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Abstract: Traumatic injuries of the knee joint result in a wide variety of pathomechanisms, which
contribute to the development of so-called posttraumatic osteoarthritis (PTOA). These pathogenetic
processes include oxidative stress, excessive expression of catabolic enzymes, release of
damage-associated molecular patterns (DAMPs), and synovial inflammation. The present review
focuses on the underlying pathomechanisms of PTOA and in particular the behavior and fate of the
surviving chondrocytes, comprising chondrocyte metabolism, regulated cell death, and phenotypical
changes comprising hypertrophy and senescence. Moreover, possible therapeutic strategies, such
as chondroanabolic stimulation, anti-oxidative and anti-inflammatory treatment, as well as novel
therapeutic targets are discussed.
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1. Introduction

Osteoarthritis (OA) is considered to be the most prevalent joint disease worldwide. In general, OA
might occur in all synovial joints, from the mandibular joint to the foot joints however, this review will
mainly focus on the most commonly affected joint, the knee [1]. The pathophysiology of OA not only
refers to the articular cartilage, but rather concerns the entire joint apparatus as characterized by loss
and sclerotic changes of the subchondral bone [2], synovial inflammation [3], meniscus degeneration [4],
and osteophyte formation [5].

In contrast to rheumatoid arthritis, OA has originally been regarded as a largely non-inflammatory
joint disease. However, its pathogenesis exhibits a continuous low-grade inflammation including
interleukin 1 beta (IL-1ß) and tumor necrosis factor alpha (TNFa) release, which mainly derives from the
inflammatory response of the synovial tissue, representing a nearby immunoreactive environment [6,7].
Moreover, acute joint injury is strongly associated with enhanced synovial levels of IL-6, interferon
gamma, monocyte chemoattractant protein (MCP)-1 and other pro-inflammatory factors [8,9]. Together
with other mediators, such as accumulating reactive oxygen species (ROS), cytokines are thought
to trigger pathogenic mechanisms in chondrocytes like cell death and catabolic enzyme expression,
contributing to the progressive degeneration of the extracellular matrix (ECM). At the same time,
the non-physiological environment leads to a suppression of anabolic processes, which results in a
detrimental disequilibrium in the cartilage homeostasis. Synovial inflammation is particularly relevant
after joint injuries as the central initiating event of so called posttraumatic osteoarthritis (PTOA), a
special form of OA, which accounts for about 10% of the overall knee OA incidence [10,11]. Knee trauma
may be rather subtle comprising only small chondral lesions or include cartilage fractures [12] and
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injuries of joint-related soft tissues like the menisci or ligaments [13]. Acute therapeutic intervention is
primarily focused on the optimal restoration of the articular surface and ligament as well as meniscus
functionality. These surgical approaches mainly aim on the stabilization of the joint apparatus, thus
minimizing abnormal shear forces as a major risk factor for PTOA. Indeed, surgical restoration of
the anatomic and functional joint integrity proved to be an essential factor after a major trauma [14].
Nevertheless, more recent studies indicate that even in the case of optimal reconstitution the risk for
developing PTOA remains increased [15–17]. These observations point to further relevant factors most
likely derived from trauma-induced biological processes as important targets in order to prevent or
delay the onset of PTOA [18].

Despite the wide variety of studies focusing on individual aspects of general OA pathogenesis,
the overall interplay of the underlying pathomechanisms and their special relevance in case of PTOA is
only poorly understood so far. This lack of knowledge is also reflected in limited and largely inefficient
treatment options besides anatomic reconstruction after injury and joint replacement as a final option.
The present review is thought to give a comprehensive overview on cartilage homeostasis, including
regulatory mechanisms of catabolism and anabolism, the pathogenesis of PTOA, in particular cell
death and phenotypical alteration as well as new therapeutic targets and approaches after cartilage
trauma, focusing on strategies allowing the modulation of chondrocyte behavior and fate.

2. Maintenance of the Cartilage Homeostasis—The Fragile Balance between Synthesis and
Degradation

Articular chondrocytes constitute about 1–5% of the total cartilage volume [19]. Until a few
years ago, the highly specialized chondrocytes have been assumed to be the only cell type in
cartilage. Nowadays, researchers are sure that there is at least one more cartilage-inherent population,
the so-called chondrogenic stem/progenitor cells (CSPC), which presumably consists of further
sub-populations [20]. Although the percentage of CSPC is thought to be rather increased after cartilage
injury and in OA tissue, the overall proportion of these populations represents approximately less than
10% [21–23]. Besides CSPC, Ji et al. recently defined seven populations of chondrocytes in late-stage
OA by single-cell RNA-seq analysis: homeostatic chondrocytes, proliferative chondrocytes, effector
chondrocytes, regulatory chondrocytes, pre-hypertrophic chondrocytes, hypertrophic chondrocytes
and fibrocartilage chondrocytes [24]. Nevertheless, under physiological conditions, the metabolically
active but post-mitotic chondrocytes are considered as exclusively responsible for the synthesis of
the ECM components, in particular type II collagen, which represents 90–95% of the total collagen
content in articular cartilage, and the most abundant proteoglycan aggrecan, which is able to form
large aggregates with hyaluronan [25].

Healthy cartilage is characterized by a gradual remodeling of the ECM components, which is
likewise mainly carried out by chondrocytes. According to previous studies, the estimated half-life of
collagen ranges between 117 to 400 years [26,27], while the half-life of proteoglycans was estimated
at 25 years in case of the free binding region and 3.4 years for the large monomer (aggrecan) [28].
The long half-lives of these ECM components imply an overall slow turnover activity and low
chondrocyte metabolism. This weak metabolic activity can be explained by the hypoxic, nutrient-poor
and hypothermic (32 ◦C) [29] environment. However, an increased metabolic activity of chondrocytes
has been observed in early OA, concerning the biosynthesis of ECM components [30–32] and catabolic
enzymes [33]. This might also explain the finding of Catterall et al. who demonstrated that collagen
and non-collagenous proteins in cartilage of patients suffering from knee OA were about 30 years
‘younger’ on a biological scale as compared to non-OA cartilage [34].

Overall, both ECM components as well as the majority of catabolic enzymes are derived
from chondrocytes in a well-regulated manner, creating a fine-tuned but also fragile homeostasis.
Some ECM-degradative enzymes such as matrix metalloproteinases (MMP) -2/-13, and ADAMTS-5
(a disintegrin and metalloproteinase with thrombospondin motifs) are even constitutively expressed
from healthy chondrocytes [35–38]. To prevent excessive ECM degradation, the catabolic activity of
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MMPs is additionally controlled by regulative proteins like tissue inhibitors of metalloproteinases
(TIMPs) [39]. Moreover, MMPs are expressed in a latent form (pro-MMPs), including a pro-domain,
which contains a conserved cysteine in the carboxyl terminus [40]. The cysteine binds to the catalytic
Zn2+-ion, forming the so-called cysteine switch, which covers the active site [41]. The latent pro-MMPs
require proteolytic activation through special enzymes like activated protein C (APC) [42] or other
MMPs (MMP-2/-3/-14), creating a cascade [43,44]. However, there are more impressive regulatory
mechanisms in cartilage turnover, i.e., the endocytic receptor low-density lipoprotein receptor–related
protein 1 (LRP-1), which enables the uptake and intracellular degradation of different proteases by
chondrocytes. LRP-1-mediated endocytosis involves major OA-associated proteases ADAMTS-4 and
-5 as well as MMP-13 but also TIMP-3 [36,45]. Furthermore, the clearance of ECM-destructive enzymes
can be impaired by the activity of membrane-bound ADAM-17 and MMP-14, which were referred to
as sheddases by Yamamoto et al. [46]. This shedding was found to be enhanced in OA tissue, and
might therefore represent an interesting target for future therapeutic approaches.

Overall, there are diverse endogenous regulators balancing cartilage homeostasis.
These mechanisms function in a very complex network, which has not been completely unraveled so
far. Before proceeding to the consequences of traumatic injuries and subsequent cartilage degeneration,
the next section will first focus on the chondroanabolism.

3. Regulation of Chondroanabolic Processes

The maintenance of the cartilage homeostasis is regulated by different signaling pathways, which
are also involved in chondrogenesis and repair [47]. About twenty years ago, Bi et al. identified
the first transcription factor essential in chondrogenic differentiation and cartilage formation: SRY
(sex determining region Y)-box 9 (SOX9) [48]. Today, we know that SOX9 expression is tightly regulated
by various mechanisms [49], including hypoxia [50], mechanical loading [51], as well as fibroblast
growth factors (FGF) and bone morphogenic proteins (BMP) [52].

In general, most chondroanabolic processes, such as proliferation, survival, ECM production, and
of course chondrogenic differentiation of progenitor cells, are largely modulated by growth factors.
In this respect, the transforming growth factor beta (TGF-β) family, which comprises more than 30
members, including the BMP family, plays a crucial role [53]. The most important TGF-β members
concerning the chondroanabolic metabolism are BMP-2, -6, and -7 (Osteogenic Protein-1/OP-1) as
well as TGF-β1 and TGF-β3. [54] Conversely, TGF-ß has also been found to promote degenerative
processes in old age and OA tissue, depending on the activated signaling pathway. Indeed, TGF-β
family members are on the most part able to activate two alternative pathways, which are both known
as master regulators, modulating the chondrocytes phenotype but in opposite directions. On one
hand, interaction and activation of activin-like kinase (ALK) 5 induces the chondroanabolic Smad
2/3 pathway, promoting aggrecan and collagen type II synthesis [55,56]. On the other hand, TGF-β
members can induce Smad 1/5/8-signalling through ALK 1, which results in runt-related transcription
factor 2 (RUNX2)-mediated expression of MMP-13, collagen type X and further hypertrophy markers,
as discussed below [57,58]. The latter pathway is predominantly associated with aging and OA, resulting
from a strong decrease of TGF-ß receptor ALK5 and subsequent shift in the ALK1/ALK5 ratio [59].
In contrast to other growths factors, BMP7 as well as insulin-like growth factor-1 (IGF-1) contribute to
the maintenance of the chondrogenic phenotype without inducing hypertrophic processes [60,61].

Some members of the TFG-β family—namely TGF-β1 and BMP7—were found to result in
synergistic effects with IGF-1 [62–64]. Augmented anabolic effects of IGF-1 might be explained by
increased expression of the IGF-1 receptors after TGF-β and BMP7 stimulation, respectively [65,66].
However, chondrocyte responsiveness towards IGF-1 declines with age and OA progression [67–69].
This desensitization was found to be linked to enhanced expression of IGF-1 binding proteins (IGFBP)
as well as ROS and nitric oxide (NO) accumulation, as found in elderly or OA cartilage [68,70].
In contrast, the efficacy of BMP7 is thought to be unaffected by age or OA [71].
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Further anabolic effects in cartilage development and homeostasis were reported for FGF18 [72,73],
though also anti-anabolic have been described [66,74–76]. Shu et al. demonstrated that FGF18
promoted early chondrogenesis and delayed hypertrophy during chondrogenic differentiation of
isolated mesenchymal stem cells (MSC). However, FGF18 also suppressed chondroanabolic expression
and enhanced the expression of osteogenic markers after the initial phase [77]. Therefore, they
hypothesized that FGF18 has chondrogenic properties to some extent but is also involved in terminal
differentiation of prehypertrophic columnar and hypertrophic growth plate chondrocytes [77]. In our
ex vivo cartilage trauma model, we observed that FGF18 stimulation not only suppressed the synthesis
of proteoglycans and collagen type II, but also the gene expression of FGF receptor 3 [66]. Additionally,
FGF18 has been reported to induce expression of FGFR1 [78]. In contrast to FGF2, which primarily
binds to FGF receptor (FGFR)1, causing catabolic processes [79], FGF18 possesses a high affinity to
FGFR3 which results in anabolic signaling [78]. Moreover, it should be considered that the expression
ratio of FGFR1 to FGFR3 is highly overbalanced in OA [79], which overall influences the response of
the chondrocytes towards FGF18 but also endogenous FGF2.

To sum up, endogenous growth factors can be generally considered as the primary inducers of
chondroanabolic processes, though both the reduced availability of growth factors as well as altered
responsiveness of the chondrocytes represents a hallmark in OA.

4. Pathogenesis of Posttraumatic Osteoarthritis: Inflammation, DAMP Release and
Oxidative Stress

Traumatic injuries of the joint-related soft tissue, intra-articular fractures and direct cartilage impact
were found to represent a crucial initiator of PTOA pathogenesis. Studies have been shown that patients
suffering from PTOA are predominantly active in sports and considerably younger than the average
OA patients [80,81]. Due to the mechanical impact, the ECM and embedded chondrocytes are exposed
to a supraphysiological compression, causing immediate necrosis of cells [82,83]. Consequently, there
is a sudden release of not only ECM-derived debris, in particular fibronectin [84], but also intracellular
alarmins, i.e., nucleic acids, high mobility group box 1 (HMGB1) and S100A8/9 [85]. These so-called
damage-associated molecular patterns (DAMPs) induce intracellular signaling pathways via pattern
recognition receptors (PRRs), including toll-like receptors 2 and 4 (TLR 2/4) and receptor for advanced
glycation end products (RAGE), which are expressed on the cell surface of chondrocytes and synovial
cells [86]. This activation causes a wide range of OA-associated pathomechanisms, including expression
of catabolic MMPs, inflammatory response of the synovial cells and oxidative stress [84,85,87,88].
Altogether, DAMPs, cytokines and ROS were found to act in a synergistic manner [89], potentiating the
trauma effect and driving ongoing cell death and cartilage destruction, ending up in a vicious cycle.

Besides immediate trauma-related DAMP release, some alarmins are even actively secreted or
generated by enzymatic conversion [84,90]. In that respect, concentrations of intracellular alarmins
have been shown to peak 24 h after cartilage trauma and rapidly decline afterwards due to decelerated
propagation of cell death [84,91]. In contrast, secondary modification and subsequent enhancement of
the bioactivity of ECM-derived DAMPs increases by time [84]. These modified ECM-fragments are
also referred to as matricryptins [92]. Interestingly, some alarmins—and in particular fibronectin—also
act as chemoattractants, recruiting cartilage-homing CSPC to the impact site [22,93,94].

The accumulation of ROS and NO has been linked to enhanced mitochondrial activity in
chondrocytes as an immediate response towards cartilage injury [95–97] and not only contributes
to ongoing cell death [38,97], but also causes direct degradation of ECM-components [98,99] and
suppression of collagen synthesis [100,101]. Moreover, ROS can function as secondary messengers,
leading to enhanced activation of redox-sensitive pathways, including nuclear factor-κB (NF-κB), as
well as three mitogen-activated protein kinases (MAPKs) pathways: Extracellular signal-regulated
kinase 1/2 (Erk 1/2), p38 cascade and c-Jun N-terminal kinases (JNK) [102,103]—all of which are known
to play a crucial role in cartilage degeneration. Consequently, anti-oxidative treatment, i.e., using NAC,
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has been demonstrated to result in cell and chondroprotective effects after ex vivo cartilage trauma [38]
and attenuated progression of PTOA in different animal models [97,104].

Moreover, there is evidence for trauma-mediated activation of the complement cascade—an
important part of innate immunity—which might be involved in OA progression [105–107]. In fact,
previous studies demonstrated enhanced concentrations of certain complement factors, i.e., the soluble
form of the terminal complement complex (sTCC) anaphylatoxins (C3a, C5a) and C3 convertase,
in synovial fluids of patients suffering from OA disease or after traumatic joint injuries, indicating
increased complement activation [106,108]. Furthermore, complement factors, and in particular the
terminal complement complex (TCC), have been found to mediate various pathomechanisms, including
regulated chondrocyte death and might lead to detrimental phenotypical alteration of the surviving
chondrocytes as described in detail below [106,109]. However, the underlying mechanisms have
not been clarified so far and further investigation is needed to unravel the overall importance of the
complement system during PTOA pathogenesis.

Taken together, the main pathogenic processes involved in OA progression are (regulated) cell
death, synovial inflammation and excessive expression of catabolic enzymes. The associated release
of ROS/NO, DAMPs and cytokines represents the driving force for the continuous maintenance
of catabolic and inflammatory processes as well as loss of the chondrogenic phenotype (Figure 1).
In the following sections, an overview on chondrocyte death and phenotypical changes of affected
chondrocytes will be presented.

Int. J. Mol. Sci. 2020, 21, 1560 5 of 21 

 

using NAC, has been demonstrated to result in cell and chondroprotective effects after ex vivo 
cartilage trauma [38] and attenuated progression of PTOA in different animal models [97,104]. 

Moreover, there is evidence for trauma-mediated activation of the complement cascade—an 
important part of innate immunity—which might be involved in OA progression [105–107]. In fact, 
previous studies demonstrated enhanced concentrations of certain complement factors, i.e., the 
soluble form of the terminal complement complex (sTCC) anaphylatoxins (C3a, C5a) and C3 
convertase, in synovial fluids of patients suffering from OA disease or after traumatic joint injuries, 
indicating increased complement activation [106,108]. Furthermore, complement factors, and in 
particular the terminal complement complex (TCC), have been found to mediate various 
pathomechanisms, including regulated chondrocyte death and might lead to detrimental 
phenotypical alteration of the surviving chondrocytes as described in detail below [106,109]. 
However, the underlying mechanisms have not been clarified so far and further investigation is 
needed to unravel the overall importance of the complement system during PTOA pathogenesis. 

Taken together, the main pathogenic processes involved in OA progression are (regulated) cell 
death, synovial inflammation and excessive expression of catabolic enzymes. The associated release 
of ROS/NO, DAMPs and cytokines represents the driving force for the continuous maintenance of 
catabolic and inflammatory processes as well as loss of the chondrogenic phenotype (Figure 1). In the 
following sections, an overview on chondrocyte death and phenotypical changes of affected 
chondrocytes will be presented. 

 
Figure 1. Cartilage trauma leads to oxidative stress and DAMP release. These mediators further 
trigger regulated chondrocyte death, synovial response and complement activation, which result in 
the production of catabolic enzymes and pro-inflammatory factors—key drivers of ECM degradation. 
These pathophysiologic conditions also promote phenotypical changes of the chondrocytes, 
comprising hypertrophy and senescence. Black lines = directly trauma-related; blue lines = 
chondrocytes-related; green lines = synovial cell-related; red lines = directly 
ROS/DAMP/complement-related. 

5. Chondrocyte Death and Cluster Formation 

Cartilage
Trauma

ROS/ NO

necrosis

chondrogenic
phenotype

anabolic expression
(aggrecan, type II collagen) 

catabolic
expression

matrix-
degradation

synovial
inflammation

DAMPs
Synovial response

TNFa
apoptosis necroptosis

regulated cell death

MMPs/ 
ADAMTS 

catabolic
expression

<<

DAMPs

hypertrophic
phenotype

cytokines

cytokine/ 
chemokine
expression

Complement
activation

Chondrocyte death

Phenotypical
change

ECM degradation

cellular
senescence

Figure 1. Cartilage trauma leads to oxidative stress and DAMP release. These mediators further
trigger regulated chondrocyte death, synovial response and complement activation, which result in
the production of catabolic enzymes and pro-inflammatory factors—key drivers of ECM degradation.
These pathophysiologic conditions also promote phenotypical changes of the chondrocytes, comprising
hypertrophy and senescence. Black lines = directly trauma-related; blue lines = chondrocytes-related;
green lines = synovial cell-related; red lines = directly ROS/DAMP/complement-related.
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5. Chondrocyte Death and Cluster Formation

Under healthy conditions, apoptosis is highly relevant in the terminal differentiation of
hypertrophic chondrocytes. In this context, apoptotic bodies might also activate a special form
of secondary necrosis due to the absence of phagocytotic cells in the cartilage tissue—so called
chondroptosis [110]. Concerning the pathogenesis of OA disease, different modes of chondrocyte
death—such as autophagic cell death, apoptosis and varying forms of necrosis—have been commonly
observed [111–114]. Moreover, previous studies reported that the incidence of apoptotic cell death and
subsequent hypocellularity correlated positively with the severity of OA and matrix-degeneration,
respectively [114–117].

In context of cartilage injury, both progression and modus of trauma-associated cell death
can be assigned to the time after impact as well as the location of the cells, implying a certain
spartiotemporality [82,118]. In principle, the mechanic impact results in immediate cell death,
namely necrosis, which is characterized by high DAMP release due to sudden plasma membrane
disruption [89,113,119]. This triggers the inflammatory response and leads to various pathogenetic
processes as described above. Receptor-interacting serine/threonine-protein kinase 1 (RIPK1) represents
a crucial regulator of cell fate, and is mainly activated by binding of TNFa to its receptor (TNFR1).
In principle, RIPK1 is able to induce various cellular processes ranging from inflammation and
cell survival to cell death (apoptosis and necroptosis) [120,121]. In contrast to necroptosis, which
occurs as a regulated form of necrosis, apoptosis does not lead to DAMP release and is therefore
considered as a non-inflammatory mode of regulated cell death [113]. While mechanical stress has
been shown to induce both primary necrosis and apoptosis [38,82], injury-related necroptosis was
found in vivo [122] but seemed to play a minor role in our ex vivo cartilage trauma models under
serum-free conditions [113]. We concluded that the activation of the necroptotic pathway might require
further co-factors, such as TNFa or certain serum-components [109,123], and concurrent inhibition
of the caspase cascade [113]. However, we could provide evidence that necroptosis occurs in highly
degenerated human cartilage, implying a potential role of necroptosis in OA disease [113].

In general, chondrocyte death leads to hypocellularity, which not only comes along with reduced
capacities for ECM production, but also promotes cell cluster formation, which is commonly regarded
as a possible compensatory response of the cells. In our rabbit in vivo cartilage trauma model, severe
hypocellularity was observed 12 weeks after traumatic impact of about 1.0 J, though occasional
proliferation was found as indicated by cell cluster formation [124,125]. Comparable findings could be
demonstrated in our human ex vivo cartilage trauma model after an impact of 0.59 J; trauma-related
cell loss at day 7 after impact was sort of compensated by cluster formation as shown at day 14 [66].
In both models, hypocellularity and cell cluster formation was mainly located in the superficial zone in
close proximity to the mechanical impact (Figure 2). Such proliferating cells have been controversially
discussed. On one hand, the cell clusters might contribute little to the actual regeneration of the
cartilage since the cells produce an inferior repair tissue, containing collagen type X [126], and express
rather hypertrophic and osteogenic markers, respectively, such as Runx2 [127], osteocalcin [128]
and osteopontin [129]. Moreover, the cells are associated with excessive expression of detrimental
cytokines, FGF2 and MMP-13 [124,127,130]. On the other hand, studies have demonstrated the
enhanced expression of chondroanabolic and stem cell-associated markers, respectively, implying a
regenerative potential of the proliferating cells [131,132]. This raises the question whether cell clusters
consist of “de-differentiated” chondrocytes or activated CSPC [22,94].
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Figure 2. Catabolic, anabolic, hypertrophic and senescence-associated markers in chondrocytes
health and disease. The illustration comprises secreted (i.e., MMPs, chemokines, cytokines)
as well as intracellular master regulators and effectors (RUNX2, SOX9 p14ARF and p16INK4a).
Moreover, regulatory growths factors were included but parenthesized as they contribute to the
hypertrophic and chondroanabolic phenotype, respectively, but are usually not considered as markers;
AP = alkaline phosphatase.

In order to prevent posttraumatic cell death and subsequent hypocellularity, various therapeutic
approaches have been described [133]. However, some studies imply that it might be better to eliminate
the dysfunctional chondrocytes in a posttraumatic scenario to prevent the expression of catabolic
enzymes and pro-inflammatory mediators [134,135].

6. Phenotypical Changes of Affected Chondrocytes

The progression of OA is highly associated with a phenotypical instability of the affected
chondrocytes, which seem to lose chondrogenic characteristics. In principle, senescence and
hypertrophy can be considered as the most prominent forms of phenotypical alteration in old
age and OA, respectively.
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Chondrocyte hypertrophy is primarily associated to terminal differentiation during endochondral
ossification in the hypertrophic zone as a physiologic mechanism of skeletal development [136]. These
hypertrophic chondrocytes are either eliminated by regulated cell death (apoptosis and autophagy) [137]
or undergo osteogenic transdifferentiation [138]. However, chondrocyte hypertrophy can also be
observed in degenerated cartilage and is considered as a crucial hallmark in OA progression [139].
In this context, the hypertrophic phenotype was interpreted as recapitulation of the respective
developmental steps—possibly an attempt to repair the tissue defect [136]. During this process, which
is mainly regulated via vascular endothelial growth factor A (VEGF-a) and RUNX2 [139,140], the
chondrocytes exhibit a dysfunctional behavior, characterized by an excessive expression of catabolic
enzymes, in particular MMP-13, type X collagen and chemokines (i.e., CXCL1 and IL-8) [141].

Fetal bovine serum (≥ 1% v/v) has been shown to promote a hypertrophic phenotype of
chondrocytes during in vitro cultivation [60,142]. Similarly, we recently found that human serum
exposition (30% v/v) resulted in detrimental phenotypical change of the surviving chondrocytes after
ex vivo cartilage trauma as demonstrated by enhanced expression of catabolic enzymes and both
hypertrophy- and senescence-associated markers [109]. Since the addition of aurintricarboxylic acid
(ATA) or clusterin—inhibitors of TCC formation—attenuated most of the serum-ascribed effects, we
concluded that the complement and in particular the TCC, consisting of complement factors C5b-9,
might have potentiated the posttraumatic processes [109]. Under physiological conditions, complement
components such as C5 and C9 are primarily located in the proliferation and hypertrophic zone and
are thought to be involved in endochondral bone formation (ossification) [143]. Moreover, TCC as well
as anaphylatoxin receptors C5aR1 and C5aR2 have been previously discussed as crucial mediators in
transdifferentiation of chondrocytes toward osteoblasts [144] and in cartilage-to-bone-transformation
during fracture healing [145], respectively. These findings altogether imply a possible involvement of
the complement system in chondrocyte hypertrophy and subsequent transdifferentiation towards the
osteogenic lineage, which indeed deserves further investigation.

Besides hypertrophy, OA chondrocytes can also express a senescence-like phenotype, though the
characteristics overlap with the hypertrophic phenotype to some extent. For instance, senescent cells
exhibit a senescence-associated secretory phenotype (SASP), which shows great similarities to the
hypertrophic markers (i.e., IL-6, IL-8, MMP-13 and VEGF-a) [146]. However, senescence-associated
accumulation of β-galactosidase (SA-β-Gal) [147] as well as enhancement of cell cycle inhibitors
p14ARF and p16INK4a are considered as exclusive biomarkers of cellular senescence, while latter
has further been identified as important effector in senescence-related processes [148]. Senescent
chondrocytes were also found to actively secrete ROS [149] and exhibited an increased expression of
MMP-1/-3, IGFBP3, and IL-1β [150,151]. In articular cartilage, senescence might occur “naturally” in an
age-depending manner [146,152] or can be induced by mechanically injury and subsequent oxidative
stress [153]. In fact, accumulation of senescent chondrocytes has been frequently reported in context
of PTOA [135,154]. Furthermore, IL-1β stimulation [155,156] as well as serum-exposition [109] have
also been observed to enhance chondrocyte senescence in vitro. Interestingly, Philipot et al. observed
enhanced expression of p16INK4a—but not p14ARF—during in vitro chondrogenesis of human MSC
and found a significant reduction of the hypertrophic zone, including non-proliferating terminally
differentiated chondrocytes, in ink4a knockout mice [156]. These findings provide evidence of a possible
link between a senescence-like phenotype and chondrocyte hypertrophy. For further information about
chondrocyte hypertrophy in OA, the authors would like to refer to the recent review of Ripmeester
at al. [157]. Figure 3 illustrates a summarizing overview about catabolic, anabolic, hypertrophic and
senescence-associated markers and the respective assignment.
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itself by selective inhibition of unwanted processes or chondroanabolic stimulation (direct modulation).

In summary, outside the growth plate and callus tissue after fracture, hypertrophic and/or
senescent chondrocytes can be considered as dysfunctional cells, affecting the overall integrity of
the cartilage due to the excessive expression of cytokines and ECM-destructive mediators. In fact,
elimination of senescent chondrocytes has been shown to attenuate OA progression [135]. Therefore,
targeting hypertrophic/senescent cells might be an important novel approach in OA therapy and
prevention of PTOA, respectively. Potential strategies are outlined in the sections below.

7. General Therapeutic Approaches in OA

After traumatic injury and surgical intervention, hypothermia (cryotherapy) is commonly applied
as a classic acute treatment to alleviate pain and swelling [158]. Indeed, we could demonstrate that mild
hypothermia (27 ◦C) promotes cell- and chondroprotective effects after ex vivo cartilage trauma [159].
These cell and chondroprotective effects of hypothermia were primarily ascribed to the stabilization
of the mitochondrial functionality, maintenance of antioxidative glutathione and overall reduced
oxidative stress levels after cell and tissue damage [160,161]. Moreover, incubation at 27 ◦C attenuated
the catabolic and pro-inflammatory response of isolated synovial fibroblasts [159]. However, prolonged
hypothermic conditions were also found to reduce anabolic processes, due to a general suppression of
the chondrocyte metabolisms [159,162].

In symptomatic OA, pharmacological treatment is largely based upon pain relieve and
anti-inflammatory therapy by means of Acetaminophen/Paracetamol (APAP) [163], non-steroidal
anti-inflammatory drugs (NSAIDs) [164] or selective cxyclooxygenase-2 inhibitors (coxibs) [165].
According to the current Osteoarthritis Research Society International (OARSI) guidelines, coxibs were
not recommended in patients with cardiovascular comorbidities. Instead, the committee strongly
recommended NSAIDs, while the use of APAP was not supported due to possible hepatotoxicity.
Moreover, intra-articular injection of corticosteroids or hyaluronic acid, as well as aquatic exercise,
depending upon possible comorbidities of the patients, were recommended [166]. Since this
symptomatic treatment cannot prevent the progression of cartilage destruction, sooner or later,
total joint replacement has to be considered as a last option in severe cases of OA.

Due to the still limited lifespan of the prosthetic devices and an increased risk for a revision
surgery in younger patients [167], arthroplasty is often not appropriate for PTOA patients, which have
an approximately 10-year earlier need for joint replacement as compared to other OA patients [80],
emphasizing the urgent need for novel treatment strategies. Despite of the growing trend in regenerative
medicine, including cell-based approaches, such as autologous-chondrocyte implantation (ACI) [168],
injections of MSC or MCS-derived exosomes [169,170], as well as tissue engineering, combining cells,
biomimetic matrices and bioactive components [171–174], this review will primarily focus on current
pharmacological approaches allowing modulation of chondrocyte‘s behavior and fate.

8. Pharmacologic Modulation of Chondrocyte’s Behavior and Fate

In general, there are diverse targets which need to be addressed after traumatic joint injuries.
In our experience, attenuation of harmful mediators improves the overall situation and leads to cell-
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and chondroprotection (indirect modulation) [38,159]. However, the direct modulation of the surviving
cells by chondroanabolic substances or inhibitors of detrimental pathways, responsible for catabolic
enzyme and chemokine expression, is also possible.

Antioxidative therapy, for example, is quite attractive because the agents combine various
beneficial properties. In sum, antioxidants not only serve as scavengers of harmful ROS/NO but also
exhibit cell- and chondroprotective features, thus reducing the posttraumatic release of DAMPs and
attenuating enzymatic cartilage degradation. Besides NAC, further promising outcome in regards
to antioxidative treatment were reported for rotenone [175], resveratrol [176], catalpol [177] and the
vitamin C derivate L-ascorbyl 2-phosphate 6-palmitate (APPS) [178] in different models of OA and
PTOA, respectively. Similar chondroprotective effects were found for the antioxidant quercetin [179],
whereat quercetin has also been described as an effective inhibitor of the TLR4/NF-kB pathway as
demonstrated in a OA rat model [180]. To reduce the detrimental effects of TLR-binding DAMPs,
inhibition of TLRs might be a meaningful approach. Iqbal et al., for example, demonstrated significant
anti-inflammatory effects by lubricin (Prg4) in a rat OA model, resulting from the inhibition of TLR-2,
-4 and -5 [86].

Mitoprotective therapy might be considered as a very specific form of antioxidative treatment,
which targets mitochondrial dysfunction, thus preventing intracellular stress and subsequent apoptosis
and catabolic events in cartilage after supra-physiologic loading [181,182]. The most popular
substance in terms of mitoprotection is a cell-permeable, mitochondria-targeted tetrapeptide called
SS-31 (D-Arg-2′6′-dimethylTyr-Lys-Phe-NH2) [183]. However, the attenuation of trauma-induced
mitochondrial stress response has also been reported for NAC [97].

Although the complement cascade has been commonly accepted as crucial co-player in the
pathogenesis of OA [106,109], only a few drugs directly address the complement as therapeutic target.
The humanized anti-C5 antibody eculizumab, which prevents the cleavage of C5 and subsequent
formation of the terminal complement complex (TCC, C5b-9) and generation of pro-inflammatory
anaphylatoxin C5a, represents the first approved complement-related drug and is currently discussed
as therapeutic substance in rheumatoid arthritis [184]. Moreover, specially designed inhibitors of the
alternative pathway, such as low molecular weight chondroitin sulfate (LMWCS) [185] as well as a
CR2-fH fusion protein combining complement receptor 2 (CR2) and factor H (fH) [186], were found
to attenuate cartilage degeneration in a mouse PTOA and arthritis model, respectively. Overall, the
complement cascade might be an interesting target for future therapeutic strategy in OA disease.

The direct targeting of pro-inflammatory cytokines—in particular TNFa and IL-1β—and the
corresponding receptors, respectively, represents another common therapeutic strategy in OA disease,
which, however, have suffered major setbacks in recent years. Although IL-1β receptor antagonists
(IL-1β RA) and antibodies, respectively, exhibited striking protection in animal OA models [187,188],
clinical studies provided generally disillusioning results [189,190]. Similar findings were reported in
the case of TNFa-binding monoclonal antibodies (TNFa mAb), which yielded rather disappointing
outcomes in OA patients [191]. The natural cytokine IL-10 represents another anti-inflammatory
candidate, reducing trauma-induced apoptosis and both IL-1β and catabolic enzyme expression
after cartilage injury [192,193], mainly by antagonizing TNFa-mediated effects [194]. Additionally,
IL-10 has been found to stabilize the chondrogenic phenotype, wherefore it has been considered as
a promising multipurpose drug [192,193]. However, Jung et al. demonstrated that IL-10 not only
promotes chondrogenic differentiation, but might also induce chondrocyte hypertrophy via activation
of the Smad1/5/8 and ERK-1/2 MAP kinase pathways [195].

In principle, most of the therapeutics have direct or indirect effect on the NF-kB and
MAPK-pathways. This is particularly true for the antioxidants (see Table 1) but also NSAIDs [196] and
inhibitors of IL-1R [197].

In accordance with Chubinskaya and Wimmer, we think that the ideal therapy should address
multiple pathomechanisms to ensure chondroprotection and support chondroanabolism [198].
However, multidirectional therapeutic strategies do not generally result in additive or synergic
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effects as we observed in practice: While BMP7 and IGF-1 exhibited significant chondroanabolic
features after cartilage trauma and during chondrogenic differentiation of CSPC [22,66], combination
with chondro- and cell protective NAC revealed a thoroughgoing suppression of aggrecan and collagen
type II synthesis [66]. The following in vivo study confirmed, that combination of BMP7 and NAC did
not result in more beneficial effects as compared to the monotherapeutic approaches [124]. Although we
expected that the efficacy of the growth factors would be enhanced with respect to the NAC-mediated
clearance of ROS and NO, we rather observed mutual interference between the therapeutic substances
to some extent [66,124]. These experiences led to the conclusion that a sequential application—that first
aims at initial harm reduction by addressing the upstream events and respective effector molecules,
thus paving the path for a subsequent chondroanabolic stimulation—might provide a more promising
outcome [22,66].

Table 1. Overview of potential targets in the pathogenesis of PTOA and corresponding
therapeutic substances.

Pathomechanism/Biological
Process Targets Therapeutic Substance

Oxidative stress

ROS/NO generation
NAC [38,66,124];

rotenone [175]; resveratrol [176]; catalpol [177];
APPS [178]; quercetin [179]; nobiletin [199]

Mitochondrial dysfunction SS-31 [183];
NAC [97]

Activation of innate immunity

C5 (TCC; C5a) Eculizumab [184]

TCC ATA, Clusterin [109]

Complement cascade
(alternative pathway)

LMWCS [185];
CR2-fH [186]

TLR-2/-4/-5 lubricin (Prg4) [86];

TLR-4 quercetin [86]

Synovial inflammation

IL-1R IL-1RA [187,188]
AMG 108 (IL-1R1 mAB) [190]

TNF Adalimumab (TNFa mAB) [200];
Infliximab (TNFa chimeric mAB) [201]

TNFR1 Atrosab (TNFR1 mAB) [202]

Senescence

MDM2/p53 UBX0101/navitoclax/ABT-263 (Bcl-2 inhibitor;
senolytic) [135]

PPARα Fenofibrate (agonist; senolytic) [203]

HMG-CoA reductase Simvastatin (inhibitor; senomorphic) [204]

mTOR1 Rapamycin; temsirolimus; everolimus; curcumin
(inhibitors, senomorphic) [205]

Loss of chondrogenic phenotype

STAT3 pathway
IGFR1
FGFR3

BMPR-1A/B, BMPR-2

IL-10 [192,193,206]
IGF-1 [66]

FGF18 [72,73]/Sprifermin [207]
BMP7 [66,71]

An overview of the above-mentioned therapeutics and further treatment options are summarized
in Table 1.

9. Conclusions

This review was planned to provide a brief overview about some, but certainly not all, relevant
aspects of cartilage metabolism, chondrocytes fate and behavior in PTOA as well as corresponding
therapeutic approaches. Overall, the pathogenesis of OA and in particular PTOA represents a
multifactorial process comprising various mechanisms which are closely interwoven in a complex
network. This network is continuously being up-dated by novel interaction partners and biological
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processes, which might serve as future therapeutic targets but also underline the requirement for
multidirectional therapy. Today we know that the disbalance between anabolic and catabolic events is
tightly linked to phenotypical alteration of the affected chondrocytes. Moreover, researchers could
identify crucial key regulators and mediators in cartilage health and disease, though, many questions
remain open and further investigation of the underlying pathomechanisms is needed.

Moreover, it has been repeatedly demonstrated that even promising therapeutic approaches,
which showed great efficacy in experimental studies, can result in a disappointing outcome in the
clinical trials. To overcome this obstacle, the existing models need to be improved in order to increase
their translational relevance. Of course, not all parameter (mechanical loading, complement system,
synovial response, etc.) can be taken into account in human in vitro/ex vivo experiments, but future
approaches, including more “key players” in these models seem promising. Furthermore, it should
also be kept in mind that neither animal models might provide identical conditions as found in
human patients.

Nevertheless, current research has already identified a broad range of promising therapeutics,
allowing initial harm reduction and preventing ongoing detrimental events. One important future
task is to bring the most promising of them into clinical studies—which includes intelligent strategies
of administration e.g., though intraarticular application with prolonged or even on-demand release
kinetics [208]. In combination with optimal surgical intervention, the early modulation of cellular and
biological processes seems to have the potential to alleviate the acute situation, thus reducing the risk
of PTOA development.
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