maintaining the chondrocytal phenotype, they may
not be able to achieve sufficient cell expansion [131]. Much attention has been recently devoted to
supplying genes associated with cellular growth factors, including TGF-β1, BMP, IGF-1, fibroblast
growth factor (FGF) and transcription factors, i.e., SRY (sex-determining region Y)-box 9 (SOX9),
RUNX2 and SMAD; microRNAs and Col II promoter-binding proteins [132].
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4.2.2. Mesenchymal Stem Cells

Mesenchymal stem cells are able to differentiate in multiple directions and to self-regenerate [133].
Since MSCs are present in many embryonic tissues (embryonic stem cells, ESC) and in adult individuals
(adult stem cells, ASC), there are many methods of acquiring them. Embryonic stem cells can be
collected from umbilical cord blood after delivery, from Wharton’s jelly, from the placenta and amniotic
fluid and as well as from the subamniotic membrane and perivascular area of the umbilical cord.
MSCs have been identified in the following tissues in adult individuals: marrow, adipose tissue,
skin, lungs, dental pulp, periosteum, skeletal muscles, tendons and synovial membrane [134] but
clinical application of “adult” MSCs is limited mainly to bone marrow-derived mesenchymal stromal
cells (BM-MSCs) and adipose-derived stem cells (ADSC, ASC) [135]. According to criteria issued by
The International Society for Cellular Therapy (ISCT), characteristic features of mesenchymal cells
include the ability to adhere to a plastic base, the presence of three surface antigens: CD105 (endoglin),
CD90 (Thy-1), CD73 (ecto-5′-nucleotidase) and concomitant absence of antigens CD45, CD34, CD14 or
CD11a, CD79a, or CD19 and class II HLA and the capability of in vitro differentiation towards three
cellular lines: osteoblasts, adipocytes and chondroblasts (Figure 2) [133]. Additionally, a detailed
description of stem cells includes information, such as the cell origin (tissue, organ, systemic),
culture conditions, medium composition, the presence of other antigens of positive identification
and absence of negative markers, potential for differentiation, cloning, proteomes, secretomes and
transcriptone data [136]. MSCs have a clinically promising immunomodulatory and regenerative
potential but it must be noted that MSC also age and die in cultures after several passages [137].
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The results of the application of MSCs in regeneration of articular cartilage are promising.
In a study by Davatchi et al., intra-articular administration of MSCs to the knee joint
(8–9 × 106 cells/patient) resulted in a significant, long term reduction of pain as assessed with the
visual analogue scale (VAS), as well as in a reduction of flexion contracture in the joint, of cracking
during movements and in an extension of the walking distance [138]. In a randomised, multi-centre
clinical trial, a considerable reduction of pain assessed in the VAS and an improvement of the
function assessed in the WOMAC (Western Ontario and McMaster Universities OA Index) scale
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and by measurement of the joint movement range was observed in patients following intra-articular
administration of autologous BM-MSCs at 100× 106 cells/patient in combination with hyaluronic acid.
Conversely, an improvement was observed only initially in patients who received BM-MSCs in smaller
amounts (10 × 106 cells/patient) but when measured after six months, the change in the parameters
under assessment was not significant [139]. An improvement after the administration of even small
doses of autologous BM-MSCs into the knee joint (2 × 106 cells/patient) was reported recently by
Pers et al. [140]. In the study by Emadedin et al. BM-MSCs at 5 × 105 cells/kg/bw (body weight)
were administered to patients with OA of knee joints but also to patients with OA of the ankle and
of the hip joint. An improvement of the clinical parameters was observed in these patients for a year
but it gradually decreased over the next 18 months [141]. A clinical improvement in all the studies
corresponded to that observed in imaging examinations (MRI). Reports published later also confirmed
the efficacy and safety of the use of autologous MSCs (Table 1) [138,140,142–156]. Use of allogeneic
cells could be an alternative to therapy with autologous MSCs (Table 2) [157–160]. Administration
to the knee joint of allogeneic BM-MSCs at 40 × 106 cells/patient [158], 50 × 106 cells/patient,
150 × 106 cells/patient [157] was safe and resulted in a clinical improvement, observed in MRI
examinations. Similar results were reported in a recent study by de Windt et al. in which a mixture
of allogeneic BM-MSCs and autologous chondrones (chondrocytes with their native pericellular
matrix) was used [159,160]. However, a growing body of evidence has been emerging of the time
of survival of MSCs at the implantation site being much shorter than expected [161]. Therefore,
it cannot be ruled out that MSCs have a regenerative effect on articular cartilage, not only as a source
of cells which differentiate towards chondrocytes but also through the secretome that they secrete,
which covers a broad spectrum of paracrine factors [162]. After intra-articular administration, MSCs use
cytokines to stimulate secretion of extracellular matrix proteases and growth factors, including TGF-β,
IGF-1 and FGF [163]. After in vitro addition of articular fluid collected from patients in an early and
late stage of OA, larger amounts of factors secreted by MSCs were observed, such as: chemokine
(C–X–C motif) ligands, chemokine (C–C motif) ligands and IL-6 in the fluid taken from patients in the
initial phase of OA [164]. These findings are indicative of different reactions of MSCs following an
intra-articular administration, depending on the degree of local cartilage damage, which can determine
the therapeutic indications.

However, there are a number of unknowns associated with the use of MSCs. When administered
intra-articularly, MSCs after long culturing may lose their chondrogenic phenotype and die
quickly [165]. There have been many attempts at maintaining or restoring the chondrogenic
differentiation capability of MSCs, which includes the addition of growth factors, modification
of culture conditions and specifying the sources of MSCs; however, there are currently no
recommendations in this regard [166–168]. Most of the studies conducted to date have been based on
MSCs obtained from a patient’s own bone marrow or adipose tissue, which was supposed to limit
the immune response; allogeneic MSCs were used only in a few studies. The follow-up period in
the published studies conducted to assess the efficacy and safety of intra-articular administration
of cultured MSCs (except in studies by Davatchi et al. [138] and Wakitani et al. [145]) was short:
from six months to two years. A clinical issue is the tendency of implanted MSCs to differentiate
towards fibro-like tissue instead of towards hyaline cartilage [169], which considerably affects the
properties of the newly-formed tissue. New sources of MSCs from tissues are sought with a high
potential of differentiation towards chondrocytes. Synovial membrane was thought to be such a
place. Intra-articular administration of autologous synovium stem cells (SSC) in studies with animal
models [170] and in human studies [154,171] proved to cause improvement in imaging and histological
parameters of articular cartilage. There are some ongoing studies into maintaining the chondroidal
phenotype with advanced methods of genetic modifications and epigenetic regulations.
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Table 1. List of publications of autologous mesenchymal stem cells application for cartilage repair.

Author
Year

Study Type

Number of
Patients Stem Cell Origin Number of Cells Control Group Follow-up

Time Co-Treatment Delivery System Assessments

Wakitani et al.
Case and control study [142] 12 Autologous BM-MSCs

from iliac crest 1.3 × 107 12
cell free 28–95 weeks

High tibial osteotomy;
gel-cell composite;

autologous periosteum

Implantation of
collagen cell sheets

Arthroscopic photography;
Histological samples;
Clinical evaluation

Niejadnik et al.
Cohort study [143] 36 Autologous BM-MSCs

from iliac crest 1.0–1.5 × 107

36
autologous

chondrocyte
implantation

24 months Fibrin glue
Implantation upon

autologous
periosteal patch

ICRS;
Lysholm score;

Tegner activity scale X-ray;
Clinical evaluation

Buda et al.
Case series study [144] 20 Autologous BM-MSCs

from iliac crest
N/A (2 mL of bone

marrow concentrate) None 24 months

Arthroscopic
debridement;

Hyaluronic acid
membrane scaffold

Transplantation of
Arthroscopic

Bone-Marrow-Derived
Mesenchymal Stem

Cells

Clinical evaluation
(IKDC, KOOS);

MRI;
Histochemical analysis

Wakitani et al.
Case series [145] 41 Autologous BM-MSCs

from iliac crest 5.0 × 106/mL None 5–137 months Gel-cell composite Implantation cell
sheets

X-ray;
Clinical evaluation

Saw et al.
Case series study [146] 5 Autologous peripheral

blood progenitor cells

N/A (7–8 mL of
peripheral blood
progenitor cells

None 10–26 months
Microfracture;

Hyaluronic acid
intra-articular injections

Intra-articular
injection

Second-look arthroscopy;
Histological samples;

Davatchi et al.
Case series study [147] 4 Autologous BM-MSCs

from iliac crest 8.0–9.0 × 106 None 12 months Saline with 2% human
serum albumine

Intra-articular
injection

X-ray;
Clinical evaluation;

VAS

Koh et al.
Case and control study [148] 25

Autologous
A-MSCs from

infrapatellar fat pad
1.2–2.3 × 106 25

cell free 12–18 months
Arthroscopic
debridement;
Synovectomy

Intra-articular
injection

Lysholm score;
Tegner activity scale;

VAS

Koh et al.
Case series study [149] 18

Autologous
A-MSCs from

infrapatellar fat pad
0.3–2.7 × 106 None 24–26 months

Arthroscopic
debridement;
Synovectomy;

Platelet-rich plasma

Intra-articular
injection

Lysholm score;
Tegner activity scale;

VAS;
MRI

Saw et al.
Randomised control

trial [150]
49 Autologous peripheral

blood progenitor cells
N/A (7–8 mL

of PBPC)
25

cell free 24 months
Microfracture;

Hyaluronic acid
intra-articular injections

Intra-articular
injection

IKDC;
MRI;

Second-look arthroscopy;
Histological samples

Orozko et al.
Case series study [151] 12

Autologous
BM-MSCs from

iliac crest
40 × 106 None 12 months Ringer lactate, human

albumin, glucose
Intra-articular

injection

VAS;
Clinical evaluation: WOMAC;

MRI
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Table 1. Cont.

Author
Year

Study Type

Number of
Patients Stem Cell Origin Number of Cells Control Group Follow-up

Time Co-Treatment Delivery System Assessments

Wong et al.
Randomized control

trial [152]
28

Autologous
BM-MSCs from

iliac crest
1.46 × 106 28

cell free 24 months
Microfracture and high

tibial osteotomy;
Hyaluronic acid;

Intra-articular
injection

IKDC;
Lysholm score;

Tegner activity scale;
MOCART

Jo et al.
Cohort study [153] 18

Autologous
A-MSCs from

abdominal
subcutaneous fats

1.0 × 107,
5.0 × 107,
1.0 × 108

None 6 months None Intra-articular
injection

WOMAC;
VAS, KSS;

X-ray, MRI;
Second-look arthroscopy;

Histological samples

Akgun et al.
Prospective, single-site,

randomized, single-blind
pilot study. [154]

7
Autologous

synovium-derived
MSCs

4.0 × 106

7
matrix-induced

autologous
chondrocyte
implantation

24 months
Type I/III collagen

membrane
(2 cm × 2 cm)

Implantation of
MSC preloaded

collagen membrane

Clinical evaluation: VAS,
KOOS;
MRI

Davatchi et al.
Case series study [138] 4 Autologous

BM-MSCs 8.0–9.0 × 106 None 60 months Glucosamine was
permitted

Intra-articular
injection

X-ray;
Clinical evaluation: VAS,

walking time to pain

Fodor et al.
Case series study [155] 6

Adipose-derived
stromal vascular cells
(the stromal vascular

fraction of adipose
tissue)

14.0 × 106 None 12 months None Intra-articular
injection

Clinical evaluation: WOMAC,
VAS, ROM, TUG;

MRI.

Koh et al.
Randomized control

trial [156]
40 Autologous

A-MSCs 5.0 × 106
40

Microfracture
treatment

24 months
Debridement;
Microfracture,

Fibrin glue

Arthroscopic
implantation of
MSC loaded in

fibrin glue

Second-look arthroscopy;
the Lysholm score, KOOS,

VAS;
MRI;

Histological samples

Pers et al.
Cohort study [140] 18 Autologous

A-MSCs

2.0 × 106,
10.0 × 106,
50.0 × 106

None 6 months None Intra-articular
injection

WOMAC,
VAS, PGA, SAS, KOOS;

Histological samples

A-MSCs: adipose-derived mesenchymal stem cells; BM-MSCs: bone marrow-derived mesenchymal stem cells; ICRS: International Cartilage Repair Society score; IKDC: International Knee
Documentation Committee; KOOS: the Knee Injury and Osteoarthritis Outcome; KSS: Knee Society Clinical Rating System score; MOCART: Magnetic Resonance Observation of Cartilage
Repair Tissue score; MRI: magnetic resonance imaging; MSCs: mesenchymal stem cells; N/A: not available; PGA: Patient Global Assessment; ROM: range of motion; SAS: Short Arthritis
Assessment Scale; TUG: timed up-and-go; VAS: visual analogue pain scale; WOMAC: the Western Ontario and McMaster Universities Arthritis Index.
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Table 2. List of publications of allogenic mesenchymal stem cells application for cartilage repair.

Author
Year

Study Type

Number of
Patients Stem Cell Origin Number of Cells Control Group Follow-up

Time Co-Treatment Delivery
System Assessments

Vangsness et al.
Randomized, double-blind,

controlled study [157]
36

Allogenic
BM-MSCs from

18–30-year old donors

5.0 × 107,
1.5 × 108

20
cell free vehicle control 24 months Partial medial

meniscectomy
Intra-articular

injection

Measurement of
immune cell markers;

MRI;
VAS;

Lysholm score

Vega et al.
Randomized control

trial [158]
15 Allogenic

BM-MSCs 40 × 106
15

Hyaluronic acid (60 mg,
single dose)

12 months None Intra-articular
injection

VAS, WOMAC, SF-12;
MRI

De Windt et al.
Case series study [159] 10

Allogenic
BM-MSCs from the iliac

crest of 2 healthy
donors (age 2 and 5)

N/A. Mixed cells in the
fibrinogen component of

fibrin glue at
1.5–2 × 106 cells/mL

10% or 20% autologous
chondrons

(a standard or a high
yield mixture)

12 months None
Defect

site-specific
implantation

KOOS, VAS;
Second-look
arthroscopy;

Histological analysis;

De Windt et al.
Case series study [160] 35

Allogenic
cryopreserved

BM-MSCs

N/A. Mixed cells in the
fibrinogen component of
fibrin glue at 1.5–2 × 106

cells/mL. Approximately 0.9
mL cell product/cm2 defect

10% or 20%
autologous chondrons
(a standard or a high

yield mixture)

18 months None
Defect

site-specific
implantation

KOOS, VAS;
Second-look
arthroscopy;

Histological analysis;

BM-MSCs: bone marrow-derived mesenchymal stem cells; KOOS: the Knee Injury and Osteoarthritis Outcome; MRI: magnetic resonance imaging; N/A: not available; SF-12: short
form-12 life quality questionnaire; VAS: visual analogue pain scale; WOMAC: the Western Ontario and McMaster Universities Arthritis Index.
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4.3. Cell-Free Procedures

Currently numerous, single-phase scaffold-based cartilage repair techniques exist. Chondral
scaffolds used in cartilage repair can be based on components of cartilaginous matrix, such as
collagen or hyaluronate [172,173], proteins and natural polymers (such as fibrin, agarose, alginate and
chitosan) [174] or synthetic polyesters (such as polylactic acid, polyglycolic acid, polylactide glycolide,
polyethylene oxide and polypropylene oxide) [175]. Chondral scaffolds consist of a monolayer material
(monophasic scaffold) or they are multi-layer structures, which copy the architecture of cartilage more
effectively. Currently, matrices consisting of collagen are used more commonly in regeneration of
damaged articular cartilage [118].

As an alternative to cell seeded scaffolds, another treatment approach involves the implantation of
acellular biomaterials for cartilage regeneration by stimulating bone marrow stem-cell recruitment and
differentiation induced by the scaffold. One of these cell-free procedures is autologous matrix-induced
chondrogenesis (AMIC). The method of autologous matrix-induced chondrogenesis is often used in
treatment of small, mainly post-traumatic, loss of articular cartilage. AMIC combines stimulation
of bone marrow through microfractures with the use of a no-cell membrane made up of type I/III
collagen. A collagen membrane stabilises the clot, creates a biological chamber, protects progenitor
cells and stimulates the cells to differentiate towards chondrocytes. Collagen membranes are fixed with
partial autologous fibrin glue or surgical sutures [176]. Gille et al. showed a significant improvement
in all clinical parameters in up to 87% of patients. An analysis of MRI examinations revealed in most
cases the total or moderate filling of the cartilage loss with a normal-to-incidentally hyperintense signal.
However, an improvement in joint mobility seems to depend on the age of the patients [118]. Moreover,
the application of the AMIC technique is recommended in the treatment of local, small cartilage loss
and it is contraindicated in cases of multiple cartilage loss, rheumatic diseases and a considerable
restriction of joint mobility [176], which considerably limits AMIC applicability in the treatment of
aging-related changes.

5. Summary

Aging-related changes in articular cartilage lower the possibility of maintaining the properties and
regeneration of cartilage. Obviously, time-related factors, such as chondrocytes secretory phenotype,
weakening of chondrocytes’ response to growth factors, oxidative stress and accumulation of final
glycation products in cartilage can also lead to osteoarthritis, which is frequent in the population of the
elderly. Aging of cartilage with time is inevitable and the changes it causes are irreversible. Because of
the aging of the global population, age-related diseases of the motor system are a significant social
issue. Studies aimed at elucidating the mechanisms of intensified aging of articular cartilage may
help to introduce a therapy to slow down the aging-related changes or to support local processes of
regeneration of articular cartilage. Due to a growing number of reports published in recent years,
increasing attention has been attracted by cell therapies, including the possibility of using MSCs in the
regeneration of cartilage. Therapies which employ MSCs offer great potential. However, use of MSCs
in the regeneration of aging cartilage raises a lot of doubt. There are no detailed recommendations
regarding the culture conditions, the tissue origin and the dosage of stem cells. The degree of changes
and the presence of inflammation are the issues which occur in elderly people. Additionally, autologous
MSCs in elderly people exhibit lower proliferative activity and there is some difficulty regarding the
production of cells with a chondrogenic phenotype and a specific biological activity. However, due to
the importance of the issue, further studies are needed of the methods for improving the quality of
aging cartilage.
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