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Abstract 

Objectives: This approaches, for inducing knee osteoarthritis (KOA) in rabbit and rodent models. It also summarizes 
data study evaluates surgical, mechanical, chemical, genetic, and diet -induced methods, as well as combination-
based on post-intervention time points for KOA development, the duration required for osteophyte formation, KOA 
scoring systems, and relevant histopathological findings.  

Methods: A systematic search of PubMed, Scopus, and Web of Science (from 1970 to February 2025) was 
conducted using the PICO framework, focusing on animal models (rabbits and rodents), osteoarthritis induction 
methods, comparative efficacy, and relevant outcomes. Extracted variables included model characteristics, 
interventions, and KOA-related findings. The risk of bias was assessed using the Cochrane risk-of-bias tool and 
the ROBINS-I tool. 

Results: After screening 5,702 records, 98 studies met the inclusion criteria. Surgical (n = 34), chemical (n = 15), 

genetic (n = 13), mechanical (n = 19), and high-fat diet– induced (n = 6) models, as well as combination approaches, 

were reviewed. Among surgical techniques, anterior cruciate ligament transection (ACLT) and medial meniscus 

destabilization (DMM) were the most frequently used, whereas monosodium iodoacetate (MIA) was the 

predominant chemical inducer. Genetic models primarily involved gene deletions or mutations in C57BL/6 mice. 

Mechanical induction methods included joint loading, treadmill running, and immobilization. Histological 

evaluation—most commonly using the Mankin and Osteoarthritis Research Society International (OARSI) scoring 

systems—was the predominant approach for KOA assessment, while micro–computed tomography (micro-CT) was 

employed in selected studies. Osteophyte formation was prominent in surgical and specific chemi cal models and 

was typically observed within 8 weeks post -intervention. Additionally, each induction method exhibited a distinct 

time course for osteophyte development and the establishment of KOA.  

Conclusion: Each approach offers distinct advantages for replicating KOA pathology and for facilitating research 

into disease mechanisms and therapeutic interventions . 

        Level of evidence: N/A (since this study reviews the laboratory/basic science studies) 

        Keywords: Animal model, Induction method, knee, Osteoarthritis, Rabbit, Rodents  

 
 

Introduction

nee osteoarthritis (KOA) is the most common 
inflammatory and progressive degenerative 
disorder of articular cartilage in orthopedics, 

accounting for approximately 85% of osteoarthritis cases 
worldwide.1 The global prevalence of KOA is estimated at 
16.0% among individuals aged 15 years and older, with an 

incidence rate of 203 per 10,000 person-years in those 
aged 20 years and older.2 The incidence of KOA increases 
with age, and the number of cases is projected to rise by 
74.9% between 2020 and 2050.3 Given the aging global 
population and the strong association between advanced 
age and the increasing incidence of KOA,2 It is crucial to 
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further elucidate the pathophysiology of this disease and 
the risk factors that contribute to its development. Animal 
models play a critical role in KOA research by facilitating 
the development of targeted therapies and enabling the 
evaluation of novel pharmacological treatments and 
surgical interventions, ultimately contributing to improved 
patient care strategies.4 

Numerous studies using animal models have established 
reproducible approaches for inducing KOA.5-8 Small animal 
models, including rabbits and rodents, are widely 
employed because of their rapid disease progression, ease 
of handling, and relatively low cost, making them well-
suited for investigating the pathogenesis and 
pathophysiology of KOA.5 These models exhibit 
histological alterations and patterns of disease progression 
that closely resemble those observed in human KOA.5 
Moreover, entire knee joints from rabbits and rodents can 
be sectioned histologically, allowing comprehensive 
evaluation of gross morphological, radiological, 
ultrastructural, and histopathological changes.9 

The most common techniques for inducing KOA include 
surgical, chemical, and mechanical methods. Among 
surgical approaches, anterior cruciate ligament transection 
(ACLT), medial and lateral collateral ligament transection 
(MCLT and LCLT), and destabilization of the medial 
meniscus are the most frequently employed.10-13 Common 
mechanical approaches for KOA induction include joint 
compression with peak loading or obesity applied to the 
medial femoral condyles, knee immobilization in extension 
using a plastic splint, long-distance running, and obligatory 
bipedal locomotion.14-17 Chemical methods primarily 
involve intra-articular injections of monosodium 
iodoacetate )MIA), hydrogen peroxide )H₂O₂), bacterial 
collagenase, interleukin-17 (IL-17), and papain.10,18-21  In 
addition, genetic induction models involving RNA 
alterations, as well as high-fat diet regimens, have also 
been employed to induce KOA.22,23 

Few studies have provided a comprehensive analysis of 
data concerning post-intervention time points for KOA 
development, KOA scoring systems, and associated 
histopathological findings.24,25 This systematic review aims 
to address these gaps by examining rabbit and rodent 
models across a range of induction techniques, including 
surgical, mechanical, chemical, genetic, diet-induced, and 
combination approaches. A graphical abstract 
summarizing the main findings of this study is presented in 
[Figure 1]. 

 
 
 
 
 
 
 
 
 
 

 

Figure 1. Knee Osteoarthritis Induction Methods in Small Translational 

Animal Models 

Materials and Methods 

    The protocol for the current systematic review is 
consistent with the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) statements.26 This 
study was registered within the International Prospective 
Register of Systematic Reviews (PROSPERO ID: 
CRD420251155300) 

1. Search Strategy 
    A systematic search of Web of Science, PubMed, and 
Scopus was conducted to identify studies published between 
1970 and February 2025, without restrictions on 
publication type. Medical Subject Headings (MeSH) and 
Emtree terms were incorporated to maximize the retrieval 
of relevant records. The search strategy included the 
following keywords and their corresponding synonyms and 
equivalents: rodent, rabbit, jird, gerbil, vole, capybara, 
Hydrochoerus, jerboa, Dipodidae, beaver (Castor), 
chinchilla, guinea pig (Cavia), hamster, Cricetidae, 
Oryctolagus cuniculus, Oryctolagus, hare, bunny, cottontail, 
lapin, cony, leveret, Lepus, lagomorph, mouse, mice, house 
mouse, Mus domesticus, Mus musculus, rat, laboratory rat, 
Norway rat, Wistar rat, Sprague–Dawley rat, Murinae, New 
Zealand rabbit, knee, osteoarthritis, osteoarthr, arthrosis, 
gonitis, gonarthritis, gonarthrosis, joint degeneration, 
cartilage damage, bone spurs, animal model, animal 
experimentation, animal research, animal experimental use, 
animal experiment, induced model, experimental model, 
spontaneous model, genetically modified model, negative 
model, and orphan model. The detailed search syntax for 
each database is provided in [Supplementary Material 1]. In 
addition, the reference lists of all included studies were 
manually screened to identify potentially eligible articles not 
retrieved through the database search. All stages of the 
systematic search were performed collaboratively by AA, 
GMT, SM, and KM.* 

2. Study Selection and Eligibility Criteria 
    The PICO framework guided study selection: the 
population comprised animal models; the intervention 
involved inducing knee osteoarthritis; the comparison 
evaluated the efficacy and limitations of different induction 
methods; and the outcomes focused on osteoarthritis-related 
measures. 
    Studies were included if they investigated methods for 
inducing knee osteoarthritis (KOA) in rabbit or rodent 
models and were published in English. Eligible induction 
methods comprised mechanical, chemical, surgical, genetic, 
high-fat diet–induced, or combination approaches. No 
restrictions were applied regarding publication date or 
country of origin. Exclusion criteria included studies 
evaluating therapeutic interventions or pharmacological 
effects, spontaneously developed KOA models, osteoarthritis 
affecting joints other than the knee, human studies, different 
forms of arthritis, studies conducted in non-rodent or non-
rabbit models, review articles, book chapters, technical 
notes, letters to the editor, and publications in languages 
other than English.
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3. Data Collection and Extraction  

After duplicate records were removed using EndNote, four 
authors (AA, GMT, SM, and KM) independently screened the 
titles and abstracts of all retrieved studies. The full texts of 
potentially eligible articles were subsequently assessed for 
inclusion by the same authors. Any disagreements or conflicts 
arising during the screening process were resolved through 
discussion with MHN and BTF. 
    Data extraction was performed independently by AA, GMT, 
SM, and KM, with MHN and BTF consulted to resolve any 
disagreements. Extracted data encompassed study 
characteristics (number of models, species, sex, age, and 
weight), intervention details (type and method of 
osteoarthritis induction and post-intervention assessment 
time points), and outcomes. The primary outcomes included 
osteoarthritis occurrence, KOA scores, and osteophyte 
formation, including the timing of onset. Secondary outcomes 
comprised histological, radiographic, and gross morphological 
findings related to KOA. 
    For data synthesis and interpretation, outcomes were 
categorized by induction method. Reference management was 
performed using EndNote, while data extraction, handling, and 
coding were conducted using Microsoft Excel. 
 

4. Risk of Bias Assessment 
The methodological quality and risk of bias of each included 
study were independently assessed by two reviewers (AMT 
and GMT) using the Cochrane Risk of Bias tool (RoB 2.0), the 
most recent version available.27 The following domains were 
evaluated: bias arising from the randomization process, bias 
due to deviations from intended interventions, bias due to 
missing outcome data, bias in outcome measurement, and bias 
in the selection of the reported results. Any discrepancies or 
disagreements between the reviewers were resolved through 
discussion with MHN and BTF until consensus was reached. 
Visual summaries of the risk-of-bias assessments were 
generated using ROBVIS (Risk-of-Bias Visualization Tool).28 
 

Results 
 Study Selection  

    A total of 5,702 records were identified through database 
searches. After duplicate removal, 5,074 records were 
screened, of which 4,835 were excluded based on title and 
abstract screening. Subsequently, 239 full-text articles were 
assessed for eligibility. Of these, 152 were excluded, primarily 
because they were irrelevant to the study question, 
insufficiently reported eligibility criteria, were review articles, 
were non-English publications, were book chapters, or were 
unavailable reports. An additional 11 records were identified 
through manual searching. Ultimately, 98 studies were 
included in this systematic review. The PRISMA flow diagram 

illustrating the study selection process is presented in 
[Figure2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. PRISMA chart 

 

 Characteristics of the Included Studies 
    Among the 98 included studies, 34 reported surgical 
induction of KOA, encompassing 1,036 animals aged 8 
weeks to adulthood.11-13,29-59 Fifteen studies investigated 
chemical induction methods, including 563 animals aged 
between 8 weeks and 1 year.18,19,21,60-71 Thirteen studies 
employed genetic induction models involving 204 animals, 
aged from birth to 10 weeks.22,23,72-83 Nineteen studies used 
mechanical induction methods in 754 animals aged 8 
weeks to 2 years.14,84-101 Six studies examined high-fat diet–
induced KOA, involving 178 animals aged 8-12 weeks.17,102-

106 Ten studies reported data on both surgical and chemical 
induction methods,10,20,107-114 while one study included both 
mechanical and surgical induction.115 Additionally, four 
studies reported the use of combination induction 
methods.10,18,37,71 

 

 Risk of Bias Assessment of the Included Studies 
Among the 98 included studies, 43 were judged to have a low 
risk of bias, 12 raised some concerns, and 43 were assessed as 
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having a high risk of bias. Overall, most studies were 
methodologically robust with respect to randomization (D1), 
deviations from intended interventions (D2), missing outcome 
data (D3), and outcome measurement (D4), with the majority 
rated as low risk across these domains. Only a small number of 
studies raised concerns due to incomplete reporting of the 
randomization process or insufficient detail in the 
measurement of outcomes. The most frequent source of bias 

was identified in the selection of reported results (D5), where 
many studies were rated as high risk because of selective or 
incomplete reporting and a lack of clarity regarding 
prespecified analysis plans. Despite these concerns, no studies 
were excluded for high risk of bias; however, findings from 
studies with concerns in D5 were interpreted with appropriate 
caution. A detailed overview of the risk-of-bias assessments for 
the included studies is presented in [Figures 3A and 3B]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3A,B.ROBVIS: Risk-of-bias VISualization. (A) Traffic Light Plot for risk of bias domains, including D1: Bias arising from the randomization 
process, D2: Bias due to deviations from intended intervention, D3: Bias due to missing outcome data, D4: Bias in measurement of the outcome, 
D5: Bias in selection of the reported result. (B) Overal bar plots of the distribution of risk-of-bias for each domain. 

A 
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 Types of Intervention 

    All data about the surgical, chemical, mechanical, genetic, 
high-fat diet, and combination induction groups are 
presented in [Supplementary Tables 1–6], respectively. 
 
 Surgical Inductions  

    The most commonly reported surgical interventions 
include destabilization of the anterior cruciate ligament 
(ACL), posterior cruciate ligament (PCL), medial 
collateral ligament (MCL), lateral collateral ligament 
(LCL), and both the medial and lateral menisci. Among 
the various surgical methods used to induce KOA, 
anterior cruciate ligament transection (ACLT)10,11,13,30-

32,41,42,48,50,54,56,57,107,108,114 and destabilization of the 
medial meniscus (DMM)13,34,35,44-46,52,113 were the most 
frequently employed, likely due to their effectiveness 
and relative ease of implementation. In addition, some 
studies induced KOA through direct cartilage 
injury,32,40,47,51,52 one study utilized ovariectomy 
(OVX),31 and another reported the placement of a 
plastic device within the knee joint.⁵³ Detailed 
information on all surgical procedures, including post-
intervention time points, the duration required for 
osteophyte formation, and KOA scores, is provided in 
[Supplementary Table 1]. 

 Chemical Induction  
    Chemically induced KOA models involve intra-articular 
injection of chemical agents to disrupt joint homeostasis 
and cause structural damage.10 Across the included studies, 
seven different substances were used: monosodium 
iodoacetate (MIA),10,31,60,62-64,66-69,107-109,112,113 
collagenase,19,65,69,70,114 papain,21,69,71 hydrogen peroxide 
)H₂O₂),18 stromal cell–derived factor 1 (SDF-1),111 
interleukin-17 (IL-17),20 and interleukin-1 (IL-1).70 
Considerable heterogeneity was observed in the 
concentrations administered as well as in the animal species 
used, and some chemical induction protocols did not result 
in successful KOA development. Among these agents, MIA 
was by far the most frequently used, administered at a wide 
range of doses across different animal models. Detailed 
information on each chemical agent, including 
concentration, animal model, post-intervention assessment 
time points, time to osteophyte formation, and KOA scores, 
is summarized in [Supplementary Table 2]. 

 Mechanical Induction  
    Mechanical induction methods were classified into three 
major categories: loading,14,84,86-91,93,94,96-98,100,101,115 
running,92,95 and immobilization.85,99 Among these, loading-
based models were the most frequently applied and 
exhibited substantial variability in parameters such as 
duration, rate, force magnitude, and other secondary 

factors. Data on running and immobilization models were 
limited, as only two studies used each technique. Detailed 
information on the specific mechanical interventions, 
including post-intervention assessment time points, the 
duration required for osteophyte formation, and KOA 
scores, is provided in [Supplementary Table 3]. 

 Genetic Induction 
    Genetic induction models were categorized by mouse 
strain, with C57BL/6 mice most commonly used for KOA 
induction.23,80,81 The majority of these models involved 
either targeted gene deletions or mutations.23,80 Notably, 
deletion of genes such as ephrin-B2, MIG-6, and Alj5 was 
associated with the most rapid osteophytic changes.72,79,82 
Detailed information on genetic induction models, 
including post-intervention assessment time points, the 
duration required for osteophyte formation, and KOA 
scores, is presented in [Supplementary Table 4]. 

 Combinational Inductions and A High-Fat 

Diet 
    A high-fat diet is frequently used in combination with 
other induction methods, most commonly surgical 
approaches,102-105, although a high-fat diet alone has also 
been shown to induce KOA.104,106 When used as a sole 
induction method, KOA development typically requires a 
longer time course, as summarized in Supplementary Table 
5. In addition, several other combination induction 
strategies have been reported,10,18,37,71, which are detailed in 
Supplementary Table 6. High-fat diet–based models and 
their combination approaches were intentionally presented 
in separate tables and were therefore not included in the 
corresponding single-method tables. 

 Animal Species 
    After excluding 14 genetic studies due to differences in 
animal models, the remaining 85 studies collectively used 
13 distinct animal species. The most frequently used species 
were New Zealand White rabbits,10,11,20,29-

31,39,40,43,47,49,50,53,58,60-62,70,71,87,97,107,115 C57BL/6J mice,17,33-

35,41,44,46,52,84,88-90,93,104,106 Sprague–Dawley 
rats,14,31,37,48,51,55,56,98,105,108,109,112-114 and Wistar 
rats,18,32,42,45,54,63-68,92,94,95,101,102,105,110 which were used in 23, 
15, 14, and 18 studies, respectively. Three studies did not 
specify the exact rabbit strain used,59,85,99 and were 
therefore categorized as a separate group. Within surgical 
induction models, New Zealand White rabbits, C57BL/6J 
mice, and Sprague–Dawley rats were the most commonly 
used species for KOA induction. Specifically, 18 studies 
utilized New Zealand White rabbits,10,11,20,29-

31,39,40,43,47,49,50,53,58,107 15 studies employed C57BL/6J 
mice,33-35,41,44,46,52 and 15 studies used Sprague–Dawley 
rats.31,37,48,51,55,56,108,109,112-114 Detailed information is 
provided in [Supplementary Table 1]. For chemical 
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induction models, New Zealand White rabbits10,20,60-

62,70,71,107 and Wistar rats18,63-68,110 were the two most 
frequently used species, appearing in 23 and 21 studies, 
respectively [Supplementary Table 2]. In contrast, genetic 
induction models involved a wider diversity of species, and 
in some cases, hybrid or modified strains were generated; 
nevertheless, C57BL/6J mice23,77-83  were the predominant 
species used for genetic manipulation [Supplementary 
Table 3]. Among mechanical induction models, a total of 39 
experimental groups employed C57BL/6J mice84,88-90,93 and 
rabbits,85,99 with each species used in 10 studies, making 
them the most commonly utilized animals in this category 
(Supplementary Table 4). The specific animal species used 
in each induction group are detailed in [Supplementary 
Tables 1–6]. 

 Diagnostic Procedure to Investigate the 

Establishment of KOA 
    In all 98 included studies, histological evaluation of knee 
cartilage was performed to determine the presence and 
severity of KOA. Several studies applied standardized 
scoring systems to assess and compare KOA severity at 
different post-intervention time points across experimental 
groups. Among these, the Mankin score, modified Mankin 
score, and Osteoarthritis Research Society International 
(OARSI) score were the most frequently used. Detailed 
information regarding scoring systems is summarized in 
Supplementary Tables 1–6. Sixty-six studies relied 
exclusively on histological assessment,10-14,17,21,22,29,30,32-35,38-

40,42-44,46,48-51,53-58,60-68,70,72,75-

77,80,82,87,89,90,92,94,95,97,98,101,103,104,106,108-110,112-115 whereas 32 
studies combined imaging modalities with histological 
assessment.18-20,23,31,36,37,41,45,47,52,59,69,71,73,74,78,79,81,83-

86,88,91,93,96,99,102,105,107,111 Only one study relied exclusively on 
imaging-based assessment.100 Among imaging modalities, 
micro–computed tomography (micro-CT) was the most 
commonly employed technique. The most relevant KOA-
related findings for each induction group are summarized in 
the final columns of [Supplementary Tables 1–6]. 

1.1.  Osteophyte Formation 
Osteophyte formation was reported in 97 experimental 
groups.10,12,17,19,20,23,29,30,34,36-39,41-44,47,49,52,53,55,56,59,60,63,65-

67,69,71,74,79,81,82,84-86,90,96,99,102-105,107,109-111 Among the 66 
surgical groups, osteophyte formation was observed in 33 
groups10,12,20,29,30,34,36,38,39,41-44,47,49,52,53,55,56,59,109-111 , 
including five anterior cruciate ligament transection (ACLT) 
groups (out of 18)10,30,41,42,56 and 4 destabilization of the 
medial meniscus (DMM) groups (out of 9)34,44,52. In 18 of 
these 33 surgical groups, osteophytes were detected at 8 
weeks or earlier12,20,30,36,38,39,41,43,44,49,52,53,55,56,109,110, 
including 3 ACLT groups30,41,56 and 4 DMM groups34,44,52. The 
longest time point at which osteophyte formation was 
observed following surgical induction was 16 weeks.29,34,59 
Among the 67 chemical induction groups, osteophyte 

formation was reported in 30 groups,19,20,60,63,65-

67,69,71,107,110,111, including 13 monosodium iodoacetate 
(MIA) groups (out of 33 total MIA groups).60,63,66,67,69,107,110 
In 22 of these 30 chemical groups, osteophytes were 
detected within 4 weeks or less,19,20,60,63,65-67,69,71,107,110,111, 
including 11 MIA groups.60,63,66,67,69,107,110 The longest 
reported time point for osteophyte detection among 
chemical induction models was 12 weeks.20,111 For 
mechanical induction models, osteophyte formation was 
observed in 7 loading groups (84, 90, 96) and six 
immobilization groups.85,99 All data related to osteophyte 
formation are summarized in [Supplementary Tables 1–6]. 
 

Discussion 

    Main Findings 
    Our analysis indicated that the most frequently studied 
animal models included New Zealand White rabbits, Wistar 
rats, Sprague–Dawley rats, and C57BL/6J mice. Surgical 
induction methods, such as destabilization of the medial 
meniscus, were particularly effective at rapidly inducing 
severe KOA in rodent models. Mechanical models, including 
joint overload induced by treadmill running or gait 
alterations, were especially valuable for investigating early-
stage KOA and associated biomechanical changes. 
Compared with other approaches, chemical and surgical 
induction methods generally led to more rapid progression 
to moderate to severe osteoarthritis. Chemically induced 
KOA was characterized by early inflammatory changes but 
demonstrated a slower overall disease progression, 
whereas surgically induced KOA showed a delayed onset 
followed by more severe pathological changes. In contrast, 
genetic models were frequently associated with alterations 
in bone structure and involvement of other organs, 
underscoring the pleiotropic effects of genetic 
modifications. 

    Comparison of Different Categories 
    Within the mechanical category, the primary induction 
approach involves loading protocols, which may include 
single or repeated cyclic compressive load patterns capable 
of causing displacement or rupture of knee structures, such 
as tibial displacement and anterior cruciate ligament (ACL) 
rupture. Evidence from animal studies further indicates that 
joint immobilization not only induces KOA but also 
contributes to articular degeneration and delays healing.116 
In contrast, the effects of running appear to be 
contradictory. Short-term running has not been associated 
with radiological signs of KOA and may exert a protective 
effect.117 whereas our findings suggest that running can 
induce osteoarthritis under conditions of excessive 
intensity or mechanical stress. Mechanical studies 
demonstrated that osteophyte formation occurred between 
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2 days and 32 weeks after intervention, depending on the 
species and the specific induction mechanism. Follow-up 
assessment time points varied widely across studies, 
ranging from immediately after intervention to 1 year post-
intervention. Overall, mechanical induction methods are 
considered effective for KOA modeling due to their 
noninvasive nature, accessibility, and relatively low cost. 

    Genetic alterations typically induce early inflammatory 
changes that subsequently lead to joint structural 
deformation and the development of KOA. Alterations in 
bone structure and surrounding tissues may also 
accompany these changes.83 McCoy et al. and Gregory et al. 
reported that genetically modified mouse models are 
relatively easy to generate and are valuable for investigating 
genetic factors involved in KOA pathogenesis, particularly 
genes associated with cartilage inflammation, degeneration, 
and bone remodeling.118-120 The timing of post-intervention 
assessment checkpoints in genetic models ranged from 
birth to 25 months following genetic modification. Studies 
examining genetic models of osteoarthritis reported that 
osteophyte formation typically required 3 to 16 months. 
Genetic models that identify genes implicated in KOA 
pathogenesis hold promise for advancing gene-based and 
targeted therapeutic strategies;121 however, substantial 
additional research is required to further elucidate these 
mechanisms and their translational potential. 
    Most surgical methods for inducing KOA within a short 
time frame are based on joint destabilization, primarily 
targeting injury to key knee stabilizing structures. Bendele 
et al. reported that surgical induction models in rats are 
advantageous because of their low incidence of 
postoperative infections.122 Moreover, rats are generally 
more suitable for surgical procedures than mice because of 
their larger body size.123 However, using genetically 
manipulated strains (e.g., knockdown and knockout 
models) is considerably more challenging in rats. As 
expected, models employing combined surgical procedures, 
such as anterior cruciate ligament and medial meniscus 
injury, exhibit more rapid and pronounced KOA 
progression.36,124 In addition, surgical methods are 
frequently combined with other induction approaches and 
are commonly used as reference models for comparison 
with newly proposed techniques. Across the reviewed 
studies, post-intervention assessment checkpoints varied 
widely, ranging from 2 days to 16 months. Depending on the 
specific surgical intervention, the time required for 
osteophyte formation ranged from 1 to 16 weeks. 
    Initially, collagenase, papain, and hydrogen peroxide 
)H₂O₂) were used to chemically induce KOA; however, in 
subsequent years, monosodium iodoacetate (MIA) models 
were introduced as a less invasive approach. MIA inhibits 
glyceraldehyde-3-phosphate dehydrogenase–mediated 
glycolysis, leading to chondrocyte death.125,126 This process 

results in the loss of the proteoglycan matrix and the 
development of cartilage lesions. Across chemically induced 
models, the time required for osteophyte formation ranged 
from 1 to 12 weeks. Post-intervention assessment time 
points reported in studies investigating chemical induction 
methods varied widely, from 1 hour to 10 months. Chemical 
models appear to be particularly suitable for short-term 
follow-up studies and for analyzing the early initiation of 
KOA. Although combinations of chemical and surgical 
induction methods have been proposed,127 limited data are 
currently available to fully elucidate the strengths and 
limitations of these combined approaches. 

    Limitations 
    Most of the included studies were single-center 
investigations that did not use randomization. Furthermore, 
substantial heterogeneity in reporting systems, follow-up 
durations, and animal models across KOA studies precluded 
the feasibility of a meta-analysis. Various scoring systems, 
including the OARSI histopathology grading system and the 
Mankin score, were used to characterize osteoarthritic 
changes. The lack of a standardized, consistent grading scale 
hindered direct comparisons among different KOA models. 
In addition, KOA progression is inherently nonlinear, and 
factors such as animal species, model selection, and housing 
conditions may influence disease outcomes and 
experimental results. 
     

Conclusion 

    Each approach offers specific advantages regarding 
osteophyte formation, histopathological features, and the 
time required for KOA development, thereby facilitating 
investigations into disease mechanisms and therapeutic 
interventions. 
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Supplementary material 1: Literature search strategy of the systematic review 

Query 
Results 

2/18/2025 

PubMed 

#1 (((((((((((((((((((((((((((((((((((((((((((Hydrochaeri[Title/Abstract]) OR (capybara[Title/Abstract])) OR (jerboa[Title/Abstract])) OR 
(dipodidae[Title/Abstract])) OR (beaver[Title/Abstract])) OR (Castor Beaver[Title/Abstract])) OR (jird[Title/Abstract])) OR 
(gerbil[Title/Abstract])) OR (vole[Title/Abstract])) OR (chinchila[Title/Abstract])) OR (guinea pig[Title/Abstract])) OR 
(cavia[Title/Abstract])) OR (Cavia porcellus[Title/Abstract])) OR (hamster[Title/Abstract])) OR (cricetidae[Title/Abstract])) OR 
(rodent[Title/Abstract])) OR (rat[Title/Abstract])) OR (rattus[Title/Abstract])) OR (Rattus norvegicus[Title/Abstract])) OR 
(Laboratory Rat[Title/Abstract])) OR (norway rat[Title/Abstract])) OR (murinae[Title/Abstract])) OR (mouse[Title/Abstract])) OR 
(mice[Title/Abstract])) OR (Mus domesticus[Title/Abstract])) OR (mus musculus[Title/Abstract])) OR (house 
mouse[Title/Abstract])) OR (Mus musculus domesticus[Title/Abstract])) OR (Laboratory Mouse[Title/Abstract])) OR 
(Rabbit[Title/Abstract])) OR (Oryctolagus cuniculus[Title/Abstract])) OR (hare[Title/Abstract])) OR (belgian hare[Title/Abstract])) 
OR (bunny[Title/Abstract])) OR (cottontail[Title/Abstract])) OR (lapin[Title/Abstract])) OR (cony[Title/Abstract])) OR 
(leveret[Title/Abstract])) OR (lepus[Title/Abstract])) OR (lagomorph[Title/Abstract])) OR (New Zealand Rabbit[Title/Abstract])) OR 
(nzw rabbit[Title/Abstract])) OR (Domestic Rabbit[Title/Abstract])) OR (Chinchilla Rabbit[Title/Abstract]) 

2,623,069 

#2 (((knee[Title/Abstract]) OR (knee joint[Title/Abstract])) OR (Superior Tibiofibular Joint[Title/Abstract])) OR (Patellofemoral 
joint[Title/Abstract]) 

178,740 

#3 (((((((((((((Degenerative Joint Disease[Title/Abstract]) OR (Osteoarthritis[Title/Abstract])) OR (oa[Title/Abstract])) OR 
(Degenerative Arthritis[Title/Abstract])) OR (Osteoarthrosis Deformans[Title/Abstract])) OR (Gonitis[Title/Abstract])) OR 
(Gonarthritis[Title/Abstract])) OR (Gonarthrosis[Title/Abstract])) OR (Arthrosis[Title/Abstract])) OR (Joint 
degeneration[Title/Abstract])) OR (cartilage damage[Title/Abstract])) OR (bone spurs[Title/Abstract])) OR 
(Osteoarthritides[Title/Abstract])) OR (gonarthros[Title/Abstract]) 

116,825 

#4 (((((((animal model[Title/Abstract]) OR (Animal Research[Title/Abstract])) OR (Animal Experiment[Title/Abstract])) OR (induced 
model[Title/Abstract])) OR (experimental model[Title/Abstract])) OR (spontaneous model[Title/Abstract])) OR (genetically 
modified model[Title/Abstract])) OR (orphan model[Title/Abstract]) 138,641 

#5 #1 AND #2 AND #3 AND #4 641 

SCOPUS 

#1  ((Rodent) OR (Capybara) OR (Hydrochaeri) OR (Jerboa) OR (Dipodidae) OR (Beaver) OR ("Castor Beaver") OR (Jird) OR (Gerbil) OR 
(Vole) OR (Chinchilla) OR ("Guinea Pig") OR (Cavia) OR ("Cavia porcellus") OR (Hamster) OR (Cricetidae) OR (Rat) OR (Rattus) OR 
("Rattus norvegicus") OR ("Laboratory Rat") OR ("Norway rat") OR (Murinae) OR (Mouse) OR (Mice) OR ("Mus domesticus") OR ("Mus 
musculus") OR ("House mouse") OR ("Mus musculus domesticus") OR ("Laboratory Mouse") OR (Rabbit) OR ("Oryctolagus cuniculus") 
OR (Hare) OR ("Belgian Hare") OR (Bunny) OR (Cottontail) OR (Lapin) OR (Cony) OR (Leveret) OR (Lepus) OR (Lagomorph) OR ("New 
Zealand Rabbit") OR ("NZW Rabbit ") OR ("Domestic Rabbit") OR ("Chinchilla Rabbit")) 

4,953,152 

#2  (("Degenerative Joint Disease") OR (Osteoarthritis) OR (OA) OR ("Degenerative Arthritis") OR ("Osteoarthrosis Deformans") OR 
(Gonitis) OR (Gonarthritis) OR (Gonarthros) OR (Arthrosis) OR ("Joint degeneration") OR ("cartilage damage") OR ("bone spurs")) 

 
205,357 

#3  ((Knee) OR ("knee joint") OR ("Superior Tibiofibular Joint") OR ("Tibiofemoral joint") OR ("Patellofemoral joint")) 296,996 
#4 (("animal model") OR ("Animal Research") OR ("Animal Experiment") OR ("induced model") OR ("experimental model") OR 

("spontaneous model") OR ("genetically modified model") OR ("translational model") OR ("orphan model")) 
2,987,602 

#5 #1 AND #2 AND #3 AND #4 3,878 
Web of Science 

#1 TS=(Rodent* OR Capybara* OR Hydrochaeri* OR Jerboa* OR Dipodidae* OR Beaver* OR "Castor Beaver*" OR Jird* OR Gerbil* OR 
Vole* OR Chinchilla* OR "Guinea Pig*" OR Cavia* OR "Cavia porcellus*" OR Hamster* OR Cricetidae* OR Rat* OR Rattus* OR "Rattus 
norvegicus*" OR "Laboratory Rat*" OR "Norway rat*" OR Murinae* OR Rattus* OR Mouse* OR Mice* OR "Mus domesticus*" OR "Mus 
musculus*" OR "House mouse*" OR "Mus musculus domesticus*" OR "Laboratory Mouse*" OR Rabbit* OR "Oryctolagus cuniculus*" 
OR Hare* OR "Belgian Hare*" OR Bunny* OR Cottontail* OR Lapin* OR Cony* OR Leveret* OR Lepus* OR Lagomorph* OR "New 
Zealand Rabbit*" OR "NZW Rabbit*" OR "Domestic Rabbit*" OR "Chinchilla Rabbit*" ) 
 

12,610,103 

#2 TS=(Knee* OR "knee joint*" OR " Superior Tibiofibular Joint*" OR "Tibiofemoral joint*" OR "Patellofemoral joint*" ) 211,643 
#3 TS=("Degenerative Joint Disease*" OR Osteoarthritis* OR ostoarthritides* OR OA OR "Degenerative Arthritis*" OR "Osteoarthrosis 

Deformans*" OR Gonitis* OR Gonarthritis* OR Gonarthros* OR Arthrosis* OR "Joint degeneration*" OR "cartilage damage*" OR "bone 
spurs*") 

147,759 

#4 TS=("animal model*" OR "Animal Research*" OR "Animal Experiment*" OR "induced model*" OR "experimental model*" OR 
"spontaneous model*" OR "genetically modified model*" OR "orphan model*" OR "translational model*") 

325,723 

#5 #1 AND #2 AND #3 AND #4 1183 
TOTAL AFTER REMOVING DUPLICATES 5702 
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Supplementary Table 1. Surgical models of knee osteoarthritis 
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week 8) - reduction of Collagen type II (at week 
8) - increased expression of MMP13 (at week 8) 
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System: middle region 
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4.0(3.3-6.0),)) - inner 
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Modified Mankin Score: 
week 8: (femoral Condyles: 
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Tibial Plateau: (8.33 ± 
6.08)) 
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- fibrosis (since week 4) - ulceration (superficial 
to middle cartilage ulceration at week 6 and full‐
thickness cartilage ulceration at week 9) - 
irregular cartilage surface (since week 4) - 
chondrocyte loss in full thickness (since week 4) 
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- increased expression of IL‐1β, MMP‐3, MMP‐
13, ADAMTS‐4, and ADAMTS‐5 )since week 4) - 
decreased expression of aggrecan and type II 
collagen (since week 4) 
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week 8) - reduction of Collagen type II (at week 
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- irregular cartilage surface (week 1) – fibrosis 
(week 1) - osteophyte formation (week 2) - deep 
ulceration (week 4) - fibrillation (week 1 and 2) 
- synovial cell hypertrophy (week 1) 
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Mankin score: (8.8 ± 1.4) irregular cartilage surface - reduced safranin o-
fast staining - proteoglycan loss 

a: the exact scoring system has been explained in the article, b: actually, DMM, b: surgery has been applied with 2 different methods: 30 mice by 
stereomicroscope and 30 mice by naked eye but results were the same, c: the details of procedure in each of these three articles were different. 
Abbreviations: ACLT, Anterior cruciate ligament transection; OARSI, Osteoarthritis Research Society International; MMP, Matrix metalloproteinase; MRI, 
Magnetic Resonance Imaging; CT, Computed tomography; ADAMTS, a disintegrin and metalloproteinase with a thrombospondin motifs; KOA, Knee 
osteoarthritis; DMM, Destabilization of medial meniscus; MMT, Medial meniscus transection; MMx, Medial meniscectomy; MCLT, Medial collateral ligament 
transection; PCLT, Posterior collateral ligament transection; LCLT, Lateral collateral ligament transection; PLT, Patellar ligament transection; pMM, partial 
Medial meniscectomy; MMPRT, Medial meniscus posterior root tear; OVx, Ovariectomy; 



(253) 

 

 

 
  

 

THE ARCHIVES OF BONE AND JOINT SURGERY.    ABJS.MUMS.AC.IR 
VOLUME 14. NUMBER 4.  April 2026 

OUTCOMES OF CORE DECOMPRESSION IN KIENBÖCK’S DISEASE 

 
Supplementary Table 2. Chemical models of knee osteoarthritis 
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Abbreviations: MIA, Monoiodoacetate; OARSI, Osteoarthritis Research Society International; KOA, Knee osteoarthritis 
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Supplementary Table 3. Mechanical models of knee osteoarthritis 
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9 N axial compressive loads were applied for 

forty cycles with six loading episodes over a 

period of 2 weeks 
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The load was applied in spike form over a 50 ms 

interval at 60 cycles/min for 40 min, 5 

days/week. the loading was maintained within 

10% of 1.5 times body weight virtually the 

entire daily treatment period. 
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pattern in which peak loads of 9 N were applied 

for 0.05 seconds, with a rise and fall time each of 

0.025 seconds and a baseline hold time of 9.9 
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in position between periods of peak loading. 

Forty cycles of this pattern were applied to the 
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were loaded 3 times each week for 5 weeks. 

each time a single loading pattern in which peak 

loads of 9 N were applied for 0.05 seconds, with 

a rise and fall time each of 0.025 seconds and a 

baseline hold time of 9.9 seconds. Baseline 2 N 

loads maintained the tibia in position between 

periods of peak loading. Forty cycles of this 

pattern were applied to the right knee in each 

loading episode. 
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with a peak load maintained for 0.05 s was 

applied to the medial condyle of the right knee 

region at the periosteum-synovium junction in 

line with the medial collateral ligament (after a 

surgical procedure to expose the medial femoral 

condyle.) 
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recovery, rats were fit with a VLD and the spring 

torque set to apply compressive load alteration 

(100% body weight) in addition to the normal 

compressive forces in the joint produced by 

muscle forces and ambulation. The VLD was 

engaged 24 h per day. 
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porosity (just at week 4) - proteoglycan loss in the 

femoral cartilage and cartilage swelling in the 

anterior femur (since week 4) -  cartilage fibrillation 

and lamination (since week 8) - cartilage erosion to 

the tidemark in the anterior femur and posterior 

tibia (week 12) -  chondrocyte hypertrophy (since 

week 4) - Chondrocyte clustering (since week 4 

until week 16 but only significantly greater at week 

4) - Tidemark duplication (in the anterior tibial 

cartilage at week 16) - synovitis (since week 4) - 

higher IL-6, IL-1β )highest at week 8), TNF-α 

(highest at week 8) and collagen type II breakdown 

in injured animals compared to control animals 

 

St
r/

o
rt

 m
ic

e 

Forty cycles were applied, 3 times/week for 2 

weeks. in each cycle Compression was applied 

through the knee with 9 N peak for 0.05 s, rise 

and fall-time of 0.025 s and 9.9 s baseline 

holdtime. Baseline 2 N loads maintained tibiae 

in place between loading episodes. 

P
o

u
le

t,
 2

0
1

3
9

1
 

8
 

M
al

e 

2
 m

o
n

th
s 

o
ld

 

- 

2
 d

ay
s 

af
te

r 
fi

n
al

 

lo
ad

in
g 

ep
is

o
d

e 
- - 

reduced safranin o-fast staining - proteoglycan loss - 

reduction of Collagen type II - synovial intimal layer 

hyperplasia (4 out of 8 animals) - cruciate ligament 

cell hypertrophy (6 out of 8 animals) - cruciate 

ligament greater matrix staining intensity (6 out of 

8 animals) - cruciate ligament cell clusters (4 out of 

8 animals) 

Im
m

o
b

il
iz

at
io

n
 

ra
b

b
it

s 

periodic immobilization: (4(Number of 

immobilization periods)-7(Length of 

immobilization period in days)-7(Length of the 

period between each immobilization in days)) 

V
id

em
an

, 1
9

8
2

9
9
 

1
8

 

- 

9
 m

o
n

th
s 

o
ld

 

- 

at
 t

h
e 

en
d

 o
f 

im
m

o
b

il
iz

at
io

n
 

an
d

 a
ft

er
 8

 

w
ee

k
s 

o
f 

fo
ll

o
w

-

u
p

 

- - 

mean osteoarthritic changes found in radiographs: 

slight OA at each checkpoint but worsens over time 

- thickening of the joint capsule and the collateral 

ligaments - Fibrillation - irregular proliferation - 

variation in thickness and regional disappearance of 

articular cartilage - subcondral cysts and sclerosis 
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periodic immobilization: (5(Number of 

immobilization periods)-7(Length of 

immobilization period in days)-28(Length of the 

period between each immobilization in days)) 

V
id

em
an

, 1
9

8
2

9
9
 

1
6

 

- 

9
 m

o
n

th
s 

o
ld

 

- 

at
 t

h
e 

en
d

 o
f 

im
m

o
b

il
iz

at
io

n
 a

n
d

 a
ft

er
 2

2
 

w
ee

k
s 

o
f 

fo
ll

o
w

-u
p

 
w

ee
k

 2
2

 

- 

mean osteoarthritic changes found in radiographs: 

slight OA at the end of immobilization and moderate 

OA after 22 weeks - after 22 weeks: (thickening of 

the joint capsule and the collateral ligaments - 

Fibrillation - irregular proliferation - variation in 

thickness and regional disappearance of articular 

cartilage - subcortical cysts and sclerosis - 

Osteophyte formation) 

 

periodic immobilization: (4(Number of 

immobilization periods)-10(Length of 

immobilization period in days)-4(Length of the 

period between each immobilization in days)) 

V
id

em
an

, 1
9

8
2

9
9
 

1
2

 

- 

9
 m

o
n

th
s 

o
ld

 

- 

at
 t

h
e 

en
d

 o
f 

im
m

o
b

il
iz

at
io

n
, 

af
te

r 
8

 w
ee

k
s 

o
f 

fo
ll

o
w

-u
p

 a
n

d
 

af
te

r 
3

2
 w

ee
k

s 
o

f 
fo

ll
o

w
-u

p
 

w
ee

k
 3

2
 

- 

mean osteoarthritic changes found in radiographs: 

slight OA at the end of immobilization and after 8 

weeks (worsens over time) , moderate OA after 32 

weeks - after 32 weeks: (thickening of the joint 

capsule and the collateral ligaments - Fibrillation -  

irregular proliferation - variation in thickness and 

regional disappearance of articular cartilage - 

subcortical cysts and sclerosis - Osteophyte 

formation) 

 

periodic immobilization: (12(Number of 

immobilization periods)-4(Length of 

immobilization period in days)-10(Length of the 

period between each immobilization in days)) 

V
id

em
an

, 1
9

8
2

9
9
 

1
2

 

- 

9
 m

o
n

th
s 

o
ld

 

- 

at
 t

h
e 

en
d

 o
f 

im
m

o
b

il
iz

at
io

n
, a

ft
er

 8
 

w
ee

k
s 

o
f 

fo
ll

o
w

-u
p

 a
n

d
 

af
te

r 
2

2
 w

ee
k

s 
o

f 
fo

ll
o

w
-u

p
 

w
ee

k
 2

2
 

- 
mean osteoarthritic changes found in radiographs: 

slight OA at the end of immobilization and moderate 

OA after 8 weeks and 22 weeks (worsens over time) 

- after 22 weeks: (thickening of the joint capsule and 

the collateral ligaments - Fibrillation - irregular 

proliferation - variation in thickness and regional 

disappearance of articular cartilage - subcortical 

cysts and sclerosis - Osteophyte formation) 

 

35 days of Continuous immobilization 

V
id

em
an

, 

1
9

8
2

9
9
 

1
2

 

- 

9
 m

o
n

th
s 

o
ld

 

- 

at
 t

h
e 

en
d

 o
f 

im
m

o
b

il
iz

at
i

o
n

 a
n

d
 a

ft
er

 

8
 w

ee
k

s 
o

f 

fo
ll

o
w

-u
p

 

- - 

mean osteoarthritic changes found in radiographs: 

slight OA after 8 weeks 

 

49 days of Continuous immobilization 

V
id

em
an

, 

1
9

8
2

9
9
 

9
 - 

9
 m

o
n

th
s 

o
ld

 

- 

at
 t

h
e 

en
d

 o
f 

im
m

o
b

il
iz

at
i

o
n

 a
n

d
 a

ft
er

 

8
 w

ee
k

s 
o

f 

fo
ll

o
w

-u
p

 

- - 

mean osteoarthritic changes found in radiographs: 

slight OA at the end of immobilization and moderate 

OA after 8 weeks 

 

immobilization periods varying from 4 days to 

14 days with elastic splint 

L
an

ge
n

sk
iö

ld
, 

1
9

7
9

8
5
 

4
4

 

- - - 

4
 d

ay
s 

–
 2

 w
ee

k
s 

w
ee

k
 2

 

- 

increase of uptake of 35S-sulphate in the ligaments 

(day 4) - abnormally proliferating cartilage in 

peripheral to the edges of the joint both on the 

femur and the tibia (day 10) - osteophyte formation 

(week 2) - thickening of the periarticular soft tissue 

(week 1) 

immobilization periods varying from 15 days to 

28 days with elastic splint 

L
an

ge
n

sk
iö

l

d
, 1

9
7

9
8

5
 

4
1

 

- - - 

2
-4

 w
ee

k
s 

w
ee

k
 3

 

- 

fibrillation (week 3) - loss of cartilage (week 3) - 

erosion and necrosis of articular cartilage (week 3) - 

fissure (week 3) - osteophyte formation (week 3) - 

thickening of the distal end of the femur (week 3) 
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immobilization periods varying from 29 days to 

80 days with elastic splint 

L
an

ge
n

sk
iö

l

d
, 1

9
7

9
8

5
 

9
6

 

- - - 

4
 –

 1
1

.5
 

w
ee

k
s 

w
ee

k
 6

 

- 

Loss of articular cartilage (more than other groups) 

- thickening of the distal end of the femur (week 6) - 

osteophyte formation (week 6)- area of denuded 

bone (week 6) 

immobilization periods varying from more than 

80 days with elastic splint 

L
an

ge
n

sk
iö

l

d
, 1

9
7

9
8

5
 

5
0

 

- - - 

m
o

re
 t

h
an

 

1
1

.5
 w

ee
k

s 
- - 

eburnation of denuded bone - areas of 

hypertrophied cartilage 

R
u

n
n

in
g 

w
is

ta
r 

ra
ts

 

Intracranial Self-Stimulation (lCSS) resulting in 

running a total distance of 30 km within a 

period of 12 weeks. (500 m/day for a 5 

day/week) 

P
ap

, 1
9

9
8

9
2
 

1
0

 

M
al

e 

3
.2

5
 –

 3
.5

 m
o

n
th

s 
o

ld
 

2
5

0
 -

 3
0

0
 g

 

1
2

 w
ee

k
s 

- - 

fibrillations - clefts in joint cartilage - cell cloning - 

moderate or severe reduced safranin o-fast staining 

- an increasing number of MMP-3 immunoreactive 

chondrocytes (an average of 89.9% of all visible 

chondrocytes showed immunoreactivity to MMP-3 

(control=47%)) 

 

Intracranial Self-Stimulation (lCSS) resulting in 

running a total distance of 15 km within a 

period of 6 weeks. (500 m/day for a 5 

day/week) 

P
ap

, 1
9

9
8

9
2
 

1
0

 

M
al

e 

3
.2

5
 –

 3
.5

 m
o

n
th

s 
o

ld
 

2
5

0
 -

 3
0

0
 g

 

6
 w

ee
k

s 

- - 

irregular cartilage surface - cell cloning - slight 

reduced safranin o-fast staining - an increasing 

number of MMP-3 immunoreactive chondrocytes 

(an average of 70.4% of all visible chondrocytes 

showed immunoreactivity to MMP-3 

(control=47%)) 

 

the rats ran 1 km in 55 min, twice a day (6 h 

apart), 5 days per week resulting in a total 

distance of 30 km in 3 weeks 

B
ec

k
et

t,
 2

0
1

2
9

5
 

3
 

M
al

e 

4
 –

 4
.5

 m
o

n
th

s 
o

ld
 

4
7

1
 ±

 5
0

 g
 

3
 w

ee
k

s 

- - 

irregular cartilage surface - proteoglycan loss - 

generally reduction of Collagen type II - Spotty 

increases of MMP-13 in the cartilage matrix - the 

proportion of the calcified cartilage zone in full 

thickness of articular cartilage was increased 

60%(p<0.05) 

 

the rats ran 1 km in 55 min, twice a day (6 h 

apart), 5 days per week resulting in a total 

distance of 55 km in 6 weeks 

B
ec

k
et

t,
 2

0
1

2
9

5
 

3
 

M
al

e 

4
 –

 4
.5

 m
o

n
th

s 
o

ld
 

4
7

1
 ±

 5
0

 g
 

6
 w

ee
k

s 

- - 

irregular cartilage surface - proteoglycan loss - 

formation of large cysts - chondrocyte clusters 

Around the cysts - generally reduction of Collagen 

type II (spotty areas around cartilage lesions had 

increased type II collagen deposition) - unevenly 

distribution of Type II collagen and proteoglycan in 

the cartilage matrix - Spotty increases of MMP-13 in 

the cartilage matrix - the proportion of the calcified 

cartilage zone in full thickness of articular cartilage 

was increased 80% (p < 0.001) 

 

 
Abbreviations: OARSI, Osteoarthritis Research Society International; OA, osteoarthritis; KOA, Knee osteoarthritis; MMP, Matrix metalloproteinase. 
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Supplementary Table 4. Genetic models of knee osteoarthritis 

A
n
im

al
 

In
te

rv
en

ti
o
n

 

F
ir

st
 a

u
th

o
r,

 y
ea

r 

N
u
m

b
er

 o
f 

m
o

d
el

s 

A
g
e 

W
ei

g
h
t 

C
h
ec

k
p
o
in

ts
 a

ft
er

 

in
te

rv
en

ti
o
n

 

O
st

eo
p
h
y
te

 f
o
rm

at
io

n
 

K
O

A
 s

co
re

 

K
O

A
 r

el
at

ed
 f

in
d
in

g
s 

C57BL/6 

mice 

Deletion of 

P58IPK 

Gilbert

, 

201423 

9 - - 48-52 

weeks, 

92-100 

weeks 

48-52 

weeks 

- osteophyte formation (48-52 weeks old) - narrower tibiae and shorter 

epiphyses in tibiae (in both 48-52 and 92-100 weeks old) - cartilage loss 

(48-52 weeks old) - irregular cartilage surface (48-52 weeks old) - 

chondrocyte lost (48-52 weeks old) 

Dot1l gene 

knockout 

Cornel

is, 

201981 

3 From 

birth 

- 48,56 

weeks 

56 

weeks 

- osteophyte formation (week 56) - Chondrocyte hypertrophy (week 56) 

heterozygous 

of gene Dot1l 

CART-KO 

Cornel

is, 

201981 

3 From 

birth 

- 64 weeks 64 

weeks 

- osteophyte formation - chondrocyte hypertrophy 

mutation of 

Clock gene + 

EntransterT

M 

nanoparticles 

every 3 days 

over the 

course of 2 

weeks 

Yuan, 

201980 

30 From 

birth 

- 24 weeks - - irregular cartilage surface (week 24) - reduced safranin o-fast staining 

(week 24) – proteoglycan loss (week 24) - cartilage erosion (week 24) - 

significant increased expression of IL-6 (week 24) 

crossing 

C57BL/6- 

EFNB2fl/

fl with 

C57BL/6 

Col2-Cre 

transgenic 

deletion of 

ephrin-B2 

(EFNB2Col2

KO) 

Valver

de-

Franco

, 

201683 

8 From 

birth 

- At birth – 

2, 3,8,48 

weeks  

- - increased type X collagen (birth) - disorganized hypertrophic zone (birth) 

- decreased mineralization (birth) - significant reduction in VEGF (week 

2) and TRAP (week 2) at the chondro-osseous junction - delay in the 

secondary ossification (week 2) - including a decrease in bone volume 

(week 2) - trabecular thickness (week 2) - reduced bone mineral density 

(week 2) 

crossingC

57BL/6- 

Alk5flox/

flox with 

C57BL/6- 

Col2a1-

CreERT2 

mice 

deletion of 

Alk5 gene 

Wang, 

201782 

4 From 

birth 

- 8,12,24 

weeks  

24 

weeks 

- loss of proteoglycan (week 12) - increased number of hypertrophic 

chondrocytes (week 12) - severe loss of articular cartilage (week 24) 

associated with greater loss of proteoglycan (week 24) - osteophyte 

formation (week 24) 

C57BL/6-

SJL mice 

overexpressi

on of Smurf2 

Wu, 

200879 

6 From 

birth 

- 8,16,20,2

4,32,40 

weeks  

32 

weeks 

- osteophyte formation (week 32) - increased mineralization of the 

meniscus (week 32) - chondrocyte proliferation (week 18) - reduced 

safranin o-fast staining - fibrillation (week 18) – increased expression of 

MMP-13 and type X collagen mRNA (week 24) 

crossing 

C57BL/6J 

males 

with 

DBA/2J 

females 

mutation in 

Gdf5 

(heterozygote

) 

Masuy

a, 

200778 

51 From 

birth 

- 8,25 

weeks  

- - chondrocyte loss (week 8) - reduced safranin o-fast staining (week 8) - 

chondrocyte hypertrophy (week 8) - ankylosis (week 8)- fusing of the 

joint (week 8) 

mutation in 

Gdf5 

(homozygote

) 

Masuy

a, 

200778 

20 From 

birth 

- 8,25 

weeks 

- - chondrocyte loss (week 8) - reduced safranin o-fast staining (week 8) - 

Chondrocyte hypertrophy (week 8) - ankylosis (week 8)- fusing of the 

joints (week 8) 

C57BL/6J

OlaHsd 

heterozygous 

knockout of 

Col2a1 gene 

Lapvet

eläinen

, 

15 - 39.5±1

.3 g 

12,24,36,

48,60 

weeks  

- - fibrillation - cell loss from the superficial zone - striation of the cartilage 

- deeper defects extending in the intermediate and deep zones of 

uncalcified cartilage - defects extending in the calcified cartilage - lesions 
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200177 extending in the subchondral bone 

homozygous 

knockout of 

Col11a2 gene 

Lapvet

eläinen

, 

200177 

15 2.5 

mont

hs 

old 

37.4±1

.6 g 

36, 60 

weeks  

- - fibrillation - cell loss from the superficial zone - striation of the cartilage 

- deeper defects extending in the intermediate and deep zones of 

uncalcified cartilage - defects extending in the calcified cartilage - lesions 

extending in the subchondral bone 

Pip5k1cfl/

fl mice 

crossing 

with the 

Aggrecan

CreERT2 

knock-in 

transgenic 

mice 

deletion of 

Pip5k1c in 

aggrecan-

expressing 

chondrocytes 

Qu, 

202374 

6 From 

birth 

- 20, 60 

weeks  

at 60 

weeks 

old 

- osteophyte formation (60 weeks old) - sclerosis (60 weeks old) - irregular 

cartilage surface (60 weeks old) - chondrocyte lost (60 weeks old) - 

reduced safranin o-fast staining (60 weeks old) - chondrocyte apoptosis 

(60 weeks old) - subchondral sclerosis (60 weeks old) - chondrocyte 

hypertrophy (60 weeks old) - cartilage erosion (60 weeks old) – decrease 

of matrix fraction (60 weeks old) - surface fissures (60 weeks old) - 

meniscus deformation (60 weeks old) - synovial hyperplasia (60 weeks 

old) 

agouti 

mouse 

Overexpressi

on of MIG-6 

Bellini

, 

202073 

12 From 

birth 

- 24,44,48,

72 weeks  

- - cartilage loss (48 weeks old) - irregular cartilage surface (48 weeks old) 

- cartilage erosion (48 weeks old) – proteoglycan loss (72 weeks old) - 

increased expression of MMP-13 (in both 48 and 72 weeks old) 

Wistar 

rats 

deletion 

mutation in 

the C-

propeptide 

encoding 

region of 

Col2a1 

Bomst

a, 

200676 

5 From 

birth 

- 12,24,36,

48,60,88 

weeks  

- - Decrease of matrix fraction (12 weeks old) - thinner cartilage (since 12 

weeks old) - increased cell density (since 12 weeks old) 

crossing 

Atg5-

floxed 

mice with 

Col2-Cre 

mice 

deletion of 

Atg5 in 

chondrocytes 

Bouder

lique, 

201622 

17 From 

birth 

- 8,24,48 

weeks  

- - chondrocyte loss (8 weeks old) - Fibrillation (24 weeks old) - cartilage 

erosion (48 weeks old) – increased expression of MMP-13 (48 weeks old) 

Mice MIG-6 gene 

deletion 

Zhang, 

200572 

- From 

birth 

- 4,6,8,12,1

6,20,22,2

4 weeks  

12 

weeks 

- abnormal gait as early as 4 weeks old - progressive enlargement and 

deformity of multiple joints (4 weeks) - outgrowths of abnormal bony 

nodules within the joint space adjacent to the margin of the synovial and 

cartilage junctions (6 weeks) - the inner zones have a higher density of 

proteoglycan produced by mature chondrocytes - Subchondral cyst 

formation (12 weeks) - Synovial hyperplasia (8 weeks) - proteoglycan 

loss (12 weeks) - osteophyte formation (12 weeks) - ankylosis and death 

(24 weeks) 

Abbreviations: OARSI, Osteoarthritis Research Society International; KOA, Knee osteoarthritis; MMP, Matrix metalloproteinase. 
 

Supplementary Table 5. Hybrid models of knee osteoarthritis 
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ti
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E
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N
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O
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y
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 f
o
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at
io

n
 

K
O

A
 s

co
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K
O

A
 r

el
at

ed
 f

in
d
in

g
s 

A
C

L
T

 +
 M

IA
 

N
ew

 Z
ea

la
n
d
 

w
h

it
e 

ra
b
b
it

s 

3 mg MIA injection 

2 weeks after 

ACLT 

Go, 

202210 

3 - - 3500 ± 

500 g 

6 weeks 6 weeks Modified Mankin 

score: femur: (7.89 

± 0.84), tibia: (3.33 

±0.0) 

rough articular surface - osteophyte formation 

(medial edge of the tibia) - cartilage loss - irregular 

cartilage surface - reduced alcian blue staining - 

matrix degeneration - calcified cartilage - reduction 

of Collagen type II - Tibial chondrocytes were 

disordered and had lost their lacuna 
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6 mg MIA injection 

2 weeks after 

ACLT 

Go, 

202210 

3 - - 3500 ± 

500 g 

6 weeks 6 weeks Modified Mankin 

score: femur: 

(13.78 ± 0.19), 

tibia: (11.67 ± 0.33) 

rough articular surface - deep ulceration - osteophyte 

formation (medial edge of the tibia and medial and 

lateral sides of the femur) - cartilage loss - irregular 

cartilage surface - reduced alcian blue staining - 

fibrillation - matrix degeneration - cartilage erosion - 

reduction of Collagen type II - loss of hematoxylin–

eosin staining in most of the femoral cartilage 

 

9 mg MIA injection 

2 weeks after 

ACLT 

Go, 

202210 

3 - - 3500 ± 

500 g 

6 weeks 6 weeks Modified Mankin 

score: femur: 

(13.11 ± 0.38), 

tibia: (11.56 ± 0.38) 

rough articular surface - deep ulceration - osteophyte 

formation (all over the rim of the outer femur and 

tibia) - cartilage loss - irregular cartilage surface - 

reduced alcian blue staining - fibrillation - matrix 

degeneration - calcified cartilage - cartilage erosion - 

reduction of Collagen type II - no chondrocytes were 

observed in the femur 

 

A
C

L
T

 +
 p

ap
ai

n
 

N
ew

 Z
ea

la
n

d
 w

h
it

e 

ra
b

b
it

s 

Injection of 4% 

papain and its 

activator 0.03 M L-

cysteine in the first, 

fourth and seventh 

days in the right 

knee + ACLT three 

weeks after the last 

injection 

Li, 

201671 

6 M 

& 

F 

- approxi

mately 

2500 –

3000 g 

6 weeks 

after the 

last 

injection 

6 weeks 

after the 

last 

injection 

- osteophyte formation - rough articular surface - deep 

ulceration - cartilage loss - irregular cartilage surface 

- chondrocyte loss in full thickness - reduced safranin 

o-fast staining - joint instability - broken and messy 

collagen texture - many denatured and necrotic 

chondrocytes - large lipid droplets - a lot of vacuoles 

- swelling of mitochondria 

A
C

L
T

 +
 p

m
m

 +
 R

u
n

n
in

g
 

S
p

ra
g

u
e‒

D
aw

le
y

 r
at

s 

ACLT and pMM + 

forced mobilization 

beginning 5 days 

before surgery to 

train the animals. 

Each animal 

completed a 30 min 

session of 

mobilization on 

Mondays, 

Wednesdays and 

Fridays each week 

until being 

sacrificed 

Applet

on, 

200737 

24 M - 300 - 

325 g 

2, 4, 8, 

12, 16, 

20 

weeks 

after 

surgery 

(n=4 at 

each 

checkpo

int) 

20 

weeks 

OARSI scoring 

system:  week 20: 

(22.375± 0.718)  

osteophyte formation (week 20) - loss of subchondral 

trabecular architecture (week 12) - cartilage fibrosis 

(week 4) - rough articular surface (week 4) - abraded 

joint surface (week 4) - irregular cartilage surface 

(week 2) - reduced safranin o-fast staining (week 2) -  

chondrocyte clusters (week 4) - subchondral sclerosis 

(week 12) - chondrocyte hypertrophy - Matrix erosion 

(week 8) -  infiltration of bone marrow stromal cells 

(week 2) - proteoglycan loss (week 2) - cartilage 

delamination (week 2) - cartilage fissuring (week 2) - 

presence of Collagen type X (since week 8) - 

reduction of Collagen type II (week 4) - increased 

expression of MMP13 (since week 4) – increased 

alkaline phosphatase expression (week 8 and 12) 

 

R
u
n
n
in

g
 +

 H
2
O

2
 

W
is

ta
r 

ra
ts

 

H2O2(2% ,0.05 ml, 

day 0 and 7) + 

running load (a day 

after first injection): 

treadmill 500 m/day 

with a speed of 500 

m/h for 5 

days/week until 

being sacrificed. 

Kaiki, 

199018 

24 M 2.

5 

m

o

n

t

h

s 

o

l

d 

350 g 2(n=3), 

3(n=7), 

5(n=7), 

8 

weeks(n

=7) 

- Mankin score: the 

exact scores for 

each knee in each 

checkpoint has 

showed in the 

article: all scores 

were more than 6 at 

week 8 

joint space narrowing (week 5) - joint structure 

destruction (week 5) - irregular cartilage surface 

(week 5) - reduced safranin o-fast staining (week 5) 

 

Abbreviations: OARSI, Osteoarthritis Research Society International; KOA, Knee osteoarthritis; ACLT, Anterior cruciate ligament transection; pMM, partial Medial meniscectomy; 

MMP, Matrix metalloproteinase; MIA, Monoiodoacetate; 
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Supplementary Table 6. High fat diet models of knee osteoarthritis 
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E
xa

ct
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y
p

e 
o
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in
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rv

en
ti

o
n

 

F
ir

st
 a

u
th

o
r,

 y
ea

r 

N
u

m
b

er
 o

f 
m

o
d

el
s 

Se
x 

A
ge

 

W
ei

gh
t 

C
h

ec
k

p
o

in
ts

 a
ft

er
 i

n
te

rv
en

ti
o

n
 

O
st

eo
p

h
y

te
 f

o
rm

at
io

n
 

K
O

A
 s

co
re

 

K
O

A
 r

el
at

ed
 f

in
d

in
gs

 

re
gu

la
r 

d
ie

t 

W
is

te
r 

ra
ts

 12 weeks of regular diet 

(9% of the kcal 

contained fat) + groove 

surgery at the end of 12 

weeks of regular diet 

De Visser, 

2107102 

14 M 3 

months 

old - 

12 

weeks 

- - synovitis - Lower mean thickness of 

trabecular bone and subchondral 

plate 

L
ew

is
 r

at
s 

8 weeks regular diet + 

DMM surgery 4 weeks 

after the start of diet 

Ernest, 

2018103 

40 F 2 

months 

old 
1

7
5

 –
1

8
3

 g
 

b
ef

o
re

 

re
gi

m
e 

8 

weeks 

8 

we

eks 

- Mild osteophyte formation 

C
5

7
B

L
/6

 J
 m

ic
e 

10 weeks low-fat diet 

(10% kcal from fat) + 

DMM surgery at the end 

of 10 weeks of low-fat 

diet + 8 weeks low-fat 

diet after the surgery 

Warmink, 

2020104 

10 M 3 

months 

old 

- 

18 

weeks 

8 

we

eks 

- Osteophyte formation - cartilage 

degeneration - lower synovial lining 

thickness - fat pad fibrosis - lower 

subchondral thickness 

H
ig

h
-f

at
 d

ie
t 

o
n

ly
 

W
is

te
r 

ra
ts

 

 12 weeks of High-fat 

diet (60% of the kcal 

contained fat) 

De Visser, 

2017102 

6 M 3 

months 

old 

- 

12 

weeks 

8 

we

eks 

- osteophyte formation (lower than 

surgical + high fat diet group) - 

significant increase for total 

cholesterol and fasting insulin 

levels compared to the standard 

diet group 

C
5

7
B

L
/6

 J
 m

ic
e 

38 weeks of high-fat diet 

(45% kcal contained fat) 

Warmink, 

2020104 

10 M 3 

months 

old - 

38 

weeks 

38 

we

eks 

- mild Fibrosis in the infrapatellar fat 

- Cartilage degradation (least) - mild 

Osteophyte formation - mild 

Adipose inflammation - mild 

synovitis 

4 weeks control-diet 

(13.5% kcal from fat) 

and then 12 weeks very 

high-fat diet (60% kcal 

from fat) 

Griffin, 

2012106 

5 M 2 

months 

old - 

24 

weeks 

- - - 

4 weeks control-diet 

(13.5% kcal from fat) 

and then 12 weeks very 

high-fat diet (60% kcal 

from fat) + wheel 

running for 4 weeks 

parallel with final 4 

weeks of very high-fat 

diet 

Griffin, 

2012106 

5 M 2 

months 

old 

- 

24 

weeks 

- - Proteoglycan loss - significantly 

reduced subchondral bone 

thickness compared to high-fat diet 

+ exercise group 
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obesity and obligatory 

bipedal walking 

Son, 

201917 

24 M 3 

months 

old 

3
1

 ±
 2

.9
 g

 

8,10,1

2 

weeks 

12 

we

eks 

- fibrillation (week 8) - proteoglycan 

loss (week 8) - Subchondral 

sclerosis (week 8) - cartilage loss 

(week 12) - synovitis (week 12) - 

osteophyte formation (week 12) 

H
ig

h
-f

at
 d

ie
t 

+
 s

u
rg

er
y

 

W
is

te
r 

ra
ts

 12 weeks High-fat diet 

(60% of the kcal 

contained fat) + groove 

surgery at the end of 12 

weeks of high-fat diet 

De Visser, 

2017102 

14 M 3 

months 

old - 

12 

weeks 

12 

we

eks 

- osteophyte formation - 

degeneration of the articular 

cartilage - synovitis - increased joint 

inflammation - CD68 positive cells 

in synovium and osteophytes 

L
ew

is
 r

at
s 

8 weeks high-fat diet 

(60% of calories from 

fat, 20% from 

carbohydrates, 20% 

from protein) + DMM 

surgery 4 weeks after 

the start of diet 

Ernest, 

2018103 

10 F 2 

months 

old 

1
7

5
 –

1
8

3
 g

 b
ef

o
re

 

re
gi

m
e 

8 

weeks 

- - - 

8 weeks High-fat diet 

(60% of calories from 

fat, 20% from 

carbohydrates, and 20% 

from protein) + sham 

surgery 4 weeks after 

the start of diet 

Ernest, 

2018103 

10 F 2 

months 

old 

1
7

5
 –

1
8

3
 g

 b
ef

o
re

 

re
gi

m
e 

8 

weeks 

- - - 

C
5

7
B

L
/6

 J
 m

ic
e 

18 weeks high fat + DMM 

surgery 10 weeks after 

the start of diet 

Warmink, 

2020104 

10 M 3 

months 

old - 

18 

weeks 

- - - 

10 weeks low-fat diet 

(10% kcal from fat) + 

DMM surgery at the end 

of 10 weeks of low-fat 

diet + 8 weeks high-fat 

diet after the surgery 

Warmink, 

2020104 

10 M 3 

months 

old 

- 

18 

weeks 

18 

we

eks 

- moderate Fibrosis in the 

infrapatellar fat - moderate 

Cartilage degradation - moderate 

Osteophyte formation - moderate 

synovitis - moderate Adipose 

inflammation 

W
is

ta
r 

H
an

 r
at

s 

24 weeks High-fat diet 

(20 kcal% protein, 40 

kcal% fat of which 94% 

pork lard, 40 kcal% 

carbohydrates of which 

83% sucrose) + groove 

surgery 12 weeks after 

the start of diet 

Warmink, 

2022105 

5 M 3 

months 

old 

- 

24 

weeks 

24 

we

eks 

- Osteophyte formation - cartilage 

degeneration - fat pad fibrosis 

Sp
ra

gu
e 

D
aw

le
y 

ra
ts

 24 weeks High-fat diet 

(20 kcal% protein, 40 

kcal% fat of which 94% 

pork lard, 40 kcal% 

carbohydrates of which 

83% sucrose) + groove 

surgery 12 weeks after 

the start of diet 

Warmink, 

2022105 

5 M 3 

months 

old 

- 

24 

weeks 

24 

we

eks 

- osteophyte formation (a much 

higher number of osteophytes 

compared to Wistar rat group) - 

osteoporosis-like decrease in 

trabecular bone volume - cartilage 

degeneration - fat pad fibrosis 

Abbreviations: OARSI, Osteoarthritis Research Society International; KOA, Knee osteoarthritis; DMM, Destabilization of medial meniscus; 
 


