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Short title: Biomarkers in PTOA 
Abstract:  
Post-traumatic osteoarthritis (PTOA) is a distinct form of secondary osteoarthritis resulting from joint trauma. It 
presents significant clinical challenges due to delayed diagnosis. PTOA is diagnosed by Kellgren-Lawrence 
radiological grading at stage II or later. The identification of reliable biomarkers for detecting early-stage PTOA 
holds great clinical importance for timely intervention and effective disease management. This review explores 
the current state of knowledge regarding biochemical, genetic, epigenetic, biomechanical, and imaging biomarkers 
in PTOA. Inflammatory mediators, including interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis 
factor-α (TNF-α), show strong correlations with disease severity and radiographic progression in both plasma and 
synovial fluid analyses. Cartilage oligomeric matrix protein (COMP) stands out as a consistent structural 
biomarker of cartilage breakdown and symptoms. Additionally, molecular and proteomic studies reveal distinct 
patterns over time in cartilage matrix protein degradation and the release of inflammatory factors, offering 
valuable insights into disease development and progression. Emerging research on single-nucleotide 
polymorphisms and microRNA profiles suggests promising paths for genetic and epigenetic risk assessment. 
Overall, these biomarkers- including inflammatory responses, cartilage breakdown products, metabolic pathways, 
and genetic/epigenetic markers- provide valuable opportunities for early detection, personalized risk evaluation, 
and targeted treatments for PTOA. 
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Introduction 
Osteoarthritis Research Society International 
(OARSI) has defined osteoarthritis (OA) as a 
disorder involving movable joints characterized by 
cell stress and extracellular matrix (ECM) 
degradation initiated by micro- and macro-injury, 
which results in maladaptive repair responses, 
including proinflammatory pathways of innate 
immunity.1 The prevalence of knee OA across the 
globe was 16% by 2020.2 In India, the prevalence 
was 22 - 39% between 2016 and 2019.3 Total 
Disability-Adjusted Life Years (DALYs) have 
increased by 2.69-fold, from 0.79 million in 1990 to 
2.12 million in 2019.4 Various causes- obesity, old 
age, joint injuries, genetics, female gender, and 
metabolic diseases- lead to OA. The condition may 
be either primary or secondary, which results from 
trauma to the knee or autoimmune factors.4 
Post-traumatic osteoarthritis (PTOA) is the OA that 
starts after an injury to the joint. Over time, the 

injured joint may develop pain, swelling, stiffness, 
and a reduction in joint movement. This disrupts the 
normal functions of the knee and accelerates 
cartilage degeneration. Factors such as the 
magnitude of the injury, the type of initial treatment, 
and the rehabilitation processes influence the 
development and progression of PTOA. Hence, 
unlike primary OA, where the cause is unknown, 
PTOA has a clear causative event and can occur at 
any age.5 PTOA of the knee represents 12% of all 
cases of symptomatic OA. Individuals who 
experience a knee injury are 4.2 times more likely to 
develop OA than those who have never had a knee 
injury.6 Although OA has been linked to mechanical 
overloading and aging, "wear and tear" is not the 
sole reason; inflammation is recognized as a key 
factor in its development and progression of OA.7 
This review article aimed to provide an 
understanding of the various biomarkers that have 
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the potential role in the diagnosis and prognosis of 
knee PTOA.  

1. Anatomy of the joint and its 
biomechanics 

The knee is a complex joint bordered by a fibrous 
capsule. It is among the primary joints in the body, 
which involves sagittal body motion involving 
flexion and extension. It comprises bones, such as 
the femur, tibia, and patella, and cartilage, such as 
articular cartilage and medial and lateral menisci. 
Menisci help in shock absorption, joint stability, and 
load distribution, thus facilitating free movement of 
the knee joint. The joint has many intra-articular and 
extra-capsular ligaments.4 The anatomy of the knee 
joint is given in Fig. 1. 
Figure 1: Anatomy of knee joint 

 
The stability of the knee is due to ligaments, menisci, 
muscles, and the capsule. The biomechanics involve 
the complex interactions between the patellofemoral 
and tibiofemoral joints, enabling them to withstand 
mechanical loads and function effectively. The knee 
is a modified hinge joint that allows translational and 
rotational movements due to the imperfect fit 
between the bone surfaces.9 The motions are guided 
by sliding the joint surfaces of the tibia and femur 
and positioning the primary ligaments of the knee. 
During daily activities, the knee is vital in 
supporting body weight, absorbing the impact from 
heel strikes, and aiding in swinging the lower limbs. 
External knee joint movements are categorized into 
knee adduction movement (KAM), knee flexion 
movement (KFM), and knee rotation movement 
(KRM).10 

2. Types of knee injuries  
Injury to the anatomical structures inside the joint 
may lead to loss of stabilization. Common causes 
include acute trauma, overuse, and biomechanical 
imbalances. Acute injuries lead to ligament tears, 
such as the anterior cruciate ligament (ACL) or 
medial collateral ligament (MCL) injuries. The 
epidemiological analysis revealed knee injuries as a 
significant portion (36.6%) of sports injuries, which 

may occur during basketball, weightlifting, or 
boxing, particularly among athletes aged 18 - 22 
years. The injuries may be meniscal, ligament, and 
joint capsule tears, joint dislocation, and fractures 
within the joints. (Fig. 2) In patients with isolated 
ACL injuries, the prevalence of PTOA is around 
39%, while the prevalence is higher among those 
with combined ACL and meniscal injuries, ranging 
from 21 - 100%.6 A systematic review reported a 
PTOA prevalence of 37.9% in patients with 
surgically treated ACL injuries after an average 
follow-up of 14.6 years, compared to 40.5% in non-
surgically treated patients with an average follow-up 
of 15 years.11 A follow-up study for 36 years found 
that joint injury increased the risk by 5.1% compared 
to those without injury.12 

Figure 2: Types of knee injuries  

 
3. Pathogenesis of PTOA 

PTOA predominantly affects young and active 
individuals engaged in various sports activities. 
Individuals with ACL reconstruction have a higher 
likelihood of developing OA, with an odds ratio of 
3.37, 25 years after sustaining a knee injury.13 Joint 
injuries in young adults significantly elevate the risk 
of PTOA by 20-50%, leading to chondrocyte death, 
inflammation, and cartilage damage if untreated.14 
PTOA evolves due to joint injuries, such as 
dislocations, ligament tears, meniscal tears, 
fractures, or cartilage damage. It occurs months to 
years after the initial trauma, with joint cartilage, 
subchondral bone, synovium, and ligaments. Initial 
trauma disrupts the standard mechanics of the joint, 
which can further damage cartilage directly or alter 
the biomechanics, leading to joint instability or 
misalignment. The mechanical forces from the 
injury result in chondrocyte apoptosis or necrosis. 
Chondrocytes are crucial for maintaining cartilage 
integrity, and their damage compromises cartilage 
repair. The pathogenesis of PTOA involves complex 
biological, structural, mechanical, and molecular 
changes that interact to influence chondrocyte 
viability and disease progression.15 The disease is 
usually diagnosed later unless the patient becomes 
symptomatic. However, the pathological 
mechanisms start immediately after the trauma.  
The development of OA involves cartilage 
degeneration that is preceded by low-grade chronic 



Biomarkers as Diagnostic and Prognostic Indicators in Post-Traumatic Osteoarthritis of Knee- a Narrative 
Review 

 IJDDT Volume 16 Issue 83s 2026 Page: 842 

inflammation, immune responses, and subchondral 
bone lesions, ultimately leading to joint damage and 
pain.16 Changes in joint structures result from 
mechanical injury and active cell-driven processes 
influenced by complex signaling pathways and 
genetic factors.17 It includes damage to the ECM, 
chondrocyte responses to injury, and failure to 
regenerate cartilage, which cause progressive tissue 
loss and structural alterations in the joint 
components. The progression occurs in three stages: 
immediate, acute, and chronic. The immediate phase 
consists of various mechanical events. The acute 
phase, lasting a few months, involves cell death, 
apoptosis, and inflammatory responses. The chronic 
phase, which can exist from months to years, 
features synovitis, joint pain, and dysfunction.18  

Initial trauma places excessive mechanical stress on 
the ECM and chondrocytes, leading to cell necrosis 
and the release of ECM debris as well as intracellular 
molecules called damage-associated molecular 
patterns (DAMPs). The DAMPs activate 
intracellular signaling pathways through pattern 
recognition receptors (PRRs), including toll-like 
receptors (TLR) and receptors for advanced 
glycation end products (RAGE), initiating a cascade 
of inflammatory and catabolic responses. DAMPs 
are recognized by the immune system as signals of 
tissue injury, prompting an inflammatory response 
even without infection. The rapid release of DAMPs 
such as fibronectin and alarmins triggers processes 
related to OA, including oxidative stress, increased 
production of catabolic enzymes, and inflammation 
of the synovium.14 (Fig. 3) 
Figure 3: Pathogenesis of post-traumatic 
osteoarthritis  
Intraarticular fractures lead to mitochondrial 
dysfunction, releasing reactive oxygen species 
(ROS) and proinflammatory cytokines, which act 
via mitogen-activated protein kinase (MAPK).5 
Nitric oxide (NO) and ROS are involved in the 
breakdown of ECM, suppression of collagen 
formation, and cell death. Trauma may trigger the 
complement system, which accelerates the course of 
OA by increasing complement activation and 
controlling chondrocyte mortality. Hence, the 
disease is caused by various factors, including an 
imbalance between the anabolic and catabolic 
elements that support the overall health of the knee 
joint.   
There are various classifications for the biomarkers 
involved in the disease depending upon the 
anatomical, physiological, and biochemical origin.41 
(Fig. 4) 
Figure 4: Role of Biomarkers in PTOA         

 
4. Cartilage biomarkers 

The hyaline cartilage seen in the knee is ECM with 
chondrocytes and non-collagenous components. The 
collagen contains types I, II, IV, V, VI, IX, and XI. 
A significant contribution is made by collagen type 
II. The proteoglycans in the cartilage include 
aggrecan, decorin, fibromodulin, and biglycan. It 
produces osmotic properties to withstand 
compression.20 Cartilage biomarkers include CTX-
II, Coll2-1, C2C, C2M, aggrecan fragments, and 
cartilage oligomeric matrix protein (COMP).21 All 
the biomarkers are measured in synovial fluid, urine, 
and serum. 

4.1. C-terminal telopeptide fragment of type 
II collagen (CTX-II)  

Urinary CTX-II (uCTX-II) has emerged as a 
significant biomarker for OA, particularly in 
assessing disease severity and progression. Studies 
indicate that uCTX-II levels are notably higher in 
patients with knee OA compared to healthy controls, 
suggesting its potential for early diagnosis and 
monitoring treatment efficacy.21 uCTX-II levels 
show association with radiographic severity 
(Kellgren-Lawrence grades), suggesting its role in 
monitoring the disease progression.28 Innovative 
detection strategies, such as antibody-conjugated 
gold nanoparticles, enhance sensitivity and 
specificity for uCTX-II measurement.22 Weight-
bearing joint pain is linked to uCTX-II levels, which 
further connect it to the clinical manifestations of 
OA. However, the age and gender-related variations 
in the levels remain challenging, necessitating 
further research to standardize their clinical 
application.22 

4.2. CoII2–1 peptide of collagen type II 
CoII2-1 is formed from the breakdown of type II 
collagen, which is crucial for cartilage integrity. Its 
nitrated form, CoII2-1NO2, is an essential 
biomarker in OA. Elevated levels of CoII2-1NO2 
correlate with inflammatory and cartilage 
degradation in OA patients, particularly in pre-and 
post-menopausal women.22 Furthermore, CoII2-1 
and CoII2-1NO2 levels are associated with magnetic 
resonance imaging (MRI) features of knee OA, 
suggesting their potential in predicting disease 
progression and worsening symptoms. CoII2-1NO2 
levels are significantly high in OA patients, 
indicating their role in monitoring disease severity. 
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Elevated levels are linked to specific knee OA 
features, such as periarticular cysts, enhancing its 
utility in clinical assessments.22 The sensitivity of 
the marker as a prognostic biomarker suggests it 
could guide therapeutic strategies in OA 
management. Studies have demonstrated that intra-
articular administration of collagen type II solutions 
can mitigate symptoms and cartilage damage in 
PTOA models.22 

4.3. Type II Collagen Cleavage (C2C)  
C2C is generated by the breakdown of type II 
collagen in cartilage and indicates the structural 
deterioration of the joint. It is recognized as a 
valuable marker for assessing the progression and 
severity of OA, especially in PTOA. Studies show 
that higher C2C levels are associated with increased 
OA scores and more tissue damage. Torga et al. 
found that C2C expression in tissue samples 
positively correlated with OA severity, as assessed 
by the OARSI histopathology grading system, 
highlighting its usefulness for evaluating OA 
progression.23 Furthermore, among patients with 
total knee arthroplasty (TKA), elevated urinary C2C 
levels could predict better pain relief and functional 
improvements post-surgery, thus linking C2C 
measurements with clinical outcomes.23 In animal 
models of ACL-induced OA, combining serum C2C 
and CTX-II detection offered greater predictive 
accuracy for OA progression than using each marker 
individually, suggesting that C2C could be valuable 
for early-stage OA diagnosis.23  

4.4. C-terminal neoepitope of type II 
collagen (C2M) 

The collagenase-generated C2M is a notable 
biomarker in OA, especially relevant to assessing 
cartilage degradation in PTOA. C2M is also a by-
product of type II collagen breakdown. Luo et al. 
demonstrated that C2M levels, along with other 
collagen biomarkers, offer insight into cartilage 
degradation dynamics, suggesting that the presence 
of C2M may be linked to the rate of cartilage loss 
and OA progression.24 

4.5. Aggrecan 
Aggrecan, a crucial part of the ECM, plays a key role 
in maintaining cartilage health. In PTOA, aggrecan 
breakdown is an early sign of joint damage, often 
triggered by aggrecanases and other enzymes after 
traumatic injury. Initially, aggrecan levels rise in the 
synovial fluid as a response to injury, but ongoing 
degradation over time leads to cartilage thinning and 
the progression of OA. Tourville et al. found that 
high levels of aggrecanase-generated fragments 
(ARGS) in synovial fluid are linked to inflammatory 
responses after ACL injuries. Aggrecan breakdown 
is closely tied to cytokine activity in early PTOA 
stages.25 Additionally, recent studies highlight the 
role of synovial mesenchymal progenitor cells in 
secreting aggrecan, which supports cartilage repair 
and maintains homeostasis. Krawetz et al. showed 
that these progenitor cells build up aggrecan in 

PTOA joints, and therapies that aim to increase 
aggrecan levels show promise in slowing cartilage 
degeneration and promoting repair.26 

4.6. Cartilage oligomeric matrix protein 
(COMP)  

COMP is among the key biomarkers in OA. High 
levels in serum and synovial fluid reflect cartilage 
degradation and disease activity. Higher COMP 
levels are typically associated with knee OA 
severity. OA patients exhibit elevated serum COMP 
compared to healthy controls.27 COMP is 
increasingly recognized as a significant biomarker in 
understanding knee PTOA, where its levels indicate 
tissue response to joint damage. COMP plays a dual 
role in reflecting joint degeneration and 
inflammation. Elevated levels are linked to the 
chronic phase of PTOA and correlate with structural 
changes observable through imaging.27 COMP 
levels in serum and synovial fluid are indicative of 
cartilage breakdown and inflammatory response, 
aligning with degeneration patterns observed in the 
meniscus and articular cartilage.27 This protein is a 
valuable early-stage marker, as its fluctuations 
precede visible damage, making it useful in pre-
emptive diagnostics and disease-modifying 
interventions.  

5. Bone turnover markers 
Bone turnover markers include bone alkaline 
phosphatase, osteocalcin, procollagen I N-
propeptide, and N and C telopeptides of type I 
collagen.28 

5.1. Osteocalcin (OC) 
OC, a non-collagenous protein secreted by 
osteoblasts, has garnered attention for its 
involvement in OA due to its dual forms, 
carboxylated (cOC) and undercarboxylated (ucOC)-
which exhibit distinct biological activities. While 
cOC is primarily associated with bone 
mineralization, ucOC has shown protective effects 
in OA by inhibiting chondrocyte hypertrophy, thus 
preventing cartilage degradation. OC levels are 
higher in early OA compared to advanced stages, 
indicating intense bone remodeling that decreases as 
the disease progresses.28 

6. Inflammatory markers 
6.1. Cytokines 

Cytokines are small, soluble proteins essential for 
cell signaling in immune and inflammatory 
responses. These molecules, including interleukin 
(IL), interferons (IFN), and tumor necrosis factor-
alpha (TNF-α), are synthesized and secreted by 
various cells in response to immune stimuli and 
function in autocrine, paracrine, and endocrine 
manners.29 Inflammatory cytokines, such as IL-1β, 
IL-6, and TNF-α, are central to the development of 
PTOA. They drive inflammatory cascades that 
degrade cartilage and worsen joint pathology. After 
traumatic injuries, cytokines increase in synovial 
fluid, triggering matrix metalloproteinases (MMPs) 
and aggrecanases, which degrade cartilage ECM 
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components.30 Blocking IL-1 and TNF-α with 
biologics like Anakinra and Infliximab may reduce 
inflammation and cartilage breakdown in PTOA, 
although their effects on long-term structural 
outcomes remain limited.31 Pro-inflammatory 
cytokines remain elevated in PTOA-prone joints 
after injuries, with concurrent increases in anti-
inflammatory cytokines like IL-10, indicating a 
compensatory yet insufficient anti-inflammatory 
response.30 Mechanistic studies utilizing in vitro 
models of injured human knee cartilage and bone 
suggest that the sustained cytokine-driven 
inflammation promotes metabolic and structural 
alterations in joint tissues, accelerating PTOA 
progression.30 
Anti-inflammatory cytokines, such as IL-1 receptor 
antagonist (IL-1RA) and IL-10, play an essential 
role in regulating inflammation in PTOA by 
opposing IL-1β and TNF-α, which are upregulated 
after joint injuries. IL-10 and IL-1RA reduce 
inflammation and cartilage degradation by 
inhibiting cytokine-induced matrix degradation 
enzymes, potentially slowing PTOA progression.30 

Targeted therapies using biologics like Anakinra, an 
IL-1RA, have shown efficacy in reducing pro-
inflammatory responses and decreasing degradation 
markers in synovial fluid following intra-articular 
fractures. Moreover, dynamic loading interventions, 
which help increase IL-10 levels in joint tissues, 
show complementary strategies for maintaining an 
anti-inflammatory environment post-injury.32 

6.2. C-Reactive protein (CRP) 
CRP is an acute-phase biomarker for inflammation. 
It is correlated to the severity and progression of OA. 
Monomeric CRP (mCRP) is found at the 
inflammation site, and it is responsible for cartilage 
degradation by promoting inflammatory responses 
in chondrocytes through the activation of pathways 
such as NF-kB, leading to the release of matrix-
degrading enzymes.33 High CRP concentrations are 
also associated with increased IL-1β and IL-6, 
aggravating the inflammatory profile. In a study 
done on temporomandibular joint OA, CRP-
knockout models showed reduced inflammation and 
lower cytokine levels, indicating that targeting CRP 
could modulate OA-related inflammation.33 

7. Synovial biomarkers: 
7.1. Hyaluronic acid (HA) 

HA is crucial in managing OA, particularly knee 
OA. It provides pain relief and improves joint 
function. Its therapeutic mechanisms include 
lubrication, shock absorption, and anti-
inflammatory effects, contributing to enhanced 
mobility and reduced patient discomfort. Clinical 
studies indicate that intra-articular HA injections can 
significantly reduce pain and improve functional 
outcomes in patients with knee OA. HA has the 
potential to slow joint degeneration and provide 
long-term relief with minimal side effects. It also 
exhibits anti-inflammatory properties and promotes 

cartilage repair by influencing proteoglycan 
synthesis.34 Platelet-rich plasma (PRP)-treated 
patients reported better results and longer-lasting 
benefits than those receiving HA injections. 
In preclinical studies, intra-articular injections of 
HA alone or combined with other agents, such as 
corticosteroids or dexamethasone, have shown 
potential to alleviate PTOA symptoms. A study 
utilizing a cross-linked HA-dexamethasone (cHA-
Dex) hydrogel demonstrated significant reductions 
in chondrocyte apoptosis and inflammation markers 
like IL-1β and MMP-13, highlighting the 
effectiveness of sustained drug release in early 
PTOA management.35 Additionally, HA conjugated 
with alendronate (ALN) in PTOA animal models 
resulted in improved cartilage integrity and reduced 
pain by suppressing inflammatory and catabolic 
processes.35 This combination suggests that 
modifying HA with other therapeutic compounds 
can enhance its efficacy in addressing joint 
degeneration and inflammation. 

7.2. Lubricin 
Lubricin is also known as proteoglycan 4 (PRG-4). 
It is a mucinous glycoprotein critical in joint 
lubrication and cartilage health. It acts as a boundary 
lubricant, protecting articular surfaces from wear 
and tear and reducing friction during joint 
movement. In OA, altered expression and 
glycosylation patterns of lubricin have been 
observed, contributing to compromised joint 
lubrication and increased cartilage degradation.36 
Reduced lubricin levels in OA synovial fluid 
correlate with increased cartilage wear, 
underscoring its protective function.37 Such 
approaches aim to reduce oxidative stress, enhance 
autophagy, and improve mitochondrial function, 
contributing to overall chondroprotection and 
slowing OA progression. Furthermore, in vitro 
models show that lubricin-based treatments can 
resist enzymatic degradation and maintain joint 
lubrication, presenting the potential for therapeutic 
applications in OA management.38 

8. Imaging biomarkers 
OA is diagnosed with a traditional method- a knee 
joint X-ray. X-ray helps us to diagnose the formation 
of osteophytes on the joint margin or the tibial 
spines, periarticular ossicles, narrowing of joint 
cartilage associated with sclerosis of subchondral 
bone, small pseudo cystic areas with sclerotic walls 
situated usually in the subchondral bone, and an 
altered shape of the bone ends. The diagnosis is done 
according to the Kellgren-Lawrence grading 
system.39 MRI shows changes in subchondral bone 
composition, bone marrow lesions, and subchondral 
cyst lesions, contributing to disease progression.40 

9. Genetic and epigenetic biomarkers 
9.1. Genetic markers 

OA is influenced by various genetic factors 
contributing to its onset and progression. Recent 
studies have identified genetic polymorphisms and 
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mutations linked to OA susceptibility and severity. 
Table 1 gives a list of a few genes that are affected 
in the disease. 
Table 1: Gene variations in knee osteoarthritis 

Gene 
involved Significance Reference 

COL2A1 Encodes type II 
collagen, critical for 
cartilage structure; 
associated with OA 
susceptibility 

41 

GDF5 Involved in joint 
development and 
repair; linked to OA 
severity 

42 

ACAN Polymorphisms 
associated with knee 
OA in Volga-Ural 
women 

43 

DVWA Genetic variations 
associated with 
increased risk of knee 
OA in Volga-Ural 
women  

43 

IL-6 Polymorphism linked 
to increased OA risk in 
Pakistani population; 
influences 
inflammation 

43 

TGF-b1 Genetic variation 
correlated with OA 
risk; important in tissue 
repair  

43 

CALM1 Polymorphism 
associated with OA 
susceptibility in 
Pakistanis 

43 

ALKBH1 N6-methyladenosine - 
RNA methylation 
regulator, potential 
early diagnostic and 
prognostic marker for 
OA 

44 

IGF2BP3 N6-methyladenosine - 
RNA methylation 
regulator, may serve as 
an early diagnostic 
marker for OA 

44 

TRPM5 Ion channel gene 
identified as a potential 
diagnostic marker for 
OA 

45 

KCNJ2 An ion channel gene 
that may inform 
targeted OA therapies 

45 

ITGAM Associated with 
symptomatic knee OA 

46 

IL-1b Gene polymorphism 
correlates with 
synovial cytokine 

47 

levels and influences 
PTOA risk 

TNF-a Gene variant affects 
inflammation and 
increases risk of 
developing OA 

47 

Note: ACAN: Aggrecan, ALKBH 1: AlkB 
Homolog 1, CALM1: Calmodulin I, COL2A1: 
Collagen type II alpha 1 chain, DVWA: double 
von Willebrand factor domain A, GDF5: 
Growth differentiation factor 5, IGF2BP3: 
Insulin-like growth factor 2 binding protein 3, 
IL-1b: interleukin- 1 beta, IL-6: Interleukin-6, 
KCNJ2: Potassium inwardly rectifying channel 
subfamily J member 2, TGF-b1: Transforming 
growth factor-beta1, TNF-a: Tumour necrosis 
factor -alpha, TRPM5: Transient receptor 
potential cation channel subfamily M member 
5.  

Single-nucleotide polymorphisms (SNPs) are 
common genomic DNA variations within a 
population. SNPs significantly influence the genetic 
predisposition to OA, influencing its onset, 
progression, and severity. SNPs such as those in the 
GDF5 gene (rs143383) are associated with OA risk, 
especially in populations of Asian and Caucasian 
descent. The GDF5 SNP impacts cartilage 
development and joint maintenance, linking to knee 
and hand OA.42 Similarly, ADAMTS14 SNPs, such 
as rs4747096, are associated with OA susceptibility 
by affecting the breakdown of ECM, which is 
crucial for joint integrity.48 A broader genetic 
analysis reveals that SNPs influencing DNA 
methylation, such as rs34195470 in WWP2, can 
modulate gene expression via epigenetic changes, 
underscoring the complexity of genetic regulation in 
OA.49 COLGALT2 rs1046934 affects the 
expression of COLGALT2, a gene involved in 
collagen glycosylation, through its influence on 
enhancer methylation. It contributes to OA risk by 
impacting collagen stability and cartilage 
resilience.50 

9.2. Epigenetic biomarkers 
Epigenetic mechanisms include DNA methylation, 
histone modifications, and non-coding RNA 
regulation. It significantly influences OA 
pathogenesis by modulating gene expression 
without altering the DNA sequence. A systematic 
review highlights the role of these mechanisms in 
regulating key genes associated with cartilage 
homeostasis and inflammatory pathways in knee 
OA.51 Aberrant DNA methylation patterns are 
linked to changes in gene expression that exacerbate 
cartilage degradation and inflammation, 
contributing to OA progression.52 Histone 
acetylation and methylation also affect chromatin 
structure and can either promote or inhibit the 
transcription of OA-associated genes.53 Non-coding 
RNAs, including microRNAs (miRNAs), circular 
RNAs (circRNAs), and long non-coding RNAs 
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(lncRNAs), play regulatory roles by targeting 
mRNA for degradation or inhibiting translation, 
impacting genes involved in cartilage integrity and 
inflammatory responses. Some of the altered 
expression of microRNAs in osteoarthritis are given 
in Table 2. 
Table 2: Altered Expressions of MicroRNAs in 
Osteoarthritis  

MicroRNA Significance Reference 

miR-146a-
5p 

­ chondrocyte 
apoptosis, ¯ 
autophagy; ­ OA 
progression; ¯  cell 
growth, ­ apoptosis 
and inflammation in 
OA cartilage 
damage by 
regulating 
thioredoxin-
interacting protein. 
In an animal study, 
¯ miR-146a-5p 
counteracts IL-1β-
induced 
inflammatory 
responses and 
catabolic effects in 
vitro. Silencing 
miR-146a in 
chondrocytes 
improves articular 
cartilage integrity. ¯ 
OA-related pain in 
an injury-induced 
murine OA model. 

54-56 

miR-140 ¯ ADAMTS-5 to 
maintain cartilage 
integrity; essential 
for chondrocyte 
proliferation and 
cartilage stability. 

57 

miR-214 ¯ inflammation; 
supports anabolic 
activities in response 
to mechanical 
loading; protective 
in PTOA recovery. 

58 

miR-146a ­ expression in 
untreated OA 
cartilage is 
associated with 
inflammation and 
tissue degeneration 
severity. 

59 

miR-150 ­ in untreated OA 
cartilage; involved 
in cartilage 

59 

inflammation and 
degeneration. 

miR-409 ­ in untreated OA 
cartilage; linked to 
inflammation and 
tissue degeneration. 

59 

miR-125a-
3p 

­ chondrocyte 
apoptosis & inhibits 
autophagy; causes 
OA progression; 
regulates 
Thioredoxin-
interacting protein. 

60 

miR-200c ¯ expression after 
MSC treatment 
associated with 
tissue damage and 
therapeutic potential. 

60 

miR-499-
5p 

¯ expression 
following MSC 
treatment; candidate 
for therapeutic 
strategies in PTOA. 

60 

miR-144 Involved in 
regulation of 
chondrocyte 
differentiation & 
apoptosis in PTOA 

61 

miR-219-
3p 

Chondrocyte 
differentiation and 
apoptosis in PTOA 

61 

miR-199a-
3p 

Regulates 
chondrocyte 
differentiation & 
apoptosis in PTOA 

61 

miR‐34a‐
5p 

­ Expression in 
synovial fluid of 
patients with late‐
stage OA 

62 

miR-140-
3p 

­survival & 
migration of 
inflammatory 
chondrocytes; ­ 
chondrogenic 
differentiation & ¯ 
apoptosis under 
hypoxia  

63 

miR-140-
5p 

¯ chondrocyte 
pyroptosis & 
alleviates cartilage 
injury by targeting 
cathepsin B & ¯ 
NLRP3 
inflammasome. 

64 

The potential of targeting these epigenetic pathways 
for OA therapy has been suggested, with specific 
miRNAs being proposed as biomarkers and 
therapeutic agents due to their ability to modulate 
catabolic and anabolic processes in joint tissues.53 
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Emerging research emphasizes that the epigenetic 
landscape evolves through different life stages, 
potentially unmasking genetic susceptibilities as 
individuals age, thus impacting OA onset and 
severity.53 This highlights the importance of 
integrating genetic and epigenetic data for 
comprehensive OA risk assessment and developing 
targeted treatments. 

10. Proteomic and metabolomic 
biomarkers  

Proteomic and metabolomic profiling in OA has 
illuminated potential biomarkers and pathways 
central to understanding and managing the disease. 
Synovial fluid and serum analyses have identified 
proteins such as complement components, serine 
protease inhibitors, and apolipoproteins that play 
roles in the pathogenesis of OA. These proteomic 
markers potentially aid in early diagnosis.65 
Furthermore, serum metabolomics has revealed 
significant changes in amino acid, lipid, glucose, and 
energy metabolism between OA patients and healthy 
controls, indicating metabolic pathway disruptions 
that could be leveraged for diagnostic or therapeutic 
purposes.65 Integrating proteomic and metabolomic 
data helps delineate OA subtypes and progression. 
Alterations in metabolic pathways related to UDP-
glucuronic acid synthesis and amino sugar 
metabolism, impacting hyaluronic acid and ECM 
production, are key components in maintaining joint 
health. Proteomic research utilizing 2D gel 
electrophoresis and mass spectrometry has 
emphasized differential protein expression in OA, 
pointing to potential therapeutic targets and 
biomarkers.65  

11. Mechanical biomarkers 
11.1. Gait analysis  

After ACL injuries, gait analysis is important for 
understanding biomechanical changes in PTOA. 
Patients with PTOA demonstrate abnormal gait 
patterns, which include changes in the knee joint’s 
mechanics with varying degrees of muscle activity 
during different phases, especially during the load 
acceptance phase of walking.67 Unlike non-
traumatic OA, PTOA is associated with greater 
degeneration of cartilage because of abnormal knee 
adduction and rotation moments during PTOA 
progression, coupled with reduced muscle 
activation. Patients with PTOA have different 
muscle activation patterns, including reduced 
activation of the gastrocnemius muscle, which 
governs the knee, changing its angle, which 
increases the tendency to lose control of the 
disease.67 

11.2. Joint kinematics 
In PTOA, lower limb joint kinematics are markedly 
different, significantly affecting function and 
accelerating the disease. Research shows that 
subchondral bone changes and cartilage 
deterioration occur alongside ACL injury, where 
lower flexion angles of the knee are associated with 

greater bone porosity.68 It is important to highlight 
that in some cases, PTOA development can happen 
without considerable external joint load.68 
Assessment of movement in PTOA patients 
demonstrates sustained alterations in knee and hip 
high-level coordination, which include lower 
postoperative hip moments and greater inhibition 
than expected.69 This underlines the importance of 
joint movement parameters, including their speed 
and muscle contraction, during the progression of 
PTOA. 

12. Exome derived Biomarkers 
Exome-derived biomarkers have become valuable 
tools in OA research, offering insights into disease 
mechanisms and identifying potential therapeutic 
targets. Identifying gene variants through exome 
sequencing has enabled the detection of 
differentially expressed genes (DEGs) and pathways 
that play critical roles in OA progression. Notably, 
COL3A1, COL5A1, and COL6A2 have been 
highlighted as potential biomarkers due to their 
increased expression in OA subchondral bone, 
implicating them in ECM remodeling and joint 
tissue integrity.70 These findings were supported by 
protein-protein interaction analyses and 
immunohistochemical studies, which demonstrate 
higher expression levels in OA tissues. Additionally, 
the integration of multi-omics approaches, which 
includes genomic, transcriptomic, and proteomic 
data, has allowed the establishment of 
comprehensive databases like OAomics. These 
resources compile OA-related gene markers and 
omics features, facilitating targeted research into 
specific genes associated with the disease.70 
Research on senescence-derived protein biomarkers 
further underscores their relevance in OA, where 
exosome proteins and senescence-associated 
secretory phenotypes (SASP) contribute to joint 
degradation and inflammation.71 The application of 
exome sequencing has also revealed immune-related 
gene markers such as HLA-DMB and FCER1G, 
identified through Mendelian randomization and 
transcriptome analyses, suggesting their 
involvement in OA’s immune microenvironment.72  

13. Conclusion 
After the joint has undergone trauma, it may lead to 
arthritis of the joint. Hence, the measures to prevent, 
diagnose, and prognosticate the disease are crucially 
important. The disease is a multifaceted illness with 
many factors deteriorating the joint. Effective 
prevention and early intervention techniques are 
limited, despite improvements in the knowledge of 
the pathophysiology and risk factors for PTOA. To 
improve outcomes for patients with PTOA, future 
research is required to investigate novel biomarkers, 
regenerative treatments, and customized therapy 
techniques. To improve patient treatment and lessen 
the burden of this crippling illness, a 
multidisciplinary strategy combining biomechanics, 
molecular biology, and clinical insights will be 
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crucial to improving our capacity to slow the 
development and progression of PTOA. 
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