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Osteoarthritis (OA) is the most common chronic 
joint disease and is becoming an increasingly se-
rious public health issue worldwide. The disease‘s 
multifactorial pathogenesis and risk factors can be 
summarized on four levels.

The fi rst level includes various risk factors and 
their initiating role in triggering pathogenic mecha-
nisms. The risk factors associated with OA can be 
classifi ed as intrinsic and individual. Intrinsic risk 
factors for OA are not infl uenced by external con-
ditions and include genetics [1], aging [2], and sex 
[3]. Individual risk factors for OA encompass external 
conditions determined by lifestyle diff erences that 
may lead to the development or progression of the 
disease. These factors vary and are infl uenced by 
diff erent living conditions and habits – diet, physical 
activity, occupational conditions, comorbidities and 
their treatment [4], obesity [5], joint loading [6], trau-
ma [7], and metabolic syndrome [8]. The interaction 
of these factors contributes to the activation of mul-
tiple pathophysiological mechanisms leading to the 
initiation and progression of OA.

The second level involves the eff ects of potential 
pathophysiological mechanisms. Among these, low-
grade infl ammation plays a central role in the patho-
genesis of OA. The activation of the infl ammatory 
cascade through the secretion of pro-infl ammatory 

cytokines [IL-1, IL-6, TNF-α, etc.] and the activation 
of cellular and humoral factors of the innate immune 
response contribute to disease progression [9]. 
During aging and/or in the presence of risk factors 
such as trauma and excessive mechanical loading, 
the presence of cellular debris from structurally com-
promised cells in the joints accelerates the degener-
ation of joint tissues and the breakdown of the extra-
cellular matrix [10, 11].

The third level includes changes in the intra-ar-
ticular phenotype at the molecular level. Under the 
infl uence of the pathophysiological mechanisms 
mentioned at the second level, chondrocytes begin 
to produce catabolic factors such as matrix metal-
loproteinases [MMPs], ADAMTSs, and A-disinteg-
rins, which are considered responsible for the deg-
radation of the extracellular matrix [12, 13]. As the 
eff ects of increased catabolic activity accumulate, 
a gradual loss of aggrecans occurs, followed by 
the breakdown of type II collagen and the destruc-
tion of the collagen network [14]. Simultaneously, 
mesenchymal stem cells in the periosteum and/or 
synovium become activated and undergo chondro-
genesis and ossifi cation, explaining the formation 
of osteophytes [15].

The fourth level of pathogenesis involves his-
tological changes in joint tissues over time. In the 
early stages of OA, mild cartilage damage leads to 
dysfunction and is accompanied by hypertrophy of 
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superfi cial layer chondrocytes [16]. As the disease 
progresses, the structural integrity and function-
al competence of the articular cartilage are pro-
gressively impaired. The subchondral bone under-
goes remodeling, its trabecular structure changes, 
and new bone formation occurs [17]. Progressive 
damage to the menisci [18], degeneration of the 
ligamentous apparatus [19], and muscle atrophy 
further contribute to joint destabilization [20]. Low-
grade focal infl ammation of the synovial mem-
brane and infrapatellar fat pad also plays a role 
in cartilage degeneration [21]. This joint-specifi c 
low-grade infl ammation is responsible for the clin-
ical manifestations of OA, accelerating pain in af-
fected joints, swelling, and motor defi cits [22]. In 
advanced disease, the full spectrum of histological 
changes and clinical manifestations of OA is ob-
served.

Although classifi ed into diff erent levels, these 
pathogenic processes are interdependent and 
functionally connected. As a result, they give rise 
to corresponding clinical symptoms such as pain, 
swelling, stiff ness, limited joint mobility, and mus-
cle weakness. Early symptoms of OA may be lo-
calized, sporadic in frequency and occurrence, but 
their manifestation progresses as the disease ad-
vances. The next section of the review discusses 
four key topics in OA pathogenesis that contribute 
to a contemporary understanding of the disease 
and hold potential for the identifi cation of biomark-
ers for early-stage OA.

Signaling pathways and cartilage structural changes in 
OA, 2022, Elsevier

Tකඉඝඕඉ ඉඖඌ Oඛගඍ඗ඉකගඐකඑගඑඛ

Both in trauma and OA, the initial structural dam-
age occurs in the superfi cial layers of the cartilage, 
leading to a loss of proteoglycans in the extracel-
lular matrix and damage to the collagen fi ber net-
work [23]. Subsequently, chondrocytes degenerate 
and decrease in number, which in the early stages 
appears as minor localized damage in the superfi -
cial layers of the articular cartilage. Over time, these 
lesions may spread to the middle and deep layers 
of the cartilage [24]. As a result, under load, the car-
tilage in an osteoarthritic joint lacks the capacity of 
healthy joint cartilage. The low cellular composition 
of articular cartilage and its avascular nature further 
limit its ability to recover after injury [25]. When car-
tilage damage is inadequately, untimely, or ineff ec-
tively treated, the result is osteoarthritis.

Hඍඉග Sඐ඗උඓ Pක඗ගඍඑඖඛ 
ඉඖඌ Oඛගඍ඗ඉකගඐකඑගඑඛ

Heat shock proteins (HSPs) are molecules 
produced under environmental stress conditions. 
They are involved in maintaining the structural in-
tegrity and function of cells by supporting cellular 
proteostasis. HSP families are classifi ed based on 
their molecular weight, including mainly large HSPs 
(HSP90, HSP70, HSP60, HSP40) and small HSPs. 
They function as molecular chaperones, meaning 
they help large molecules fold and unfold [26]. In ad-
dition to their chaperone functions, they play a cru-

cial role in cellular signal transduction 
and apoptosis regulation. Thus, HSP 
dysfunction is associated with nu-
merous diseases, including cancer, 
neurodegenerative, infl ammatory, au-
toimmune, cardiovascular, and other 
conditions. Extracellular HSPs act as 
stress warning signals, preparing oth-
er cells, particularly immune cells, to 
limit damage propagation.

A study aimed to identify age-re-
lated changes in the levels of HSPs, 
chemokines, and collagen degrada-
tion markers in the blood of patients 
with osteoarthritis [27]. The study re-
vealed that the involvement of HSPs 
in OA pathogenesis appears to be 
a complex and multi-level process. 
Under the infl uence of external risk 
factors, HSP70 acts as an adjuvant 

to the immune response, involving the chemokine 
CXCL17. It contributes to CXCL17-dependent ac-
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tivation of dendritic cells and macrophages. This 
mechanism initiates localized low-grade infl amma-
tion. Chondrocytes and osteoblasts subjected to cy-
tokine attack are unable to respond to HSP70 and 
HSP27 overexpression. As osteoarthritis progress-
es, the local tissue response advances, where hy-
pertrophic diff erentiation processes of chondrocytes 
and subchondral bone cells play a crucial role.

Circulating HSP70 levels were investigated in 
patients with knee osteoarthritis, showing signifi -
cantly higher values compared to healthy volunteers 
[28]. Data analysis from this study revealed that both 
circulating and synovial HSP70 levels are propor-
tionally associated with the radiographic severity of 
knee OA. As OA progresses, HSP70 is detected in 
the chondrocytes of the deeper layers of the knee 
cartilage, suggesting that a possible mechanism is 
its altered localization within hyaline cartilage. In this 
aspect, HSP70 holds potential as a prognostic bio-
marker for OA monitoring as well as a clinical diag-
nostic tool.

JAK/STAT Sඑඏඖඉඔඑඖඏ Pඉගඐඟඉඡ ඉඖඌ OA

The Janus kinase (JAK) and signal transducer 
and activator of transcription (STAT) signaling path-
way was discovered more than a quarter of a cen-
tury ago. As a pivotal mechanism in numerous vital 
cellular processes, the JAK/STAT pathway serves 
as a rapid signaling module from the membrane 
to the nucleus, inducing the expression of various 
pro-infl ammatory and neoplastic mediators [29, 30]. 
Increasing evidence suggests that dysregulation of 
the JAK/STAT pathway is pathogenetically linked to 
various malignancies, autoimmune disorders, and 
degenerative diseases. The consequences of JAK/
STAT pathway activation in OA result in an infl am-
matory response, inducing the production of pro-in-
fl ammatory cytokines such as TNF-α, IL-1β, and IL-
6, which contribute to OA pathogenesis [31].

There is some overlap in the levels of pro-infl am-
matory cytokines such as TNF-α, IL-1β, and IL-6 in 
OA patients [32]. IL-1β induces the production of IL-
6, which activates catabolic processes and inhibits 
anabolic ones in articular cartilage [33]. Higher lev-
els of IL-6 in serum and synovial fl uid are associat-
ed with faster OA progression. IL-1β also induces 
chondrocyte apoptosis [34]. This occurs because 
IL-1β, through IL-6, activates MMPs and ADAMTSs 
– key mediators of catabolism that disrupt the meta-
bolic balance of chondrocytes and activate cartilage 
degradation [35]. Numerous studies confi rm that 
IL-6 induces JAK/STAT pathway activation in vari-

ous organs and systems. OA progression is closely 
linked to the activity of the IL-6/JAK-STAT axis [36]. 
IL-6 and its soluble receptor [sIL-6R] stimulate car-
tilage degeneration by promoting the production of 
ADAMTS-4, ADAMTS-5/11, MMP-1, MMP-3, and 
MMP-13. These matrix metalloproteinases are also 
regulated by STAT proteins [37]. Interrupting the 
IL-6/sIL-6R interaction may reduce MMP expression, 
limit extracellular matrix degradation, and slow OA 
progression. Accordingly, decreased serum levels of 
IL-6 and IL-17 could prevent concomitant low-grade 
synovial infl ammation [38]. TNF-α also has the po-
tential to activate matrix metalloproteinases [MMPs], 
which accelerate cartilage degeneration [39]. Similar 
regulatory eff ects may involve other pro-infl ammato-
ry cytokines, such as TNF-α, IL-4, IL-10, IL-13, IL-
17, and IL-23. Notably, IL-4 has an anti-infl amma-
tory eff ect on chondrocytes [40] and is thought to 
play a role in IL-4 signal regulation through the JAK/
STAT pathway. IL-4, via the JAK/STAT pathway, has 
a chondroprotective role by inhibiting MMP-13 ex-
pression [41, 42]. The interaction of IL-10 with its two 
receptors, IL-10R1 and IL-10R2, can also activate 
the JAK/STAT pathway [43]. IL-23 may induce sy-
novial infl ammation and subchondral bone changes 
via STAT3 [44].

Apoptotic signaling pathways are also implicat-
ed in OA development. Since the JAK/STAT pathway 
plays a key role in apoptosis regulation, it is closely 
associated with infl ammation and OA progression. 
Increased phosphorylation of JAK3 and STAT6 has 
been observed with IL-4 treatment combined with 
moderate mechanical loading [45].

Macrophages are the most common immune cells 
in synovial joints and are the main innate immune 
eff ector cells that initiate the infl ammatory response 
in OA pathogenesis [46]. STAT1 and STAT3 infl u-
ence macrophage-mediated infl ammatory respons-
es [47]. IL-13 and IL-4 activate M2 macrophages via 
the JAK2/STAT3 pathway, while IL-4 phosphorylates 
STAT3 and STAT6, stimulating DNA binding with 
STAT3. IL-13 induces TYK2 phosphorylation, subse-
quently activating STAT1 and STAT6 and increasing 
the DNA-binding activity of STAT1 [48]. IL-6 can acti-
vate M1 macrophages via the JAK2/STAT3 pathway 
[49]. Other studies suggest that an increased M1/M2 
macrophage ratio correlates with OA severity. While 
activated M1 macrophages are associated with high 
production of pro-infl ammatory cytokines such as 
IL-1, IL-6, IL-12, IL-23, and TNF-α [50], M2 macro-
phages contribute to lowering these cytokines, ac-
tivating anti-infl ammatory and immunosuppressive 
responses, and participating in pathogen clearance, 
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wound healing, tissue remodeling, and immune regu-
lation. Enhancing M2 macrophage activity may coun-
teract pathological OA changes [51].

The JAK/STAT signaling pathway is also in-
volved in cartilage remodeling. Increased STAT3 
levels have been associated with joint and muscle 
dysfunction in OA patients [52]. This suggests that 
JAK/STAT signaling may infl uence joint homeosta-
sis, as well as subchondral bone remodeling and 
muscle loss. A study has demonstrated that activa-
tion of the JAK2/STAT3 pathway is linked to reduced 
type II collagen production in chondrocytes [53]. 
Activation of the JAK/STAT3 signaling pathway in 
chondrocytes can be induced by IL-1β, leading to 
increased expression of MMPs [54].

The SOCS (Suppressor of Cytokine Signaling) 
protein family consists of negative feedback inhibi-
tors of cytokine-induced signaling. They exert their 
function through the JAK/STAT signaling pathway 
as well. The SOCS family includes seven mem-
bers: SOCS1, SOCS2, SOCS3, SOCS4, SOCS5, 
SOCS6, and SOCS7. SOCS1-3 proteins regulate 
cytokine signaling through negative feedback via 
the JAK/STAT pathway [55]. SOCS1 and SOCS3 
can inhibit the activity of JAK1, JAK2, and TYK2, but 
not JAK3. SOCS4-7 regulate growth factor receptor 
signaling [56]. Activated STAT proteins can stimulate 
the transcription of SOCS genes and promote inter-
actions between SOCS and phosphorylated JAKs. 
This interaction may lead to JAK/STAT pathway 
blockade [57].

Leptin has been shown to stimulate the expres-
sion of IL-6, MMP-1, MMP-3, and MMP-13 while re-
ducing SOCS3 expression. Suppression of SOCS3 
has the potential to induce infl ammatory responses 
and enhance leptin-mediated MMP-3 expression in 
OA chondrocytes [58]. These fi ndings suggest that 
SOCS proteins could serve as potential therapeutic 
targets for OA.

Dysregulation of the JAK/STAT pathway can 
lead to various pathological changes relevant to 
many clinical aspects of OA, including chondrocyte 
survival and apoptosis, regeneration attempts, and 
extracellular matrix degradation. Evidence suggests 
that modern antirheumatic drugs modulate JAK/
STAT pathway activation [59]. It is crucial to deter-
mine the extent to which JAK inhibitors alter MMP 
expression in chondrocytes. Studies have shown 
that JAK inhibitors can maintain joint tissue homeo-
stasis by modulating the eff ects of IL-6. Blocking 
JAK2 or JAK3 reduces the expression and enzymat-
ic activity of MMP-13, ADAMTS-4, and ADAMTS-5, 
preventing type II collagen degradation. It has been 

proposed that JAK inhibitors may support chondro-
genic diff erentiation and promote cartilage regener-
ation by stimulating mesenchymal stem cell activity 
[60]. Both JAK1 and JAK2 inhibitors block TNF-α-
induced STAT3 phosphorylation and STAT3-DNA 
binding [61]. These fi ndings provide a rationale for 
developing OA therapies through modulation of the 
JAK/STAT signaling pathway activity.

E඘එඏඍඖඍගඑඋඛ එඖ ගඐඍ Pඉගඐ඗ඏඍඖඍඛඑඛ ඗ඎ OA

Although OA is associated with a possible ge-
netic predisposition, over time, the notion that the 
genome is not the primary cause of the disease has 
become more widely accepted. Numerous studies 
have failed to identify genes with high signifi cance 
levels that are strongly associated with an increased 
prevalence of the disease. Current evidence sup-
ports the theory of polygenic inheritance of suscepti-
bility. However, studies indicate that more than 80% 
of disease-associated genetic variants are located in 
non-coding regions of the genome [62]. This fi nding 
supports the hypothesis that epigenetics, as a key 
element in regulating gene expression, is involved in 
both the onset and progression of OA. The currently 
established paradigm views the disease as a pro-
cess involving interactions between a broad range 
of genetic and environmental factors. Unlike genom-
ic modifi cations, epigenetic modifi cations are more 
fl exible and reversible. Epigenetic factors can induce 
transcriptional changes that may be critical in the 
pathogenesis of OA. Based on these fi ndings, it is 
suggested that changes in gene expression, rather 
than alterations in the genetic code sequence, play 
a more signifi cant role in the onset and progression 
of the disease [63].

Currently, the term „epigenetics“ refers to her-
itable and dynamic changes that do not involve al-
terations in the primary DNA sequence but rather 
adaptations in chromatin conformation to regulate 
gene expression [64]. The molecular basis of epi-
genetic mechanisms includes DNA methylation, his-
tone modifi cations, and gene expression regulation 
through non-coding RNAs [65].

DNA methylation is one of the mechanisms that 
regulates human chondrogenesis. It has been estab-
lished that changes in DNA methylation patterns cor-
relate with OA manifestations [66]. Helmtrud I. and 
colleagues were the fi rst to study specifi c methylation 
loci. They quantitatively analyzed the methylation of 
the proximal promoter regions of aggrecanase 1 and 
matrix metalloproteinase 2 (gelatinase A), MMP3 
(stromelysin 1), MMP9 (gelatinase B), and MMP13 
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(collagenase 3) [67]. They demonstrated that the 
degree of demethylation at at least one CpG site in 
each enzyme was statistically higher in OA patients 
than in the control group. In a 2014 study by Fernan-
dez-Tajes J. and colleagues, the authors identifi ed 
a phenotypic subgroup of OA patients characterized 
by an increased local infl ammatory response, which 
may be regulated by epigenetics [68]. Another study 
suggested that global DNA methylation could serve 
as a powerful tool for the molecular characterization 
of OA and as a potential diagnostic marker [69]. Sub-
sequent studies on cartilage tissue have identifi ed 
additional DNA methylation sites in OA, and these 
genes can be classifi ed into four main categories:

 ● The fi rst category relates to extracellular matrix 
homeostasis and includes COL2A1, COL9A1, 
COL10A1, ACAN, MMP2, MMP3, MMP9, MMP13, 
and ADAMTS-4 [70].

 ● The second category comprises molecules 
associated with infl ammation, such as IL1B, IL8, 
IL32, TGF-β2, IL1RN, and WNT11 [71].

 ● The third category includes SOX4, SOX9, 
RUNX2, and SOD2, which are involved in cartilage 
maintenance [72].

 ● The fourth category consists of growth factors 
such as BMP7, SOST, and GDF5 [73].

A study has established a link between DNA 
methyltransferase (DNMT) polymorphisms and pri-
mary knee osteoarthritis [74]. In response to IL-1, 
chondrocytes in the transitional zone increase the 
expression and activity of DNMT1. In 2018, Eilis 
H. and colleagues investigated DNA methylation at 
850,000 sites across the genome using the Methyla-
tionEPIC BeadChip in samples from the UK Longitu-
dinal Study [75]. They identifi ed 548 signifi cant DNA 
methylation loci among 2,907,234 genetic variations 
and 93,268 DNA methylation sites, indicating 548 
signifi cant DNA methylation loci. These fi ndings sug-
gest that DNA methylation may infl uence gene and 
non-coding RNA expression, as well as gene tran-
scription and translation. It is known that DNA meth-
ylation varies signifi cantly in tissues depending on 
disease stages [76]. This presents a challenge in de-
termining from which structures biological samples 
should be collected for clinical methylation studies. 
Despite these challenges, discoveries in this fi eld 
add new knowledge to the current understanding of 
the role of epigenetics in OA. Genome-wide studies 
further confi rm and clarify the interaction between 
genetics and epigenetics in OA. Fernandez-Tajes 
and colleagues examined genome-wide DNA meth-
ylation in human joint chondrocytes to identify specif-
ic DNA methylation profi les in OA. They analyzed a 

cohort of 25 OA patients and 20 healthy controls. In 
this patient subgroup, they identifi ed 1,357 diff eren-
tially methylated sites. Additionally, 450 genes were 
diff erentially expressed in patients with an elevated 
infl ammatory response, which may be epigenetically 
regulated [77].

Another epigenetic mechanism involves 
post-translational histone modifi cations (PTMs). 
Initially, histones were thought to function as a stat-
ic scaff old for DNA packaging. However, it was lat-
er discovered that they are dynamic proteins that 
undergo various post-translational modifi cations. 
There are fi ve histone families [H1-H5], divided into 
two groups. Some lysine acetylations and methyla-
tions serve as activating signals for gene transcrip-
tion. Histone H3 is modifi ed by a large number of 
PTMs, including acetylation, methylation, and phos-
phorylation [78]. Histone methylation is crucial for 
proper genome programming during development, 
and disruptions in this process can lead to patholog-
ical conditions [79]. Broadly speaking, histones can 
be modifi ed by histone deacetylases (HDACs) or 
histone acetyltransferases (HATs), leading to more 
or less condensed chromatin structures. Increased 
activation and expression of histone deacetylases 
may play a role in the pathogenesis of knee osteo-
arthritis [OA]. The upregulation of HDAC modulates 
the activity of miR-146a, which triggers the infl am-
matory response in knee OA [80]. UTX is a histone 
demethylase. In 2022, Lian W.-S. and colleagues 
investigated how UTX alters the phenotype of ar-
ticular cartilage by stimulating anabolic processes 
or activating the phenotypic dediff erentiation of 
the extracellular matrix [81]. Evidence that histone 
post-translational modifi cations play a signifi cant 
role in OA has increased over the past few years; 
however, the role of histones in the early stages of 
OA remains largely unknown. This is partly due to 
the diffi  culty of obtaining samples from the structur-
ally complex articular cartilage, which has low cel-
lular availability, and partly due to the invasiveness 
of the sampling procedure. Recently, a protocol for 
histone extraction from human articular cartilage 
was published, aiming to enhance the understand-
ing of histone involvement in OA pathogenesis [82]. 
Similar to histone acetylation, changes in histone 
methylation are often associated with altered gene 
expression and modifi cations in signaling pathways 
in chondrocytes. In addition to histone methylation, 
the process of demethylation also plays a role in 
OA pathogenesis [83]. Increased levels of demeth-
ylases have been identifi ed in cartilage from the tib-
ial plateau in knee OA.
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Sirtuins (SIRTs) are NAD+ (nicotinamide ade-
nine dinucleotide)-dependent enzymes. They func-
tion as deacetylases, removing acetyl groups from 
cellular proteins and thus altering their function. 
Deacetylation aff ects proteins in the cytoplasm, reg-
ulating cellular metabolism, as well as proteins in the 
nucleus, where it controls gene expression. It has 
been proven that SIRTs and SIRT-dependent epi-
genetic control play a vital role in DNA repair, infl am-
mation, and age-related diseases. There are seven 
types of sirtuins in humans, localized in diff erent 
parts of the cell. SIRT1 is essential for maintaining 
hyaline cartilage homeostasis and is the most ex-
tensively studied sirtuin in joint pathology. Numer-
ous in vitro and in vivo studies have demonstrated 
that SIRT1 is involved in OA pathogenesis, playing 
a role in apoptosis, cartilage matrix repair, and bone 
homeostasis. Increased expression of SIRT1 en-
hances the expression of genes responsible for ex-
tracellular matrix (ECM) production. SIRT6 has been 
shown to regulate chondrocyte proliferation and dif-
ferentiation. Chondrocyte hypertrophy and proteo-
glycan production are reduced in SIRT6-defi cient 
mice. SIRT3 is primarily located in the mitochondria, 
where its deacetylase activity regulates mitochondri-
al function, regeneration, and kinetics. Given these 
fi ndings, SIRT3 is considered to play a crucial role in 
mitochondrial adaptations and aging delay [84].

MicroRNAs (miRNAs) are small single-stranded 
non-coding RNAs (ncRNAs) ranging from 21 to 25 
nucleotides in length, functioning as post-translation-
al suppressors [85]. They are involved in regulating 
biological processes such as cell proliferation, apop-
tosis, diff erentiation, and organogenesis. Numerous 
studies have demonstrated that miRNAs play a cru-
cial role in the development and proper functioning 
of both innate and adaptive immunity [86]. Through 
a protein complex, they can induce the cleavage of 
messenger RNAs (mRNAs), which serve as their 
targets, thereby suppressing the expression of cor-
responding genes. A subclass of miRNAs, known as 
circulating miRNAs (cmiRNAs), has garnered atten-
tion due to their potential role in mediating cell-to-cell 
and tissue-to-tissue cross-signaling. These intracel-
lular mediators are produced in various tissues in 
response to physiological and pathological stimuli 
and are secreted into the bloodstream, where they 
can travel to their target recipient tissues to modu-
late gene expression [87]. Furthermore, miRNAs 
can infl uence the translation of enzymes involved 
in histone modifi cation and DNA methylation [88]. 
MiRNAs participate in numerous biological process-
es, including the regulation of innate and adaptive 

immunity, genome stability maintenance, resistance 
to stress factors, cell growth, diff erentiation, prolif-
eration, apoptosis, and infl ammation. They are also 
implicated in tumorigenesis, cell migration, and inva-
sion during the progression of various neoplasms. 
MiRNAs regulate the maturation and diff erentiation 
of immune cells, with certain miRNA groups involved 
in B- and T-cell regulation [89]. Overexpression of 
miR-150 has been shown to block B-cell develop-
ment, while miR-199a-5p is associated with the inhi-
bition of monocyte/macrophage diff erentiation [90]. 
Specifi c miRNAs are linked to the proper function-
ing of dendritic cells, their antigen-presenting ability, 
and cytokine production. The expression of Toll-like 
receptors (TLRs) on macrophages and dendritic 
cells is regulated by miRNAs [91]. The target gene 
of miRNA-155 in these cells is a suppressor of cy-
tokine signaling. Consequently, a defi ciency in miR-
155 could lead to dysfunction in dendritic cells [92]. 
MiRNAs also infl uence the function of macrophages/
monocytes [93], which are the primary cellular play-
ers in the low-grade infl ammation observed in osteo-
arthritis (OA). Advances in molecular biology have 
revealed the multifaceted role of miRNAs as a „fi ne 
post-transcriptional tuning“ mechanism of the im-
mune system. It has become evident that they play 
a critical role in the maturation, diff erentiation, and 
regulation of both innate and adaptive immunity [94].

The study of miRNAs is the subject of numer-
ous clinical investigations in osteoarthritis. MiR-140 
is specifi cally expressed in cartilage [95] and plays 
a signifi cant role in chondrogenesis. In osteoarthritic 
cartilage, the expression of miR-140 is signifi cantly 
reduced compared to healthy cartilage, leading to 
the expression of genes with negative eff ects in OA 
[96]. IL-1β signifi cantly decreases the expression of 
miR-140, while simultaneously increasing the ex-
pression of the catabolic MMP13 and ADAMTS5 
[97]. MiR-146a is also expressed in cartilage, es-
pecially in the chondrocytes located in its superfi -
cial layer. These fi ndings suggest that miRNAs may 
act as mediators in chondrocyte metabolism at the 
molecular level [98]. Several miRNAs with opposite 
roles have been identifi ed in the pathophysiological 
processes of OA. While Kang and colleagues found 
that miR-204 inhibits prostaglandin synthesis and 
induces chondrocyte aging under stress conditions, 
Huang and colleagues argue that miR-204, togeth-
er with its homolog miR-211, has a benefi cial eff ect 
on cartilage homeostasis and suppresses the pro-
gression of osteoarthritis [99]. A defi ciency of miR-
204/-211 in mesenchymal progenitor cells increases 
the expression of catabolic markers, inducing OA in 
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mouse models [100]. MiRNAs can interact with his-
tones and enzymes, creating complex epigenetic 
regulatory mechanisms. Yin and colleagues inves-
tigated the expression of miR-140-5p and miR-140-
3p in synovial fl uid in knee osteoarthritis, fi nding that 
both miRNAs were signifi cantly reduced compared 
to levels obtained from synovial fl uid from healthy 
knee joints. The conclusion is that the expression of 
miR-140-5p and miR-140-3p negatively correlates 
with the severity of OA [101]. Furthermore, Si and 
collaborators, in 2017, found that intra-articular in-
jection of miR-140 regulates ECM homeostasis in 
an OA rat model, reducing disease progression. 
Conversely, miR-210 was found at elevated levels 
in synovial fl uid from patients with early-stage OA 
and may serve as a diagnostic marker for the early 
detection of the disease [102]. In combination with 
other therapeutic strategies, miRNAs have potential 
as both biomarkers and therapeutic targets in OA. 
This strategy could aid in joint regeneration or slow 
disease progression in its early stages.

The JAK/STAT signaling pathway is linked to the 
expression of miRNA-224 in osteogenic diff erentia-
tion. On the other hand, miRNA-224-5p can activate 
cartilage degeneration and worsen OA by activating 
the JAK2/STAT signaling pathway [103]. It has been 
shown that miRNA-149-5p is an early biomarker for 
OA, and JAK inhibitors exhibit therapeutic eff ects in 
OA by inhibiting its expression [104]. The miR-149/
JAK1/IL-6/TNF-α axis plays an important role in 
maintaining joint tissue homeostasis. Specifi cally, 
miR-224-5p activates the JAK2/STAT pathway, lead-
ing to cartilage degeneration and accelerating symp-
tom onset in OA patients [105]. Tofacitinib aff ects the 
expression of miR-149 and inhibits the JAK/IL-6/
TNF-α axis, reducing the manifestations of OA in 
mice. MiR-223 may enhance infl ammatory process-
es in the osteoarthritic joint by activating the JAK2/
STAT1 signaling pathway in chondrocytes, increas-
ing MMP-3 expression, and accelerating ECM deg-
radation [106]. Hypoxic eff ects may enhance repair 
processes in cartilage in OA by stimulating chondro-
cyte proliferation while simultaneously suppressing 
apoptosis through miR-18/JAK/STAT signaling [107].

Mature miRNAs bind to complementary iRNAs – 
target gene sequences – and block gene expression 
as well as suppress translation [108]. In 2020, Lian L. 
P. and colleagues found that in chondrocytes of pa-
tients with arthroplasty, miR-483, miR-22, miR-377, 
miR-103, miR-16, miR-223, miR-2b, miR-23b, and 
miR-509 were elevated, while miR-29a, miR-140, 
miR-25, miR-337, miR-210, miR-26a, and miR-373 
were reduced [109]. The genetic signatures of these 

miRNAs diff erentiate chondrocytes in osteoarthritis 
from healthy chondrocytes. MiR-140 is associated 
with OA and can be detected in peripheral circula-
tion or synovial fl uid in advanced disease [110]. In 
the articular cartilage of OA patients, miR-146a is 
overexpressed. In these cases, the extracellular ma-
trix is actively remodeled by concomitant low-grade 
infl ammation, which leads to changes in the biome-
chanical properties of chondrocytes and accelerates 
the progression of OA [111]. These fi ndings support 
the idea that miR-146a plays a signifi cant role in the 
infl ammatory component of OA [112]. Other miRNAs 
related to extracellular matrix degradation include 
miR-137, miR-449, miR-221, miR-30a, miR-19b-3p, 
miR-634, miR-29, miR-107, miR-497-5p, miR-26a, 
and miR-101. Some miRNAs, such as miR-378 in 
synovial fl uid, can alter their expression levels as the 
disease progresses. Based on these conclusions, 
Bartholomew B. in 2014 suggested that intra-artic-
ular injection of certain miRNAs has the potential to 
reverse disease progression, which could be revolu-
tionary in the treatment of osteoarthritis [113]. Wang 
and colleagues investigated the involvement of both 
lncRNAs and miRNAs in the onset and development 
of knee osteoarthritis. They found that 186 lncRNAs 
and 684 miRNAs were expressed in the degenerated 
chondrocytes of knee osteoarthritis [114]. The role of 
miR-146a-5p was analyzed in another study [115], 
where the authors discovered a connection with a 
protein involved in chondrocyte apoptosis and au-
tophagy processes: miR-146a-5p stimulates apop-
tosis and suppresses autophagy in chondrocytes. It 
was found that miR-146a-5p is highly expressed in 
tissue from knees with osteoarthritis. Intra-articular 
injection of an antagonist of miR-146a-5p positively 
aff ected the progression of knee osteoarthritis. Re-
cent studies suggest that miRNAs also play a cru-
cial role in mitophagy, a process of autophagy that 
degrades damaged or dysfunctional mitochondria. 
Inhibiting miR-126-5p suppresses mitophagy and 
mitochondrial degradation, ensuring cartilage resis-
tance to damage. This phenomenon is explained by 
the fact that mitochondria are powerful regulators of 
chondral homeostasis, and it has been established 
that they degenerate during the progression of knee 
osteoarthritis [116]. Overexpression of miR-103a-3p 
inhibits chondrocyte apoptosis and infl ammation in 
OA [117]. Another study by Endisha and colleagues 
found that the expression of miR-34a-5p in both 
cartilage and synovium increases in patients with 
knee osteoarthritis. The synovium and cartilage of 
mice treated with intra-articular injections of miR-
34a-5p showed signs of degeneration (disruption of 
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cartilage integrity, appearance of fi ssures, synovial 
proliferation, etc.) similar to those seen in OA [118]. 
Intra-articular injection of miR-34a-5p has a pro-in-
fl ammatory eff ect in knee osteoarthritis. A study by 
Tavallaee and colleagues observed elevated levels 
of miR-27b-3p in the synovial fl uid of patients with 
late-stage knee osteoarthritis. The levels of this miR-
NA correlated with the severity of OA. The eff ects 
of injecting miR-27b-3p into the knees of mouse 
models were described as a phenotype with signs of 
synovitis, synovial fi brosis, increased infl ammatory 
marker levels, and a pro-fi brotic response in fi bro-
blast-like synoviocytes [119].

Another manuscript by Jin and colleagues eval-
uates the eff ect of miRNAs contained in exosomes 
from human mesenchymal stem cells (MSCs) in the 
treatment of gonarthrosis. Exosomes derived from 
MSCs of bone marrow prevent cartilage degenera-
tion and subchondral bone remodeling in a rat model 
of gonarthrosis. They help maintain the chondrocyte 
phenotype by inducing type II collagen synthesis 
and inhibiting IL-1β-induced aging and apoptosis. 
The exosomal lncRNA MEG-3 also slows aging and 
apoptosis of chondrocytes induced by IL-1β [120]. 
Unlike microRNAs, which mainly rely on comple-
mentary RNA sequence pairing to suppress target 
genes, lncRNAs act in a signifi cantly more complex 
manner [121]. lncRNAs have various mechanisms 
for regulating gene expression, including epigenetic 
regulation, transcriptional regulation, and post-tran-
scriptional regulation [122]. Recent research has re-
vealed the mechanism of axial regulation of the high-
ly expressed lncRNA in osteoarthritic joints [123]. Of 
importance is the interaction between lncRNAs and 
miRNAs [124]. Through spatial conformation, the 
secondary structure of lncRNA may exert an adsorp-
tive eff ect on miRNA, changing the contact concen-
tration of miRNA and regulating the production of 
infl ammatory genes or transcription factors in osteo-
arthritic joints [125].

Currently, the epigenetics of OA mainly focuses 
on chondrocytes, but several publications also ad-
dress the epigenetic eff ects on the subchondral bone 
[126]. Through zonal analysis of the tibia, Zhang Y 
proposes a new hypothesis that subchondral epi-
genetic changes play a more signifi cant role than 
those in cartilage in the progression of osteoarthritis.

Due to the diff erential expression of epigenetic 
changes in various joint tissues – chondrocytes, 
subchondral bone, synovium, ligaments, and other 
joint tissues – confl icting experimental results may 
occur. The heterogeneity of cells and tissues in the 
OA joint can compromise the accuracy of current 

knowledge about gene function and epigenetic reg-
ulation. Future approaches to epigenetics in osteo-
arthritis would be more rational if refi ned single-cell 
studies were conducted. Single-cell studies would 
provide more precise subtyping of diseased tissues. 
In the future, these techniques could be used in OA 
research and provide a new perspective on under-
standing its pathogenesis.

C඗ඖඋඔඝඛඑ඗ඖ

In the pathological process of osteoarthritis, nu-
merous epigenetic variables can infl uence the ex-
pression of genes associated with the disease [127]. 
An integrative study of all epigenetic mechanisms is 
crucial for better perspectives in the search for new 
biomarkers and treatments. Some of these epigen-
etic mechanisms have been studied for decades in 
other diseases or as part of the aging process. It has 
also been confi rmed that these mechanisms regulate 
the expression of metalloproteases and the integri-
ty of the cartilage matrix. We now know much more 
about the mechanisms and regulation of chromatin in 
OA, and the specifi c role played by chromatin mod-
ifi ers, as well as the impact of histone modifi cations 
on the chondrocyte phenotype. Aberrant gene ex-
pression during aging is regulated by various epigen-
etic mechanisms and also plays an important role in 
the pathogenesis of osteoarthritic disease. Histone 
deacetylases have long been linked to aging, es-
pecially the Sirtuin family. Since aging is one of the 
risk factors for OA, research on the involvement of 
sirtuins in the etiology of the disease is ongoing. As 
a form of non-coding genetic information, epigenetics 
plays various regulatory roles at the molecular level 
in the initiation and progression of the disease [128]. 
Epigenetic regulations lead to interconnected and 
dynamic changes in the progression of the disease. 
OA-related signaling pathways, transcription factors, 
infl ammatory factors, ECM proteins, and other vari-
ables are diff erentially sensitive to epigenetic control. 
However, further studies are still needed to fully un-
derstand the mechanisms of epigenetic regulation of 
the disease and to incorporate them into clinical prac-
tice. All of these studies, as well as the combination of 
genetic and epigenetic variables, contribute to a new 
understanding of the pathophysiology of cartilage dis-
eases [129].
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