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Abstract 

The overarching goal of this research is to identify the biologic role of the meniscus in the 

development of osteoarthritis.  We hypothesized that inflammatory factors associated with joint 

injury would stimulate menisci to increase production of matrix-degrading enzymes, cytokines 

and chemokines, which could contribute to joint tissue destruction and subsequent development 

of osteoarthritis. We examined meniscus pathology in established osteoarthritis, characterized the 

alterations in meniscus cell processes between normal and osteoarthritic menisci, and explored 

potential pathways involved in osteoarthritis pathogenesis including a novel pathway proposed to 

mediate osteoarthritis development.   

Vervet monkeys were used to examine meniscus pathology as part of the natural history of 

osteoarthritis and demonstrated osteoarthritic changes.  Aged and degenerative menisci secreted 

increased matrix-metalloproteinases (MMPs) and cytokines and chemokines.  To explore 

osteoarthritis pathogenesis in the human meniscus, meniscus cells were collected from normal 

tissue donors and patients undergoing total knee arthroplasty.  Meniscus cells responded to pro-

inflammatory stimulation with increased production of catabolic factors, including MMPs and 

cytokines and chemokines.  Pro-inflammatory stimulation acted at least in part through the 

nuclear factor-κB (NF-κB) pathway.   The hypoxia-inducible factor (HIF) family was then 

evaluated to determine the HIF family contribution to osteoarthritis pathogenesis in human 

meniscus cells and evaluate them in the context of a mouse surgical model of osteoarthritis.  

Human meniscus cells did express HIF family genes, but we could not substantiate a role for the 

HIF family as a primary regulator of osteoarthritic changes in the meniscus.  Heterozygous 

deletion of the HIF-2α gene, Epas1, in mice did not provide resistance to surgically induced 

osteoarthritis.   



  xi 

 

The meniscus likely has a biologic role in the development of osteoarthritis.  Pro-

inflammatory stimulation and catabolic alterations in the meniscus produce a disease process that 

appears to be complementary to that of articular chondrocytes.  The role of the HIF pathway in 

promoting osteoarthritic changes in the meniscus is not clear and requires further investigation. 

Continued exploration into the biologic responses of the meniscus to injury and may yield 

improved repairs and provide opportunities for tissue engineering and may ultimately aid in 

prevention or attenuation of osteoarthritis.
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Introduction 

Scope of the Problem 

Osteoarthritis is a tremendous health burden affecting more than 27 million Americans at an 

annual economic cost exceeding $128 billion.1  Osteoarthritis risk increases with age, obesity, 

joint injury, and participation in intensive physical training2-5.   Osteoarthritis was estimated to 

affect more than 27 million people in 2008 and the burden of osteoarthritis continues rise with 

expectation that more than 67 million people (25% of adults) will be affected by year 20302, 6.   

The knee is a common and debilitating site for osteoarthritis.  In an analysis of population based 

studies, osteoarthritis of the knee was found to affect between 14.8% and 37.4% of adults 

depending on age6. Osteoarthritis in the knee results from a catabolic process that leads to a 

compromise of the structural integrity of the cartilage, subchondral bone, and the meniscus7, 8.  

The reactive changes and resultant tissue destruction are painful and progressive and frequently 

require surgical intervention for debilitating symptoms.   

Orthopaedic Surgery and the Meniscus 

Arthroscopic surgery is the most common surgical intervention for meniscus injury 

performed by orthopaedic surgeons today 9.  Meniscus tears may be traumatic or degenerative.  

Traumatic tears occur more frequently in younger individuals when the meniscus is caught under 

excessive force, while degenerative changes are usually less symptomatic and occur in older 

individuals 9, 10.  Treatments for meniscus injury include meniscal repair or partial to complete 

meniscectomy since many tears are irreparable.  Total meniscectomy is associated with poor 

outcomes and increases the relative risk of advanced radiographic knee osteoarthritis 

development by 14.0 (CI: 3.5 – 121.2) and the procedure is consequently avoided 9, 11, 12.  Repair 

may be attempted and yields improved long-term results for the return to sports activity and a 

decreased incidence of osteoarthritis13, 14; however, many tears are not amenable to repair due to 

poor vascularization of the tissue15 16.  Although partial meniscectomy produces slightly more 
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favorable outcomes following meniscus injury, osteoarthritis still risk increases through both a 

change in knee biomechanics and the initial injury to the meniscus 9, 10, 17, 18.  The relative risk for 

osteoarthritis development after partial meniscectomy depends on the type of tear, 7.0 (CI: 2.1-

23.5) for degenerative tears and 2.7 (CI: 0.9-7.7) for a traumatic tears, when compared to age 

matched controls 18, 19.  Even patients who decline surgical intervention following meniscal injury 

have an odds ratio of 5.7 (CI: 3.4-9.4) times more likely to development of radiographic 

osteoarthritis 20.  An improved understanding of meniscus basic biology and pathologic processes 

would lead to alternative strategies to managing meniscus injury and improving patient outcomes. 

The basic biology of the meniscus. 

The knee joint is a diarthrodial joint composed of the femur and tibia and is stabilized by the 

collateral ligaments, the cruciate ligaments, and medial and lateral meniscus. The meniscus is a 

fibrocartilaginous structure that aids in load distribution and stabilization of the knee. Each 

meniscus is crescent shaped and anchored to the tibial plateau by the ligamentous anterior and 

posterior horn with additional femoral stabilization via the meniscus femoral ligaments. The 

meniscus is wedge-shaped in radial cross-section between the anterior and posterior horn. The 

inferior portion of the meniscus lies flat against the surface of the tibia, while the superior portion 

accommodates the contour of the femoral condyles. The shape of the meniscus allows it to act as 

a stabilizer in the cam function of the femur providing load sharing through distribution of joint 

contact stresses and limiting extremes in knee joint motion.  Additionally, the meniscus has a 

complex neurovascular structure: the outer one-third of the meniscus is highly vascular and 

innervated, while the inner two-thirds are avascular15, 21. This neurovascular pattern greatly 

compromises the tissue’s ability to heal 15, 21, 22. 

A unique and highly organized structure enables the meniscus to provide exceptional load 

distribution and enhance stability. Compressive forces are absorbed by the high water content 

(approximately 70%)  of the meniscus and its collagen structure 23, 24.  The collagen content in the 
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meniscus is reported to be between 60% and 75% of the dry weight of the meniscus22, 23, 25. While 

articular cartilage is comprised of type II collagen and proteoglycans, the meniscus is 

predominantly constructed of highly organized collagen type I with a smaller proteoglycan 

content 23, 25.  The orientation of the collagen fibers within the meniscus is important for its 

structural characteristics. The meniscus is composed of an extensive network of circumferential, 

or hoop fibers with penetrating radial fibers throughout22, 24, 25. Collagen organization on the 

articular surfaces of the meniscus is mesh-like to better manage sheer stresses22, 24.  Meniscus 

collagen content also varies with zones of the meniscus. The inner zone of the meniscus is 

comprised of a greater proportion of collagen type II, were the vascularized our portion of the 

meniscus is overwhelmingly collagen type I 26. Other collagens included in the meniscus include 

collagens type III, IV, VI, and XVIII25.  Proteoglycans are also varied by region, but aggrecan is 

the main proteoglycan25. 

Meniscus structure and collagen composition differs from cartilage, but the meniscus cell 

phenotype is also heterogenous and shares some commonalities27, 28.   The vascularized outer 

region of the meniscus is populated by more fibroblastic cells that produce predominantly type I 

collagen extracellular matrix28. The fibrochondrocyte that comprises the avascular inner sections 

of the meniscus is more similar to articular chondrocytes 25, 26, 28-31.   Meniscus type I and II 

collagen production by fibrochondrocytes in the inner region is highly organized and organized 

differently from articular cartilage 26. The phenotypic similarities of cartilage and meniscus cells 

suggest that these cells can have a biologic role in osteoarthritis pathogenesis. 

Osteoarthritis and the Meniscus 

Osteoarthritis continues to be an enigma in joint disease, but it is increasingly apparent that 

the disease process is a function of whole joint pathology and not solely the articular cartilage 7, 10, 

11, 17, 32-35.  A growing body of evidence supports the connection between a meniscal injury and 

osteoarthritis 10, 11, 17, 35. Injuries to the meniscus are commonly evaluated using magnetic 
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resonance imaging (MRI). MRI is able to detect structural differences and pathologic alterations 

in tissues based on the proton movement differences in their molecular composition. A large, 

prospective case-control study identified degenerative meniscus changes using MRI prior to MRI 

or radiographic evidence of osteoarthritis development10.  Additional MRI evaluation of the 

meniscus demonstrated increased alterations in adjacent regions of meniscus injury and 

degeneration with concomitant local structural alterations in cartilage32, 33. Meniscus changes 

evaluated  through macroradiography suggested some meniscus alterations preceded cartilage 

lesions in mild to moderate osteoarthritic knees36.  Normal meniscal tissue is rarely found in a 

knee with osteoarthritis, but knee osteoarthritis may result from a deficient meniscus and may 

simultaneously serve to further degrade remaining meniscal tissue 20, 37, 38.    Englund et al. 

propose that the meniscus tear, especially degenerative tears, initiate the development of 

osteoarthritis18, 19.   

 The interactions between the meniscus and articular cartilage are not surprising, since the 

meniscus and articular cartilage exist in a similar microenvironment and have overlapping gene 

expression 7, 17, 31, 39, 40.  The meniscus is exposed to many of the same forces as articular cartilage 

and responds with some of the same chemical mediators 17, 31, 39, 41.  Since meniscus cells and 

articular chondrocytes have some similarities, cartilage pathways involved in osteoarthritis 

pathogenesis may also be active in meniscal tissue.  These molecular pathways may provide an 

opportunity for intervention immediately following injury, during operative intervention, and 

during repair to enhance patient quality of life and reduce the burden of osteoarthritis.   

The Role of Pro-inflammatory Factors in the Development of Osteoarthritis 

Early aberrations in cytokine signaling are believed to be responsible for propagating the 

reactive and degradative responses in joint tissues that ultimately lead to osteoarthritis 7, 8, 31, 40, 42-

50.   Since the knee joint functions as an organ, inflammatory factors produced in acute or chronic 

injury likely impacts meniscus biology.  The impact of cytokine stimulation on articular cartilage 
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and subsequent extracellular matrix degradation is well documented 7, 8, 42, 44, 51.  Treatment of 

articular chondrocytes with pro-inflammatory factors, such as interleukin(IL)-1α, IL-1β, IL-6 and 

tumor necrosis factor(TNF)-α, results in increased catabolic activity and osteoarthritic changes7, 8, 

42, 44, 51-54.  Catabolic pathways include the increased production of the extracellular matrix-

degrading matrix metalloproteinases (MMPs), including MMP-1, -3, -9, and -13 in addition to 

increasing production of cytokines and chemokines7, 8, 43.  Chondrocyte catabolism can also be 

induced by the cartilage breakdown product, fibronectin fragments (FnF) which are released 

following chondral insult or injury55.  FnF treatment of chondrocytes results in increased 

production of MMPs, increased cytokine and chemokine expression, and alterations of integrin 

expression46, 47, 55-60.  MMPs then degrade components of the extracellular matrix and result in 

local tissue compromise7, 8, 43.   

Two recent studies utilized a unique approach to examine the differences in gene expression 

of the entire medial compartment of knee joint. The joint tissues were obtained after destabilized 

medial meniscus surgery in mice46, 47. The DMM model is a meniscus injury model known to 

produce osteoarthritic changes in mice 61. The first study evaluated differences in gene expression 

between the old and young mice following the DMM surgery using gene microarray and real-

time PCR analysis. Many genes with significant and related functions, including those involved 

in extracellular matrix, signal peptide, leucine-rich repeat, and cytokine activity. Matrix genes 

included asporin, biglycan, lumican, fibromodulin, periostin (osteoblast specific factor) and 

procollagens III,VI, and XIV. Asporin, which binds TGF-β, is a risk factor for osteoarthritis in 

humans. MMP-2 and MMP-3, TIMP1, IGF-I and the chemokine CCL21 were also up-regulated 

in both age groups. Three of the six probe sets that were down-regulated in both young and old 

mice have significantly related functions of immunoglobulin activity. 

The above data are indicative of age-related differences in the severity and pattern of 

osteoarthritis gene expression in mice. In the second study, a time course experiment was 
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performed in young mice to examine changes in gene expression at early and late time points 

after meniscal destabilization46. RNA was isolated from the same joint region used in the first 

study, but samples were obtained multiple early time points following surgery. Gene clusters are 

again analyzed and demonstrated up-regulation of genes involved in extracellular matrix 

production, collagen production and cell adhesion. The genes in this cluster were up-regulated at 

early time points (two and four weeks) during early osteoarthritis development, were relatively 

unchanged at eight weeks, and were again up-regulated at sixteen weeks.  This trend indicates a 

phasic process in the development of osteoarthritis. Ultimately, these studies support the concept 

that osteoarthritis is a process of the whole joint, and the meniscus is likely involved in this 

process. 

Many aspects of meniscus biology are pathologically altered in meniscus injury which likely 

contributes to development of osteoarthritis 31, 40, 41, 52, 62-69.  Both the biomechanical and cytokine 

stimulation of porcine meniscus explants increases proteoglycan release, nitric oxide production 

and also increase intracellular calcium signaling, which is associated with catabolic activity in 

porcine chondrocytes and meniscus cells52, 62, 68, 69.  Rabbit meniscus structure and cell phenotype 

underwent significant alterations during the course of osteoarthritis development following ACL 

transection63, 64, 70. Rabbit menisci in ACL transected joints demonstrated fissuring in the mid-

substance of the meniscus with focal cell death in a loss of proteoglycan staining63, 70. Cell 

clusters similar to those in osteoarthritic chondrocyte cell clustering were also identified. With 

increasing time, fissuring, loss of proteoglycan content, and cell clustering became more severe. 

Decreased proteoglycan content was accompanied by alterations in collagen deposition64, 70.  

These cell matrix alterations evident on immunohistochemistry were also identified in altered 

gene expression of extracellular matrix components, including collagen type I, II, and III collagen 

and aggrecan, in addition to altered MMP expression64. The inflammatory genes COX2 and iNOS 

were up-regulated as well 64, 66.    
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To examine zonal differences in the meniscus, sheep menisci were divided into inner and 

outer zones and subsequently cultured31. The inner zones were more cartilaginous than the outer 

zones and demonstrated higher expression of aggrecan and collagen 2A131. Catabolic activity was 

differentially increased in the two cell types following cytokine stimulation. The outer menisci 

increased their MMP expression while the inner zones increased ADAMTS5 expression31.  

Immunohistochemical analyses of human meniscus specimens support observations in animal 

studies. Evidence of meniscus injury and degradative enzyme production, specifically MMP-3, 

aggrecanase-1 and -2, was identified in human immunohistochemistry specimens obtained at the 

time of partial meniscectomy 65.  A second study of partial meniscectomy specimens identified 

increased phosphorylated-p38 (associated with MAP kinase pathway activity) and 

phosphorylated-p65 (NF-κB pathway activity) in more degenerated and osteoarthritic meniscus 

specimens66.  The increased catabolic pathway staining was associated with an increased in pro-

inflammatory cyclooxygenase(Cox)-2 staining 66.  

Gene expression was also analyzed in human partial meniscectomy specimens obtained 

during arthroscopy which found increased expression of IL-1β, ADAMTS-5, MMP-1, MMP-9, 

MMP-13, and NFkB2 in patients with meniscus tears younger than 40 41. Meniscus cytokine and 

chemokine expression (including IL-1β, TNF-α, MMP-13, CCL3, and CCL3L1) were increased 

in patients with a more severe injury in patients with a meniscus tear and concomitant ACL tear 

41.In a human meniscus cell culture study, increased gene expression of MMPs was identified, but 

these cells were passaged many times and the phenotype may not be consistent with the primary 

meniscus cell type40.  The pathologic alterations in the meniscus support the theory that the 

meniscus also has a biologic role in osteoarthritis development through the production of matrix-

degrading enzymes and inflammatory factors, but further exploration is warranted to define the 

biologic contributions.   
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Many of these alterations in chondrocytes are dependent upon the nuclear factor-κB (NF-κB) 

pathway 7, 8, 53, 54, 56, 59, 71, 72.  The classic NF-κB pathway is comprised of the heterodimer NF-κB1-

RelA (also known as the p50-p65 complex)53.  Nf-κB then mediates the transcription of pro-

inflammatory cytokines, chemokines, adhesion molecules and other catabolic factors53, 73.  While 

this pathway is extensively studied in chondrocytes56, 59, it is less well studied in the meniscus.  

The NF-κB subunits p50 and p65 are present in the meniscus and were also demonstrated to be 

increased in osteoarthritic and degenerative menisci as described above 66. Many of the alterations 

in gene expression and protein production are associated with the NF-κB family, so it is likely 

that meniscus cells also increase catabolic production through stimulation of this pathway. 

The Hypoxia Induced Factor Pathway   

The hypoxia induced factor (HIF) pathway is implicated in the development of osteoarthritis.  

HIF-1α is a constitutively expressed protein involved in tissue specific actions.   HIF-1α is a 

transcription factor that serves many anabolic functions by maintaining metabolic homeostasis 

through cell growth and protection 74-80.  HIFs are more active in low oxygen tension tissues , 

such as cartilage and meniscus, because of decreased prolyl hydrolyase domain-containing 

protein activity (the enzyme responsible for HIF hydroxylation and subsequent degradation)80-82; 

is a critical regulator of glycolytic and oxidation pathways and helps to optimize ATP production 

and limit reactive oxygen species (ROS) accumulation regardless of the oxygen concentration 74, 

75.  HIF-1α increases ATP production in low oxygen tissue through up-regulation of 

phosphoglycerate kinase 1 (PGK-1), glucose transporter 1 (Glut-1) and vascular endothelial 

growth factor (VEGF) 76.  In articular chondrocytes, HIF-1α is tonically activated with continuous 

translocation and is reportedly not degraded even when exposed to normoxic conditions in bovine 

cartilage 83. Aggrecan and type II collagen are up-regulated via HIF-1α in response to physiologic 

oxygen tensions in cartilage 76.  Since type II collagen and aggrecan levels are significantly 
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decreased in HIF-1α-null mutants, HIF-1α was confirmed as a central regulator of glycolysis for 

generation of the extracellular-matrix 76.   

The role of HIF-1α in energy regulation and matrix production carries important implications 

for its role in the meniscus.  HIF-1α is present in the meniscus with greater expression in the more 

hypoxic inner regions than the vascularized outer regions of the meniscus 84.  Expression levels 

varied between meniscus regions, so it is believed that HIF-1α helps to direct meniscus cell 

phenotype.   Although HIF-1α has multiple targets, it is proposed to differentially regulate 

collagen expression in inner and outer meniscus cells, in part based on oxygen tension 84.  

Meniscus cell HIF-1α targets may differ from the targets in chondrocytes which may contribute 

to the differences in cell phenotype.   

A second component of the HIF pathway, HIF-2α, was recently linked to osteoarthritis 

development in both human and mouse tissues 79, 85, 86.  HIF-2α is encoded by the gene epas1.  

HIF-2α does not appear to be constitutively expressed in a manner similar to HIF-1α in developed 

tissues; however, in the developing mouse embryo it is critical in the development of multiple 

organ systems including the musculoskeletal system86-92. Complete deletion of epas1 in knock-out 

mice was found to be embryonic lethal 86; however, heterozygous deletion of epas1 in epas1+/- 

transgenics  provided resistance to surgically induced osteoarthritic changes using the 

destabilized medial meniscus (DMM) model79.  The mechanism for resistance was not explored 

and remains unclear79, 81, 86 . Transgenic mice over-expressing epas1 had increased osteoarthritic 

changes in the knee cartilage.  Levels of HIF-2α were additionally increased in osteoarthritic 

cartilage of the DMM mice79.   Similar trends were seen in human osteoarthritic cartilage: levels 

of HIF-2α and its targets were present in damaged human osteoarthritic cartilage, while levels 

were lower in normal and undamaged osteoarthritic cartilage compared to damaged regions of the 

osteoarthritic cartilage 79.  HIF-2α expression in the meniscus was not investigated in any study.   
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Multiple pro-inflammatory cytokines, including TNF-α, IL-1β, IL-17 and IL-21, induce HIF-

2α expression but expression is not increased with anti-inflammatory cytokines (IL-4, IL-10, IL-

12) 79, 85, 86.  Unlike HIF-1α activity which is better regulated by oxygen tension, HIF-2α activity 

is reported to be independent of oxygen concentration and is instead regulated by increasing its 

expression level 79, 86. Signaling of HIF-2α involves the c-Jun-terminal kinase (JNK) and NF-κB 

signaling pathways79, 86.  The Epas1 gene contains an NF-κB binding motif recognized by 

p65/RelA, a subunit of NF-κB.  Activation of p65/RelA was significantly increased in 

osteoarthritic tissue, which paralleled the increase in HIF-2α activity 79, 86.  NF-κB has a 

prominent role in mediating the inflammatory response within cartilage from mechanical signal 

transduction 66, 71.  The activation of the NF-κB pathway in the meniscus is directly linked to 

fibrocartilaginous degeneration and osteoarthritis 66.   HIF-2α and NF-κB are also both involved 

in the complex regulation of sox9 expression and extracellular matrix production, which are both 

implicated in chondrocyte differentiation and degradation 66, 85, 93-95.   

While the exact role of HIF-2α up-regulation in cartilage degradation is not established, a 

number of targets have been discovered that link it to ECM changes.  Recently discovered targets 

of HIF-2 α include COL10A1, MMP1, MMP3, MMP9, MMP12, MMP13, VEGF-A, 

ADAMTS4, NOS2 and PTGS2 in chondrocytes 79, 85, 86.  The authors attributed the primary 

deleterious effects in cartilage to MMP9 expression, although it is likely a component in a series 

of inappropriate regulatory events.   Additional studies of HIF-2α in mouse and human 

osteoarthritis cell cultures identified its role in regulating the pro-inflammatory cytokine IL-6 

production and articular chondrocyte apoptosis96, 97.  Expression of many of these genes increases 

following meniscus injury in the rabbit and is associated with meniscus injury and osteoarthritis 

in humans 40, 41, 64, 70.    Since HIF-1α is expressed in the meniscus and many gene targets of HIF-

2α are present in the meniscus, expression of HIF-2α is likely present in the meniscus.  
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HIF-2α expression appears to target catabolic expression in some studies, but the relationship 

of HIF-1α was not explored in the recent studies in mice79, 86.  An appropriate balance between 

the effects of HIF-1α and HIF-2α is likely more important than either gene in isolation.  Support 

for this balance is found in the association of HIF-2α with some anabolic processes and finding 

that human chondrocytes may respond differently than mouse chondrocytes 81, 82, 98.  Increased 

HIF-2α in human chondrocytes is also linked to increased SOX9 expression and increased 

expression of chondrocytic extracellular matrix genes: COL2A1, COL9A1, COL11A2 and 

AGGRECAN82, 91. Additionally, HIF levels can be heavily influenced by prolyl hydroxylation as 

demonstrated in some studies 81, 82, 98, and may not be stabilized by inflammatory stimulation to 

the degree originally proposed in recent studies79, 86.  In larger scale human analysis, a functional 

single nucleotide polymorphism in the human EPAS1 gene (HIF-2 α) was linked to osteoarthritis 

in a Japanese population to but, a second study with a larger cohort found conflicting evidence 

that did not support their conclusion99, 100. A third component of the HIF pathway, HIF-3α, was 

also recently implicated in osteoarthritis and may additionally regulate HIF-1α and HIF-2α101.  

The authors identified that proteoglycan 4 (Prg4) upregulated HIF-3α, which in turn, down-

regulated HIF-1α and HIF-2α in mice.  Suppression of chondrocyte hypertrophy and catabolic 

activity was suggested by the findings that overexpression of Prg4 resulted in increased HIF-3α 

expression with decreased VEGF, collagen type X, and MMP13 expression101.  The potential role 

of HIF-3α in protecting against catabolic responses is intriguing, but additional exploration is 

warranted since HIF-3α was reported as minimally expressed in chondrogenic differentiation of 

mouse ATDC5 cells86.  In light of this conflicting evidence, it is important to examine the balance 

of HIF expression and their target gene response to better understand this novel pathway in 

cartilage and in meniscus cells.  Furthermore, it is important that these evaluations be performed 

in human cells to determine if the human meniscus cell behaves similarly to the described human 

chondrocytes and mouse chondrocytes. The coregulation of the HIF pathway in meniscus cells is 
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an opportunity to explore what appears to be a dynamic pathway in joint tissues protection and 

degradation. 

Exploring the biologic contribution of the meniscus in osteoarthritis pathogenesis 

The overarching goal of this research is to identify the biologic role of the meniscus in the 

development of osteoarthritis.  We hypothesize that inflammatory factors associated with joint 

injury would stimulate menisci to increase production of matrix degrading enzymes, cytokines 

and chemokines which could contribute to joint tissue destruction and subsequent development of 

osteoarthritis. We will examine meniscus pathology in developed osteoarthritis, characterize the 

alterations in meniscus cell processes between normal and osteoarthritic menisci, and explore 

potential pathways involved in osteoarthritis pathogenesis including a novel pathway proposed to 

mediate osteoarthritis development. 

The first objective of the study is to determine whether the degradative changes in the 

meniscus coincide with degradation of cartilage in the development of osteoarthritis.   Vervet 

monkeys will be used to examine meniscus pathology as part the natural history of osteoarthritis.  

Non-human primates are known to develop osteoarthritis both spontaneously and with surgical 

models102-106.  A pilot project at our institution identified osteoarthritic changes in a well 

characterized colony of vervet monkeys106.  A cross-sectional analysis of two cohorts of young 

and old vervets will be evaluated with radiographic studies and gross pathology to determine 

evidence of osteoarthritis development. The meniscus will then be examined for biologic activity 

by analyzing protein secretion. 

The second objective will be to explore differences in response in normal and osteoarthritic 

meniscus cells by evaluating key regulatory signaling implicated in osteoarthritis pathogenesis. 

Human meniscus cells will be collected from normal tissue donors in patients undergoing total 

knee arthroplasty to examine their response to pro-inflammatory stimulation through extracellular 



Stone Introduction  14 

 

matrix related gene expression and protein production.  Recent evidence is more similar pathways 

in the meniscus nursing cartilage, will explore the target genes associated with the NF-κB 

pathway.  These genes include extracellular matrix related genes in addition to cytokine and 

chemokine expression that was previously identified in the meniscus. It is expected that the NF-

κB pathway will be activated during disease progression.   

The third and final objective of this research will be to evaluate role of the HIF pathway that 

may contribute to osteoarthritis pathogenesis in human meniscus cells and evaluate them in the 

context of a mouse surgical model of osteoarthritis.  HIF-1α is present in both the human and 

mouse meniscus.  Likewise, it is expected that HIF-2α is also expressed in meniscal tissue.  It 

appears that the balance in HIF-1α and HIF-2α activity controls genes that regulate matrix 

synthesis and degradation79, 85, 86. An inappropriate up-regulation of HIF-2α in the articular 

cartilage has been liked to osteoarthritis development in mice and humans, so it is plausible that 

similar patterns may be observed in meniscus cells in response to injury.  An effective strategy to 

identify these alterations is to first demonstrate HIF-1α and HIF-2α in the meniscus and then to 

evaluate changes in relevant gene expression with over-expression and down regulation of HIF-

1α and HIF-2α.  The degree of osteoarthritic changes in the mouse meniscus after injury in a HIF-

2α +/- knock-out will be used to confirm the role of this protein in the development of 

osteoarthritis.   The focus on the early development of osteoarthritis changes in mice and 

examination of human osteoarthritic tissue may identify early molecular alterations in the HIF 

pathway and related gene expression.  These signaling pathways may then represent important 

therapeutic targets in the meniscus that when inhibited could prevent or attenuate the meniscal 

degeneration that contributes to the subsequent development of osteoarthritis. Furthermore, HIF 

influence on chondrocyte differentiation may allow for alteration of cell phenotype in tissue 

engineering applications of the heterozygous meniscus tissue.   
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Abstract 

Objective: Meniscus injury increases osteoarthritis risk but its pathobiology in osteoarthritis 

is unclear.  We hypothesized that degenerative menisci would secrete increased matrix 

metalloproteinases (MMPs) and pro-inflammatory cytokines. 

Methods: In a cross sectional analysis of healthy middle-aged and old vervet monkeys, knees 

were morphologically graded and evaluated with computed tomography (CT) imaging.  Meniscus 

explants were subsequently cultured to analyze MMP and cytokine secretion.   

Results: Meniscus and cartilage degradation scores were positively correlated (r>0.7).  CT 

images revealed osteoarthritic changes in 80% of old monkeys and these changes corresponded to 

higher grade morphologic lesions.  Osteoarthritic monkey menisci secreted significantly greater 

more MMP-1, MMP-3, and MMP-8 than healthy menisci.  Older menisci produced increased IL-

6 and IL-7, while older osteoarthritic menisci also secreted more granulocyte-macrophage 

colony-stimulating factor (GM-CSF) than healthy and middle-aged menisci. 

Conclusion: Aged and degenerative menisci produced increased amounts of matrix-

degrading enzymes and inflammatory cytokines.  Secreted proteins and enzymes would be 

expected to act both on both the meniscus tissue and local knee tissues, which may degrade the 

extracellular matrix and propagate inflammatory cycles.  The dynamic relationship between 

menisci and cartilage likely extends beyond biomechanical involvement to biologic interactions 

between the tissues. 
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Introduction:  

Osteoarthritis is increasingly recognized as a disease of the whole joint with a shared 

environment comprised of cartilage, synovium, ligaments and the meniscus1. The impact of 

cytokine stimulation on articular cartilage and subsequent extracellular matrix degradation is well 

documented2, 3; however, the role of the meniscus in this process is unclear.  Meniscus injury is a 

known predisposing factor for osteoarthritis, and meniscus biology is likely impacted by exposure 

to the inflammatory factors produced by knee tissues in response to acute or chronic injury.  

Certain aspects of meniscus biology are pathologically altered in meniscus injury and in the 

development of osteoarthritis4-6. Thus, the meniscus likely also has a biologic role in osteoarthritis 

development.  Release of matrix metalloproteinases (MMPs) and pro-inflammatory factors from 

the meniscus could negatively affect the nearby articular cartilage and synovium. We 

hypothesized that aged and damaged menisci would produce catabolic factors, including MMPs 

and pro-inflammatory cytokines, which may contribute to the development of osteoarthritis 

Material and Methods:  

All animal procedures were approved and in accordance with federal and institutional animal 

care and use guidelines.  Five middle-aged (9.3-11.6 years) and five old (19.7-26.2 years) healthy 

adult female African green vervet (Chlorocebus aethiops sabaeus) monkeys were included.  

These monkeys were part of a unique vervet colony raised in social groups to reflect life in the 

wild.  Whole body computed tomography (CT) scans were obtained (Toshiba Aquilon 32 Slice 

CT) and analyzed with CT slices and reconstructions using AquariusNet (TeraRecon, Inc.).   

Vervets were euthanized and harvested knees were disarticulated and graded for cartilage and 

meniscus degradation using the International Cartilage Repair Society scoring 

(http://www.cartilage.org/index.php?pid=223) with a meniscus adaption.  Meniscus specimens 

were individually cultured as whole explants in 12 well culture plates in DMEM/F12 media 

(Gibco) with 10% fetal bovine serum (FBS; Gibco).  After overnight acclimation, explants were 

http://www.cartilage.org/index.php?pid=223�
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changed to serum-free media and cultured for 48 hours.  Conditioned explant media was then 

collected and target proteins were analyzed.   

For protein analysis, equal volumes of conditioned media were separated by SDS-PAGE 

(BioRad), transferred to nitrocellulose (Odyssey, Invitrogen) and probed with the primary 

antibody [anti-MMP1 (PAB12708, Abnova); anti-MMP3 (AB2963, Millipore); anti-MMP8 

(MAB3316, Millipore); anti-MMP13 (AB84594, Abcam)] and secondary antibody (CellSignal).  

Blots were visualized with chemiluminesence (Amersham ECL, GE Life Sciences).  Media was 

analyzed with an MMP protein array (#AAH-MMP-1, RayBiotech).  Conditioned media was also 

analyzed with a cytokine array (#AAH-CYT-1; RayBiotech) according to the manufacturer’s 

protocol.  Processed films were imported into Photoshop v7.0 (Adobe) and labeled.  

Densitometry measurements were completed with ImageJ 1.44p (NIH) and normalized to explant 

weight.  

Statistical analysis was performed with SigmaPlot v10.0 (Systat Software) and Prism v5.02 

(GraphPad Software, Inc.).  Vervet knee morphology scores were analyzed using Spearman rank 

correlation while densitometry data was analyzed using two way analysis of variance (ANOVA) 

with post-hoc Tukey Tests.  Significance was set at α ≤ 0.05.   

Results:  

Tabulated vervet knee morphologic scores are outlined in Figure 1 (complete data set in 

Table S1).  Cartilage and medial meniscus scores correlated with age (right r=0.77, p=0.007; left 

r=0.73 p=0.013).  Meniscus degradation correlated with femoral and tibial cartilage degradation 

in the respective medial (r≥0.79, p≤0.005) and lateral compartments (r≥0.63, p≤0.048).  Meniscus 

degradation scores were significantly greater in old versus young vervets in both compartments 

(p=0.002).  Medial and lateral compartment cartilage degradation was significantly greater in old 

vervets (p<0.001).  Degradation scores of the medial meniscus correlated with the lateral cartilage 
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scores (p<0.001) and no significant difference existed between medial and lateral meniscus 

scores.   

CT scans demonstrated osteoarthritic changes in aged joints. Middle-aged vervets did not 

exhibit significant osteoarthritic changes, but 80% (4/5) of the old vervets had osteophyte 

formation and evidence of subchondral bone cyst formation (Figure 1).  In vervets with 

osteoarthritic changes, medial compartment scores were consistently high, but lateral 

compartment scores were more variable.    

 

Figure 1: Young and old vervet knee CT scans with morphologic assessment.   

Morphology scores (Table 2) were tabulated for each limb as a measure of disease severity.  

Scores are reported above the CT scans.  CT reconstructions from young (9.3-11.6 years) and 

older (19.7-26.2 years) vervet knees.  

Vervet menisci were cultured as explants to assess MMP production and cytokine 

production.  Compared to explants from young animals, osteoarthritic meniscus explants from 

older animals demonstrated increased production of MMP-1, -3, and -8 (respectively p=0.0192, 

p=0.0483, p=0.0495; Figure 2).  Medial menisci produced greater amounts of MMP-1 and -8 than 

the lateral meniscus, which paralleled the higher grade degenerative changes.   
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Figure 2: MMP protein secretion in young and old vervet menisci with densitometric 

analysis.  A) Representative immunoblots of conditioned media from meniscus explant culture. 

MMP-1 and MMP-8 and MMP-3. [Right (R) or left (L) modified with medial (M) or lateral (L)]. 

B) Densitometric analysis of MMP blots.  Each data point is the mean response of the meniscus 

from each compartment (right or left knee and medial or lateral compartments; n=3 unique 

donors) and the line is the mean for all young or old knee compartments.  Densitometry units 

were normalized to explant tissue weight.  MMP-1: p= 0.0192; MMP-3:p= 0.0483; MMP-8: 

p=0.0495.  Error bars are standard error of the mean. 

Inflammatory cytokine production in meniscal explant media was also analyzed.  

Explants from both young and old animals produced IL-8, and GRO family chemokines (GRO 

antibody on the array binds CXCL1(GROα), CXCL2(GROβ), CXCL3(GROγ); Figure 3, n=1); 

older menisci demonstrated a slight increase in IL-6 production but a substantial increase in IL-7.  
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The higher morphologic grade medial meniscus also secreted granulocyte-macrophage colony-

stimulating factor (GM-CSF).   

 

 
Figure 3: Cytokine protein array from young and old monkey menisci.  Conditioned media 

from meniscal explant cultures was incubated with cytokine protein array membranes. (+ positive 

control; G0: grade 0; G3: grade 3) 

Discussion:  

The clinical importance of the meniscus in osteoarthritis development is well documented7; 

however, meniscus pathology in osteoarthritis is largely attributed to mechanically mediated loss 

of structural integrity8. These biomechanical stress factors may lead to “osteoarthritis in the 

meniscus” which is proposed to be responsible for MRI changes seen in the meniscus during the 

early development of osteoarthritis8.  Recent evidence suggests the meniscus may have a much 

more biologically active role in the whole joint pathology in osteoarthritis5, 6.  Our data support 
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previous gene expression reports and identifies biologic contributions from meniscus involvement 

implicated in osteoarthritis pathogenesis.     

 Vervet knees were demonstrated to have osteoarthritic changes that were similar to 

humans, and consistent with established reports of spontaneous and surgically induced 

osteoarthritis in non-human primates9-13.  Osteoarthritic changes were previously identified in the 

vervet shoulder which included glenoid retroversion and joint space narrowing13.  Our cross 

sectional analysis suggested that pathologic degradation of the meniscus corresponded to more 

severe bony changes and cartilage degradation.  Meniscus degenerative changes were previously 

correlated with osteoarthritic changes in cartilage and articular cartilage loss7, 14, 15.  In a small 

human magnetic resonance imaging (MRI) study, meniscus deterioration accompanied or 

preceded severe articular cartilage loss14.  A larger MRI study identified an increasing risk of 

cartilage loss with increasing number of meniscus abnormalities15.  We identified similar 

correlations between meniscus and cartilage morphologic scores and found that higher 

degeneration scores were associated with a greater production of matrix metalloproteases 

(MMPs) and cytokines.   

Early aberrations in cytokine signaling are believed to be responsible for propagating the 

reactive and degenerative responses in bone and cartilage that ultimately lead to osteoarthritis2, 3, 

16.  The increase in MMP-1 production is important because it degrades collagen type I, which is 

the primary constituent of meniscal extracellular matrix.  Increased MMP-3 (stromelysin-1) 

production is similarly important because it is upregulated in articular cartilage in early 

osteoarthritis3, 16.  MMP-8 activity in osteoarthritis pathogenesis is less well studied, but it is 

capable of degrading collagen, and is associated with neutrophil infiltration, and co-localizes with 

IL-1β and type II collagen cleavage in osteoarthritic cartilage3.  Comparable pathways are 

activated in the pig meniscus.  Pig meniscus explants demonstrated increased MMP1 activity, 

proteoglycan release and nitric oxide release in response with IL-1 stimulation17.    
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Meniscus cells can be stimulated to produce matrix degrading enzymes which can impact 

cartilage, but the tissue interaction is likely part of a more dynamic signaling network.  We 

identified age and disease dependent cytokine production by meniscus explants.  Chemokines 

CXCL1, CXCL2, CXCL3 (identified by the GRO antibody) and IL-8 were expressed in both 

young and old menisci which may not independently initiate osteoarthritic changes but may 

contribute to the development of inappropriate inflammatory cycles after injury1, 3.  These genes 

were recently identified as part of the disease process in meniscus injury4, 5.  GM-CSF was up-

regulated in more degenerative meniscus.  GM-CSF is linked to the inflammatory process in 

rheumatoid arthritis but was also reported in osteoarthritis synovium18. Future investigation may 

link GM-CSF production to the more fibroblastic cell phenotype in the meniscus. IL-6 secretion 

appeared to be elevated in older and higher grade vervet menisci but was also present in younger 

vervet menisci.  Increased IL-6 production is implicated in osteoarthritis pathogenesis1, 3. The 

reason for elevated vervet IL-6 secretion is unclear, but IL-6 production in younger vervet 

menisci could be evidence of early pathology. IL-7 was also shown to be produced by aged and 

degenerative vervet menisci. IL-7 stimulates human chondrocyte MMP-13 production, 

extracellular matrix degradation, proteoglycan release from human cartilage explants2.  

Chondrocytes not only respond to IL-7 by increases in MMP-13 production, but they may be 

stimulated to produce IL-7 by IL-1 and IL-6.  Additionally, IL-7 is reportedly higher in humans 

during earlier stages of osteoarthritis and is also elevated in older patients with osteoarthritis and 

patients with synovitis1, 19.  IL-8 is thought to contribute to chondrocyte hypertrophy, calcification 

and crystals in the joint, and the development of subchondral bone sclerosis1.     

Our results confirm many of the trends recently reported in an age and sex analysis of gene 

expression in meniscus tears5.  We observed both age and disease related changes in meniscus 

protein production.  Cytokine and matrix degrading enzyme production can be assumed to act on 

local tissues.  In the case of the meniscus, the secretion of enzymes and cytokines are likely 
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acting on both cartilage and the synovium to stimulate catabolic processes.  This concept may be 

one way the meniscus contributes to osteoarthritis development, especially after meniscal injury.  

Additionally, these findings may better explain the higher failures in meniscus repair in older 

patients 5, 20, 21.  We observed age related increases in inflammatory cytokines and MMP 

production in the natural history of osteoarthritis in monkeys.  Older patients with a previous 

meniscus injury are likely producing increased matrix degrading enzymes as a function of both 

the initial injury and age, and both factors are likely to contribute to disease progression.   

Our study carries common limitations of laboratory and animal models.  Although we 

analyzed the monkey CT slices and reconstructions, we cannot directly compare the scans to 

human radiographs; however, we believe the monkey radiographic and biologic findings are 

clinically relevant to the human disease process.  In this preliminary analysis, whole explants 

were used to assess the contribution of both the inner and outer zones of the meniscus to protein 

secretion that would be expected in the joint.  This study sought to identify catabolic patterns in 

menisci and place them in the context of the natural disease progression in a monkey model.  

Future studies will examine osteoarthritis pathobiology of the meniscus in greater detail.           

The role of the meniscus in osteoarthritis pathogenesis remains to be defined, and this study 

sought to better understand the biologic activity of the meniscus in osteoarthritis.  The production 

of matrix degrading enzymes correlated with morphologic changes in osteoarthritic monkey 

knees.  While the full cell mechanism was not explored, we believe that the increased expression 

of MMPs and cytokines as response to inflammatory cytokines likely plays a role in osteoarthritis 

pathogenesis in the meniscus and articular cartilage.  The ultimate goal of this research is to treat 

early pathology in an effort to prevent, or at least attenuate, the development of osteoarthritis.  
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Supplementary Material 

Table S1: Vervet knee cartilage and meniscus scores. 

   Morphologic Scores Right Knee Morphologic Scores Left Knee 

  
Age 
(yr) Wt (kg) MTP LTP MFC LFC MM LM MTP LTP MFC LFC MM LM 

 9.3 5.53 1 1 1 0 0 0 1 2 1 2 0 0 
 10.4 7.12 1 0 0 0 0 0 0 0 1 0 1 0 
 11.4 6.42 2 1 2 1 1 1 1 1 2 1 1 0 
 11.5 5.63 0 0 0 0 0 0 0 0 0 0 0 0 
 11.6 6.62 2 0 0 0 0 0 1 0 0 0 0 0 
Mean 10.8 6.26 1.2 0.4 0.6 0.2 0.2 0.2 0.6 0.6 0.8 0.6 0.4 0 
 19.7 4.66 1 0 0 0 0 0 1 0 0 0 0 0 
 21.3 5.85 3 1 3 1 2 1 3 3 3 4 2 1 
 23.6 6.03 3 1 4 1 3 2 2 1 4 1 2 0 
 25.6 4.13 3 4 3 4 4 4 3 4 3 4 3 4 
 26.2 4.92 4 2 3 3 2 0 4 2 3 2 3 0 
Mean 23.3 5.12 2.8 1.6 2.6 1.8 2.2 1.4 2.6 2 2.6 2.2 2 1 



Stone  Increased Catabolism in Meniscus Cells  44 

 

Pro-inflammatory stimulation of meniscus cells increases 

production of matrix metalloproteinases and additional catabolic 

factors involved in osteoarthritis pathogenesis. 

 

Austin V. Stone MD, Richard F. Loeser MD, David L. Long, Kadie S. Vanderman MS,  

Stephanie C. Clark, Cristin M. Ferguson MD 

 

  



Stone  Increased Catabolism in Meniscus Cells  45 

 

Abstract  

Objective: Meniscus injury increases the risk of osteoarthritis; however, the biologic 

mechanism remains unknown. We hypothesized that pro-inflammatory stimulation of 

meniscus would increase production of matrix-degrading enzymes, cytokines and 

chemokines which cause joint tissue destruction and could contribute to osteoarthritis 

development. 

Design: Meniscus and cartilage tissue from healthy tissue donors and total knee 

arthroplasties was cultured.  Primary cell cultures were stimulated with pro-inflammatory 

factors [IL-1β, IL-6, or fibronectin fragments (FnF)] and cellular responses were 

analyzed by real-time PCR, protein arrays and immunoblots.  To determine if NF-κB was 

required for MMP production, meniscus cultures were treated with inflammatory factors 

with and without the NF-κB inhibitor, hypoestoxide.     

Results: Normal and osteoarthritic meniscus cells increased their MMP secretion in 

response to stimulation, but specific patterns emerged that were unique to each stimulus 

with the greatest number of MMPs expressed in response to FnF.  Meniscus collagen and 

connective tissue growth factor gene expression was reduced.  Expression of cytokines 

(IL-1α, IL-1β, IL-6), chemokines (IL-8, CXCL1, CXCL2, CSF1) and components of the 

NF-κB and tumor necrosis factor (TNF) family were significantly increased. Cytokine 

and chemokine protein production was also increased by stimulation.  When primary cell 

cultures were treated with hypoestoxide in conjuction with pro-inflammatory stimulation, 

p65 activation was reduced as wereMMP-1 and MMP-3 production.   
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Conclusions: Pro-inflammatory stimulation of meniscus cells increased matrix 

metalloproteinase production and catabolic gene expression. The meniscus could have an 

active biologic role in osteoarthritis development following joint injury through increased 

production of cytokines, chemokines, and matrix-degrading enzymes.   

 

Key Words: meniscus, osteoarthritis, cytokine, matrix-metalloproteinase, MMP  
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Introduction 

Meniscus injury is known to increase the risk of osteoarthritis.  Untreated meniscus 

tears have an odds ratio of 5.7 for the development of radiographic osteoarthritis 1. Even 

after partial meniscectomy, the relative risk (RR) for osteoarthritis increases following 

both degenerative tears (RR 7.0) and traumatic tears (RR 2.7) 2, 3.  Successful repairs may 

lead to resumption of sports activity and decreased incidence of osteoarthritis4; however, 

many tears are not amenable to repair secondary to the tissue’s minimal vasculature.  

This increased risk is historically attributed to changes in knee biomechanics due to 

meniscus deficiency 3, 5, 6.     

The impact of cytokine stimulation on articular cartilage and subsequent extracellular 

matrix degradation is well documented 7-9; however, the role of the meniscus in this 

process is unclear.  The knee joint functions as an organ with a shared environment 

comprised of cartilage, synovium, ligaments and the meniscus.  The meniscus is 

consequently exposed to inflammatory factors produced by knee tissues in response to 

acute or chronic injury and this exposure likely impacts meniscus biology.  Certain 

aspects of meniscus biology are pathologically altered in meniscus injury and in the 

development of osteoarthritis 10-18. Thus, the meniscus likely also has a biologic role in 

osteoarthritis development through the production of matrix-degrading enzymes and 

inflammatory factors.  We hypothesized that inflammatory factors associated with joint 

injury would stimulate menisci to increase production of matrix degrading enzymes, 

cytokines and chemokines which could contribute to joint tissue destruction and 

subsequent development of osteoarthritis.  
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Materials and Methods 

Knee Tissue Acquisition: Our institutional review board approved this protocol.  

Normal human meniscus specimens (n=14 menisci from n= 14 donors 25-58 years old) 

were procured through the National Disease Research Interchange (NDRI, Philadelphia, 

PA) or the Gift of Hope Organ and Tissue Donor Network (Elmhurst, IL) while 

osteoarthritic menisci were obtained from patients undergoing total knee arthroplasty 

(TKA) for osteoarthritis (n=31 menisci from n=31 donors 44-83 years old).  Synovial 

tissue was removed.  Meniscus tissue was macroscopically graded according to a 

modified International Cartilage Research Society Cartilage Morphology Score (Table 

S1).  All normal meniscus specimens were a grade zero or one, while all but one 

osteoarthritic meniscus was a grade three or four (one osteoarthritic meniscus received a 

morphology grade two).  Articular cartilage from TKA bone cuts was processed as 

above.  All comparisons between chondrocytes and meniscus cells used tissue from the 

same donor.   

Cell culture: Normal and osteoarthritic human meniscus and articular chondrocytes 

were isolated using our laboratory’s tissue digestion and processing methods and primary 

cells cultured to confluence as described 7.   Prior to stimulation, primary cultures were 

incubated overnight in serum-free media (DMEM/F12) and then treated for either 6 or 24 

hours with one of the following: 10 ng/ml IL-1β; 10 ng/ml IL-6 with 25ng/ml soluble IL-

6 receptor; or TGF-α 20ng/ml (all from R and D Systems) or fibronectin fragments (FnF), 

a recombinant fragment of fibronectin protein containing domains 7-10 of full length 

fibronectin (at 1 μM; gift from Harold Erickson,  Duke University).  For NF-κB studies, 

cells were stimulated as above for 30 minutes with or without the NF-κB inhibitor, 
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hypoestoxide (25 μM, Sigma), and then lysates were collected.  Media was collected for 

MMP analysis and cells were harvested by scraping in either Trizol (Invitrogen) for RNA 

isolation or lysis buffer [lysis buffer (Cell Signal Technologies) plus Phosphatase 

Inhibitor Cocktail 2 (Sigma) and phenylmethanesulfonyl fluoride (Sigma)] for protein 

analysis.    

Gene and Protein Analysis: RNA was quantified (Nanodrop, ThermoScientific) and 

verified (BioAnalyzer Chip, Agilent) to ensure high quality RNA (RIN > 6).  The 

reverse-transcription PCR generated cDNA (RetroScript Kit, Ambion).  Real-Time PCR 

was performed using the Applied Biosystems 7900HT thermocycler with TaqMan 

Universal PCR MasterMix and Taqman Gene Assay (Applied Biosystems: mmp1 

Hs00899658_m1; mmp3 Hs00968305_m1; GAPDH Hs02758991_g1). Data was 

analyzed using the ΔΔCT method in Microsoft Excel (Microsoft).   

For quantitative real-time PCR arrays, RNA was harvested as above and purified 

using the RNEasy Mini kit (Qiagen, #74104).  The purified RNA was then used for the 

extracellular matrix and adhesion PCR array (SABiosciences, #PAHS-013ZA-12) or NF-

κB target gene PCR array  (SABiosciences, #PAHS-225ZA-12) and the manufacturer’s 

optimized master-mix (SABiosciences, #330522) for the Applied Biosystems 7900HT 

thermocycler according to the manufacturer’s protocol.   

For protein analysis, cell media was loaded in equal volumes (1:1 in Lamelli Sample 

Buffer , 5% β-mercaptoethanol; BioRad), separated by SDS-PAGE (BioRad), transferred 

to nitrocellulose (Odyssey, Invitrogen) and probed with the primary antibody [anti-

MMP1 (PAB12708, Abnova); anti-MMP3 (AB2963, Millipore); anti-MMP8 (MAB3316, 
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Millipore); anti-MMP13 (AB84594, Abcam)] and secondary antibody (CellSignal).  

Blots were visualized with chemiluminesence (Amersham ECL, GE Life Sciences).  

Since no known control exists for meniscus secreted proteins, loading was controlled by 

loading an equal volume of media from wells that had equivalent cell numbers verified 

by total protein content.   Media was analyzed with an MMP Protein Array (#AAH-

MMP-1, RayBiotech) or the Cytokine Array (#AAH-CYT-5, RayBiotech).  For the NF-

κB experiments, immunoblots were probed for phosphorylated p65, then stripped and 

probed for total p65, and then finally β-actin as the loading control. Processed films were 

imported into Photoshop v7.0 (Adobe) and labeled.  Densitometry was completed with 

ImageJ 1.44p (NIH). 

Statistical Analysis: Statistical analysis was performed with SigmaPlot v10.0 (Systat 

Software) and Prism v5.02 (GraphPad Software, Inc.).  Real-time PCR arrays were 

analyzed in Microsoft Excel (Microsoft) using the standard ΔΔCt method normalized to 

endogenous housekeeping genes in array-specific analysis templates (SABiosciences, 

http://www.sabiosciences.com/pcrarraydataanalysis.php). The template employed the 

Student t-test for replicates of four individual donors with significance of p ≤ 0.05. We 

accepted this analysis method with the understanding that we did not account for multiple 

comparisons.  It is possible that a small number of genes may be significantly different 

because of the number of genes analyzed.  This limitation was accepted because we 

chose to analyze related genes of either extracellular matrix proteins or the NF-κB family.  

Additional gene expression experiments were analyzed with two-way analysis of 

variance (ANOVA). An ANOVA on ranks with post-hoc Holm-Sidak tests was used 

where appropriate when the data did not meet Gaussian distribution and homogenous 

http://www.sabiosciences.com/pcrarraydataanalysis.php�
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variance.  Comparisons between osteoarthritic and normal meniscus gene expression 

were performed using a three-way ANOVA.  The Holm–Sidak test was used for multiple 

comparisons testing when group effects were found to be significant.  We reported 

Bonferroni corrections for multiple comparisons.  Immunoblot densitometry was 

analyzed using ANOVAs.  Significance was set at p ≤ 0.05.   

Results 

Response of normal meniscus to pro-inflammatory factors 

Normal meniscus cell cultures were stimulated with pro-inflammatory factors to 

evaluate alterations in extracellular matrix gene expression.  Meniscus cells were 

stimulated with IL-1β, IL-6, or fibronectin fragments (FnF).  FnFs are found in the 

synovial fluid and extracellular matrix of arthritic joints and are known to induce 

cartilage degradation but have not been studied with meniscus 19-22.  The pro-

inflammatory stimuli significantly increased expression of multiple matrix-degrading 

enzymes, including many of the primary MMPs responsible for degradation of both 

meniscus and cartilage matrix; however, the specific MMPs expressed varied according 

to the stimulus (Table 1).  All three stimuli increased expression of MMP-1 while IL-1β 

also stimulated MMP-2 and MMP-10 expression and IL-6 stimulated MMP-3 and 

ADAMTS1 expression. FnF produced the most significant increase in MMP-1 as well as 

MMP-2, MMP-3, MMP-8, MMP-10, and MMP-13.  FnF stimulated expression of the 

cell adhesion molecules VCAM-1 and α1- and α2-integrins, while IL-1β stimulated α1- 

and β1-integrin expression (Table 1).  IL-6 uniquely stimulated β2-integrin expression. 

Matrix proteins decreased by FnF include collagen VIα1, versican, thrombospondins-1 

and -3 and connective tissue growth factor (CTGF; Table 1) while collagen VIIα1 and 
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lamininβ3 were increased.  In contrast, IL-1β increased expression of catenins including 

α1, β1, and δ2 as well as hyaluronan synthase-1 which was also increased by FnF. IL-6 

uniquely down-regulated collagen XVIα1 and versican and similar to FnF decreased 

thrombospondin-1. Genes on the array which did not have a significant change in 

response are shown in Table S2.    

After identifying alterations in extracellular matrix gene expression, we examined 

changes in expression and production of selected MMPs that could be secreted and cause 

local tissue destruction.  For this set of experiments, we also included stimulation with 

TGF-α. TGF-α is a less well studied cytokine in osteoarthritis pathogenesis, but is 

implicated in articular cartilage degradation23, 24.  Cytokine stimulation significantly 

increased mean MMP-1 gene expression in meniscus cultures (Figure 1A, p=0.004).  

MMP-1 gene expression was significantly greater at 24 hours than six hours (p=0.018).  

MMP-1 expression was significantly increased by IL-1β (p=0.017), IL-6 (p=0.021), and 

FnF (p<0.001). Mean MMP-3 gene expression also significantly increased following 

cytokine stimulation (Figure 1A, p=0.022). Mean gene expression at 24 hours was 

significantly greater than six hours (p=0.007).  IL-1β (p=0.003) and FnF (p=0.001) 

significantly increased MMP-3 expression. 

Protein production of selected MMPs was evaluated by immunoblot. The first set of 

primary meniscus cell cultures were stimulated with IL-1β, IL-6, or TGF-α. Meniscus 

cells significantly increased MMP-1 production following stimulation by IL-1β 

(18.3±9.70 fold), IL-6 (24.1±1.18 fold), and TGF-α (5.78±1.47 fold) (Figure 1B, 

p=0.0091).  MMP-3 was also significantly increased by stimulation with IL-1β (5.24 

±2.45 fold), IL-6 (3.70 ±1.31 fold), and TGF-α (2.46 ±0.96 fold) (Figure 1B, p=0.0207); 
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MMP-2 was used as a gel loading control since its secretion was similar to the 

unstimulated controls.  

Similar to the first set of experiments, FnF treated meniscus cultures exhibited 

increased MMP-1 and MMP-3 (Figure 1B).  MMP-1 production significantly increased 

in response to IL-1β, IL-6 and FnF stimulation with respective fold increases of 

17.1±12.2, 21.41±10.0, and 26.7%±11.2 (Figure 1B, p=0.032). Stimulation increased 

MMP-3 as well: IL-1β, 2.76±0.56 fold; IL-6, 3.41±0.91 fold; and FnF, 3.45±0.89 fold 

(Figure 1B, p=0.027).  Normal meniscus cells also produced some MMP-13 in response 

to IL-6 in particular; however, the response was variable and densitometry did not reach 

statistical significance (p=0.095).   

Response of osteoarthritic meniscus to pro-inflammatory factors 

Osteoarthritic meniscus cells were also stimulated with pro-inflammatory cytokines 

to evaluate alterations in MMP expression (Figure 2). MMP-1 expression increased in 

response to pro-inflammatory cytokine stimulation; however, this response only trended 

toward significance (p=0.080).This increase appeared greater by 24 hours, but again was 

not significant (p=0.060).  MMP-3 expression responded similarly to MMP-1. MMP-3 

expression was greater at 24 hours compared to six hours (p=0.013).   

MMP-1 and MMP-3 expression in normal and osteoarthritis meniscus cultures in 

response to IL-1β, IL-6, and TGF-α was compared to evaluate disease differences using a 

three way ANOVA. Cytokine stimulation had significant group effects for increasing 

MMP-1 (p=0.007) and MMP-3 (p<0.001) expression.  Compared to osteoarthritic cells, 

normal meniscus cells exhibited a greater mean increase in MMP-1 and MMP-3 
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expression in response to cytokine stimulation (p=0.007, p=0.012).  Normal meniscus 

cells also demonstrated a greater mean increase of MMP-1 expression at six hours than 

osteoarthritic meniscus cells (p=0.049), but by 24 hours this difference was not 

significant (p=0.608).  Within the cytokine group, IL-1β and IL-6 significantly increased 

MMP-1 expression (respectively p=0.007 and p=0.009).  Normal meniscus cells again 

exhibited a greater increase in MMP-3 expression at six hours (p=0.001) than 

osteoarthritic meniscus cells but was similar by 24 hours (p=0.096).  Within the cytokine 

group, IL-1β and IL-6 significantly increased MMP-3 expression (respectively p<0.001 

and p=0.013).      

Immunoblot analysis of osteoarthritis meniscus cell MMP production demonstrated 

significant responses to cytokine stimulation.  Densitometry measurements demonstrated 

significant MMP-1 increases of 1.43±0.29, 1.65±0.26, and 1.40±0.26 for Il-1β, IL-6, and 

TGF-α stimulation, respectively (p=0.043, n≥4 unique donors).  MMP-3 increased 

significantly with 2.44 ± 0.84 change for IL-6, and increases of 1.38±0.30 for IL-1β and 

1.64±0.36 for TGF-α (p=0.027, n≥5 unique donors).  Subgroup analysis identified IL-6 as 

a more potent stimulus for MMP-1 and MMP-3 (p<0.05).  MMP-8 production responded 

to cytokine stimulation but was more variable (p=0.108) than MMP-1 and -3.  All 

osteoarthritic menisci produced some MMPs without stimulation, but some severely 

osteoarthritic meniscus cultures were unable to be further stimulated to increase MMP 

production (grade 4; data not shown).  Meniscus cultures with high basal MMP 

production and undetectable increases in MMP production were excluded from the 

densitometry analysis.  In comparison to normal meniscus cell MMP production, normal 

menisci increased their MMP-1 production in response to cytokine stimulation more than 
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osteoarthritic menisci (p=0.003), but MMP-3 production did not reach statistical 

significance (p=0.068).  Unlike normal menisci, cytokine stimulation did not increase 

MMP-13 production in osteoarthritic meniscus cells.   

Osteoarthritic meniscus cells were also compared to osteoarthritic chondrocytes 

obtained from the same donor to determine if the two cell types differed in their response 

to cytokine stimulation.  As shown in the MMP protein arrays (Figure 3A), human 

osteoarthritic meniscus cultures responded to cytokine stimulation with increased 

production of MMP-1,-3 and -8.  Osteoarthritic chondrocytes demonstrated a different 

MMP profile with greater MMP-13 production (Figure 3A). The array results were 

confirmed with immunoblots, which demonstrated that osteoarthritic menisci responded 

to IL-1β, IL-6 and TGF-α with increased MMP-1 and -3 production (Figure 3B).  While 

both osteoarthritic chondrocytes and menisci produced MMP-1 and -3, chondrocytes 

expressed more MMP-13 and ADAMTS-5 than osteoarthritic meniscus cells (Figure 3B).   

NF-κB pathway associated expression in normal meniscus cells 

Since FnF increased the many genes in the extracellular-matrix array (Table 1) and 

we previously demonstrated that FnF stimulated NF-κB pathway genes in chondrocytes 

21, we selected FnF stimulation to evaluate the NF-κB family in meniscal cells.  Twenty-

six genes out of 84 on the NF-κB family array were significantly increased by FnF and 

only one, AGT, was decreased (Table 2).   FnF stimulation increased expression of NF-

κB components (NFκB1, NFκB1A, and Rel) and many target genes, including cytokines 

(IL-1α and -1β, IL-6, and IL-8) and chemokines (CSF1, CXCL1, and CXCL2). FnF 

additionally increased the expression of both receptors and ligands in the TNF-α family 

(CD40, Fas, LTB, TNFSF10 and TRAF2) as well as CD80 and CD83.    
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Treatment with FnF in the presence of the NFκB inhibitor hypoestoxide significantly 

altered the expression of a number of genes.  The chemokines C4A and CCL2 were 

decreased in addition to the transcription factors STAT3 and EGR2.  FnF with 

hypoestoxide decreased expression of the enzymes MAP2K6, NQO1, NR4A2, and 

PLAU. The receptor expression for IL1R2 was decreased while IL2RA was increased.  

Additional gene alterations that were not statistically significant may be found in Table 

S3. 

Since FnF increased cytokine and chemokine gene expression in the NF-κB arrays, 

we used a protein array and tested conditioned media from FnF and cytokine treated cells 

to examine meniscus cytokine and chemokine production.   Two different donors and 

exposures are shown to highlight the differences (Figure 4).  All three pro-inflammatory 

stimuli increased production of CXCL1, CXCL2, CXCL3 (identified by the GRO 

antibody), CXCL5, CCL8 (MCP-2), CCL7 (MCP-3), GM-CSF, and MIP-3α.  FnF and 

IL-1β increased IL-6 and CCL2 production.  FnF and Il-6 increased IL-1β, and MIP-1β.  

FnF increased IL-1α while IL-1β uniquely increased MIF, and finally IL-6 increased IL-

7.  Since the arrays contained antibodies to detect IL-1β and IL-6, it is unclear if they 

increased their respective production or the blots were detecting the cytokines added to 

stimulate the cells.  

To further examine FnF stimulation of the NF-κB pathway, we assessed p65 

phosphorylation following stimulation by FN-F as well as IL-1β+IL-6.  Phosphorylation 

of p65 increased following treatment with the pro-inflammatory factors and the addition 

of the NF-κB inhibitor hypoestoxide reduced p65 phosphorylation following stimulation 

with FnF (Figure 5).  The overall level of phosphorylated p65 was statistically significant 
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(p=0.007), but hypoestoxide’s effect on IL-1β in combination with IL-6 stimulation was 

more variable.  Additional cell cultures were also harvested for RNA and conditioned 

media analysis after cytokine stimulation and hypoestoxide inhibition. Stimulation 

treatment significantly altered MMP-1 (p<0.001) and MMP-3 (p=0.001) expression 

(Figure 6).  Within the group, treatment with FnF or IL-1β+IL-6 significantly increased 

expression (MMP-1 p<0.01 for both hypoestoxide groups; MMP-3 p<0.05 for both 

hypoestoxide groups), while mean change following treatment in combination with 

hypoestoxide did not significantly differ from unstimulated control.  The same trend was 

identified for MMP-1 and MMP-3 production.   

Discussion 

The clinical importance of the meniscus in osteoarthritis development is well 

documented 1-6; however, meniscus pathology in osteoarthritis is largely attributed to 

mechanically mediated loss of structural integrity 5, 12, 17, 25, 26. These biomechanical stress 

factors may lead to “osteoarthritis in the meniscus” which is proposed to be responsible 

for meniscus MRI changes observed during the early osteoarthritis development 27.  

Recent evidence suggests that the meniscus may have a more biologically active role in 

the complicated whole joint pathology of osteoarthritis 11, 15, 18, 28, 29.  Many of these 

studies use animal meniscus specimens and are limited in their translation to human 

osteoarthritis pathogenesis30.  Our data support and expand upon previous gene 

expression reports 10, 11, 18 using normal and osteoarthritic human meniscus and further 

proposes a role for meniscus involvement in osteoarthritis pathogenesis.     

The first objective was to identify extracellular matrix and MMP expression patterns 

in normal meniscus following pro-inflammatory stimulation. Early aberrations in 
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cytokine signaling are believed to be responsible for propagating the reactive and 

degradative responses in joint tissues that ultimately lead to osteoarthritis 7-10, 18, 28, 31, 32.   

Normal meniscus cells stimulated with pro-inflammatory factors vigorously increased 

their catabolic factor expression and protein production.  The pattern of normal meniscus 

cell MMP production was consistent with that of osteoarthritic meniscus cells, although 

the diseased cells were less dynamic in their response.  Normal meniscus cells were 

highly responsive to FnF, IL-1β and IL-6, while osteoarthritic menisci were more 

responsive to IL-6 and then IL-1β at the concentrations tested.   Normal meniscus cells 

also responded earlier to stimulation than osteoarthritic meniscus cells, as evidenced by 

significantly greater increases in MMP expression at six hours than the osteoarthritic 

cells.  This difference could be related to alterations in receptor density or inflammatory 

pathways in osteoarthritic cells. Meniscus cells produced a complementary pattern of 

MMP production to osteoarthritic chondrocytes in response to pro-inflammatory 

stimulation.   

Alterations of MMP expression are important in osteoarthritis development and 

progression.  MMP-1 degrades collagen type I which is the primary constituent of 

meniscal extracellular matrix 33. Increased MMP-1 activity may damage the structural 

integrity of the meniscus.  MMP-3 (stromelysin-1) production is similarly important 

because it is upregulated in articular cartilage in early osteoarthritis 9, 31.  MMP-3 cleaves 

multiple matrix proteins and activates other MMPs, including MMP-1 31.  The disease 

processes we observed through up-regulation and production of MMPs are likely present 

in the intact meniscus. This conclusion is supported by studies demonstrating increased 

MMP-3 and aggrecanase production in immunohistochemical analysis of partial 
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menisectomy specimens 15, increased MMP-1 activity, proteoglycan release and nitric 

oxide release following IL-1β treatment in healthy pig meniscus explants 34, and 

increased expression of ADAMTS and MMPs in ovine meniscus following cytokine 

stimulation 18.   Additional catabolic changes were identified with extracellular matrix 

analysis.  A more dynamic gene response for MMP-8 was identified in normal meniscus 

cells, along with MMP-10.  MMP-10 was reported in the fibrocartilaginous nucleus 

pulposus and was associated with increased gross and histological degeneration, pain, 

and increased IL-1 and substance P 35.   

Pro-inflammatory stimulation also increased MMP-13 gene expression and 

production in normal meniscus cells.  Our findings are consistent with increased MMP-

13 following IL-1α treatment in normal inner meniscus and articular chondrocytes18.  

Increased MMP-13 gene expression in stimulated normal meniscus cells is also 

congruent with reported MMP-13 expression in partial meniscectomy specimens 11, and 

the inner region of the meniscus would be expected to constitute the majority of cells in 

partial meniscectomy. The meniscus cell phenotype is reported to become increasingly 

chondrocytic in the inner zones of the meniscus18, 33, 36.  The inner section is likely the 

first section to deteriorate in osteoarthritis progression and may explain in part why we 

did not see significant increases in MMP-13 production in our osteoarthritic meniscus 

cells. 

Pro-inflammatory factors also altered expression of cell adhesion proteins.  

Alterations in the meniscus integrin receptor expression would be expected to alter cell-

matrix interactions as previously shown for chondrocytes 37 and is implicated in 

osteoarthritis pathogenesis 10.  Cell adhesion markers VCAM-1, ICAM-1 and E-selectin 
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were also increased and were previously demonstrated to be present in hypertrophic and 

early osteoarthritic synovium and is involved in inflammatory cell recruitment to the 

synovium 32, 38.  ICAM-1 was specifically identified as increased in early osteoarthritis, 

while VCAM-1 was shown to be predictive of joint replacement for severe arthritis32, 39.  

Pharmacologic reductions of these molecules for early to mid-stage osteoarthritis of the 

knee was associated with improvements of pain and function 40.    

Lymphotoxin β and GM-CSF were both increased and although they are primarily 

linked to rheumatoid arthritis, they are also reported in the osteoarthritic synovium 41-43. 

Future investigation may link these cytokines to the more fibroblastic cell phenotype in 

the meniscus or inflammatory cell recruitment.  Catabolic expression was accompanied 

by a notable decrease in expression of the anabolic factor CTGF.  CTGF was recently 

indentified in a rabbit model for promoting collagen production and healing of meniscus 

defects 44.  The combination of abnormal cell recruitment and decreased anabolic factors 

could easily compromise wound healing.    

Meniscus cells can be stimulated to produce matrix degrading enzymes which can 

impact cartilage matrix, but the tissue interaction is likely part of a more dynamic 

signaling network.  In addition to the catabolic factors above, meniscus responded to pro-

inflammatory factors with increases in cytokine and chemokine expression and 

production in a manner similar to chondrocytes 22.  Multiple interleukins, including IL-1β 

and IL-6 used in our stimulation experiments, were increased in both expression and 

production.  IL-1β was recently reported to be increased in osteoarthritic synovial fluid 

that increased in level with the severity of the disease45.  Additionally, treatment of 

articular chondrocytes and meniscus explants with IL-1α and IL-1β increased cartilage 
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and meniscus catabolic activity through increased MMP activity and nitric oxide 

release45. Chemokines CXCL1, CXCL2, CXCL3 , CCL8 (MCP-2), CCL7 (MCP-3) 

CXCL6 (GCP-2) were increased and may contribute to the development of inappropriate 

inflammatory cycles after injury 9, 28.  Our results support recently reported findings in an 

analysis of gene expression in meniscus tears, which found increased expression of IL-

1β, ADAMTS-5, MMP-1, MMP-9, MMP-13, and NFkB2 in patients with meniscus tears 

younger than 40 11. Cytokine and chemokine expression (including IL-1β, TNF-α, MMP-

13, CCL3, and CCL3L1) were greater in patients with a meniscus tear and concomitant 

ACL tear which indicates a more severe injury 11. Furthermore, we identified a more 

expansive list of cytokine and chemokine alterations and proposed that these alterations 

are at least in part mediated by the NF-κB pathway.  

The NF-κB pathway is well studied in osteoarthritic chondrocytes.  FnF stimulation 

of NF-κB increases chondrocyte cytokine and chemokine production 9, 22, 28, 46.  In 

meniscus cells, FnF and cytokine directed p65 phosphorylation suggests that the NF-κB 

pathway may be responsible for increased cytokine and chemokine production.  Injured 

meniscus previously demonstrated elevated NF-κB phosphorylation identified by 

immunohistochemistry 16.  

Increased production of inflammatory factors may act in both autocrine and paracrine 

fashion, but these may also act on surrounding tissues through the synovial fluid.  This 

mechanism for joint destruction is supported by a number of studies identifying these 

factors as increased in the disease state and detailing their deleterious effects on cartilage, 

bone and the synovium 9, 28, 32, which would likely suppress reparative cell functions and 

propagate a loss of matrix integrity.    Additionally, these findings may better explain the 
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higher failures in meniscus repair in older patients 4, 11, 47.  Older patients with a previous 

meniscus injury are likely producing increased matrix degrading enzymes as a function of 

both the initial injury and age, and both factors are likely to contribute to disease 

progression.   

Our study carries common limitations of laboratory models.  Primary cell culture was 

the most efficient and precise model to analyze both protein and RNA responses to 

stimulation; however, our findings should be interpreted with the understanding that cell 

cultures may not directly mimic in vivo cell behavior.   This study sought to identify cell 

alterations in normal meniscus tissue that may lead to the development of osteoarthritis.  

Future studies may further explore the NF-κB mechanistic pathway including MAP 

kinases and disease progression in an animal model, which was beyond the scope of this 

manuscript.  Another limitation of the study is the inherent variability in the state of the 

meniscus disease at the time of specimen acquisition.  TKAs are most frequently 

performed for the indication of pain and functional limitation from osteoarthritis, but the 

indication encompasses a range of tissue destruction ranging from moderate to severe 

cartilage eburnation and meniscus degradation.  The larger standard deviation in MMP 

expression and production in osteoarthritic tissue may be partially attributable to the 

varied disease state. We opted to examine the entire cell population in the meniscus to 

elucidate differences between the normal meniscus and the osteoarthritis disease state. 

Additional studies have examined the differences in meniscus cell type 18, 30, so we 

believe our characterization of normal and osteoarthritis human meniscus may add to a 

better understanding of osteoarthritis pathogenesis following meniscal injury.  
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The role of the meniscus in osteoarthritis likely extends beyond the mechanical 

compromise of the meniscus structure to encompass biologic interactions. Meniscus 

secretion of inflammatory factors and matrix-degrading enzymes likely contributes to the 

development of pathology.  While the full cell mechanism was not characterized, we 

believe that the increased expression of MMPs, cytokines, and chemokines in response to 

pro-inflammatory factors contributes to osteoarthritis pathogenesis in the meniscus and 

articular cartilage.  The ultimate goal of this research is to identify early pathology in an 

effort to prevent, or at least attenuate, the development of osteoarthritis. 
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Figures 

 

Figure 1: Response of normal meniscus cells to pro-inflammatory stimulation.  

(A) MMP-1 and MMP-3 gene expression in meniscus cells. Primary cell cultures were 

stimulated with IL-1β (10 ng/ml), IL-6 (10 ng/ml plus 25 ng/ml sIL6R), TGF-α (20 ng/ml) or 

fibronectin fragments (FnF, 1 μM) and cells were harvested 24 hours after stimulation (n≥4 

unique donors) [MMP1: *p=0.017 (IL-1β), p=0.021 (IL-6), ***p<0.001; MMP3: **p=0.003, 

***p<0.001].  All real-time PCR data was normalized to internal control (unstimulated) for 

accurate full change comparisons. Error bars represent 95% confidence intervals. (B) Normal 

meniscus primary cultures stimulated with IL-1β (10 ng/ml), IL-6 (10 ng/ml plus 25 ng/ml 

sIL6R), TGF-α (20 ng/ml), or FnF (1 μM) (n=4 unique donors).  Conditioned media was 

collected at 24 hours after stimulation and immunoblotted for MMP-1, -3, or -13. MMP-2 levels 

did not change and served as an additional loading control.  Graphs to the right of the 
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immunoblots represent densitometric analysis of the immunoblots (line represents median, box 

25% - 75% quartiles, and whiskers the 95% confidence interval).     

 

 

Figure 2: Changes in osteoarthritic meniscus gene expression following cytokine 

stimulation.  

Osteoarthritic meniscus primary cell cultures were stimulated with IL-1β (10 ng/ml), IL-6 (10 

ng/ml plus 25 ng/ml sIL6R), TGF-α (20 ng/ml) (n≥4 unique donors) [mean increase in MMP-1 

(p=0.060); MMP-3 (p=0.013)].  Cells were harvested 24 hours after stimulation. All real-time 

PCR data normalized to internal control (unstimulated cells) for accurate fold change 

comparisons.  Error bars represent 95% confidence intervals.    
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Figure 3: Comparison of osteoarthritic meniscus and cartilage cells in response to cytokine 

stimulation.  (A) Antibody MMP Array with conditioned media from osteoarthritic meniscal 

cells and chondrocytes following 24 hour stimulation with IL-1β (10 ng/ml) or IL-6 (10 ng/ml 

plus 25 ng/ml sIL6R).  All protein arrays were developed simultaneously to enable direct 

comparisons and each protein on the array is presented in duplicate.  (n=1, + indicates positive 

control) (B) MMP-1, -3, -8, and -13 and ADAMTS-5 production in osteoarthritic chondrocytes 

and meniscus cells.  Immunoblot analysis of conditioned media from unstimulated controls (C) 

versus with IL-1β (10 ng/ml), IL-6 (10 ng/ml plus 25 ng/ml sIL6R), TGF-α (20 ng/ml) stimulated 

cultures (n=4 matched donors). 
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Figure 4:  Protein array of conditioned media from normal meniscus following pro-

inflammatory stimulation.  Conditioned media from normal meniscus cells 24 hours after 

stimulation with either Fn-F (1 μM), IL-1β (10 ng/ml) or IL-6 (10 ng/ml plus 25 ng/ml sIL6R). 

The first donor is shown with shorter (A) exposure and the second donor with a longer exposure 

(B) to detect less abundant cytokines.   
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Figure 5: Normal meniscus p65 phosphorylation in response to pro-inflammatory 

stimulation.   

Cells were stimulated for thirty minutes with either FnF (1 μM) or IL-1β (10 ng/ml) and IL-6 (10 

ng/ml plus 25 ng/ml sIL6R) with or without hypoestoxide (HE, 25 μM), and cell lysates prepared.  

Lysates were then probed for phosphorylated-p65 (active form).  Immunoblots were then probed 

for total-p65 and followed by β-actin as the loading control (n=5 individual donors).  

Densitometric analysis identified significant increases in p65 phosphorylation (p=0.007).  The 

blots were stripped and re-probed for total-p65 and β-actin.  Total-p65 was present in lanes with 

minimal phospho-p65.   
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Figure 6: Response of normal meniscus cells to 

pro-inflammatory factors with and without the 

NF-kB inhibitor hypoestoxide.   

(A) Cells were harvested for RNA collection 24 

hours after stimulation with either with IL-1β (10 

ng/ml) and IL-6 (10 ng/ml plus 25 ng/ml sIL6R) or 

FnF (1 μM) with and without the inhibitor 

hypoestoxide (HE, 25 μM).  All real-time PCR data 

normalized to internal control (unstimulated cells) 

for accurate fold change comparisons.  MMP-1 and 

MMP-3 expression significantly changed with 

treatment groups [MMP-1 overall p<0.001, 

**p=0.01; MMP-3 overall p=0.001; *p=0.04].  

Error bars represent 95% confidence intervals (N=5 

independent donors). (B) The conditioned media 

was also probed for MMP production (n=5 

indpendent donors).
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Table 1: Quantitative Real Time PCR Array for Selected Extracellular Matrix Related 

Genes 

Gene Gene Product 
FnF IL-1β IL-6 

p Value 
Fold 

Change p Value 
Fold 

Change p Value 
Fold 

Change 

ADAMTS1 ADAM metallopeptidase with 
thrombospondin type 1 motif, 1 0.7073 1.06 0.7195 -1.13 0.0152 2.81 

COL16A1 Collagen, type XVI, alpha 1 0.0654 -1.61 0.9925 -1.04 0.0450 -2.06 

COL6A1 Collagen, type VI, alpha 1 0.0398 -2.84 0.4808 -1.99 0.2551 -2.51 

COL7A1 Collagen, type VII, alpha 1 0.0355 20.90 0.0686 19.37 0.2131 6.80 

VCAN Versican 0.0002 -5.35 0.4973 -1.28 0.0421 -1.89 

CTGF Connective tissue growth factor 0.0239 -12.85 0.2830 -5.55 0.1364 -5.31 

CTNNA1 Catenin (cadherin-associated protein), 
alpha 1, 102kDa 0.2049 1.18 0.0044 1.49 0.1672 1.36 

CTNNB1 Catenin (cadherin-associated protein), 
beta 1, 88kDa 0.8528 -1.01 0.0335 1.64 0.7983 -1.27 

CTNND2 
Catenin (cadherin-associated protein), 
delta 2 (neural plakophilin-related arm-
repeat protein) 

0.1555 2.87 0.0441 -2.44 0.9589 -1.38 

HAS1 Hyaluronan synthase 1 0.0283 4.58 0.0374 7.64 0.2945 1.78 

ITGA1 Integrin, alpha 1 0.0033 1.86 0.0309 2.12 0.9016 -1.30 

ITGA2 Integrin, alpha 2 (CD49B, alpha 2 subunit 
of VLA-2 receptor) 0.0452 4.90 0.0547 3.11 0.3196 1.46 

ITGB1 
Integrin, beta 1 (fibronectin receptor, beta 
polypeptide, antigen CD29 includes 
MDF2, MSK12) 

0.1927 1.36 0.0452 1.86 0.3471 1.27 

ITGB2 Integrin, beta 2 (complement component 
3 receptor 3 and 4 subunit) 0.2652 4.34 0.0839 5.92 0.0196 7.27 

LAMB3 Laminin, beta 3 0.0279 4.98 0.0910 9.54 0.1558 2.39 

MMP1 Matrix metallopeptidase 1 (interstitial 
collagenase) 0.0000 27.56 0.0204 11.95 0.0064 15.42 

MMP10 Matrix metallopeptidase 10 (stromelysin 
2) 0.0077 36.91 0.0234 18.83 0.0917 4.96 

MMP13 Matrix metallopeptidase 13 (collagenase 
3) 0.0058 3.53 0.0856 4.08 0.1497 2.65 

MMP2 
Matrix metallopeptidase 2 (gelatinase A, 
72kDa gelatinase, 72kDa type IV 
collagenase) 

0.0055 3.30 0.0290 3.09 0.0965 1.75 

MMP3 Matrix metallopeptidase 3 (stromelysin 1, 
progelatinase) 0.0000 11.92 0.0805 3.75 0.0344 4.84 

MMP8 Matrix metallopeptidase 8 (neutrophil 
collagenase) 0.0068 8.19 0.1595 3.46 0.3536 10.27 

THBS1 Thrombospondin 1 0.0104 -4.14 0.1186 -2.89 0.0474 -2.70 

THBS3 Thrombospondin 3 0.0021 -6.29 0.2002 -1.77 0.1384 -2.20 

VCAM1 Vascular cell adhesion molecule 1 0.0131 2.23 0.4385 1.50 0.3202 1.95 

Red highlights indicate p<0.05.  Green highlights fold changes greater than +3 and blue 

highlights fold changes less than -3.   
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Table 2: NF-κB family gene targets. 

Gene Gene Product 
FnF 

p 
Value Fold Change 

IL1A Interleukin 1, alpha 0.0103 151.33 

IL1B Interleukin 1, beta 0.0107 115.81 

IL1RN Interleukin 1 receptor antagonist 0.0008 46.84 

IL6 Interleukin 6 (interferon, beta 2) 0.0140 9.58 

IL8 Interleukin 8 0.0180 58.84 

CXCL1 Chemokine (C-X-C motif) ligand 1 (melanoma 
growth stimulating activity, alpha) 0.0348 6.11 

CXCL10 Chemokine (C-X-C motif) ligand 10 0.1596 596.21 

CXCL2 Chemokine (C-X-C motif) ligand 2 0.0295 13.10 

CXCL9 Chemokine (C-X-C motif) ligand 9 0.1188 152.37 

CD40 CD40 molecule, TNF receptor superfamily 
member 5 0.0308 1.73 

CD80 CD80 molecule 0.0039 6.51 

CD83 CD83 molecule 0.0019 5.50 

LTB Lymphotoxin beta (TNF superfamily, member 3) 0.0001 8.27 

NFKB1 Nuclear factor of kappa light polypeptide gene 
enhancer in B-cells 1 0.0054 3.24 

NFKB2 Nuclear factor of kappa light polypeptide gene 
enhancer in B-cells 2 (p49/p100) 0.3699 4.07 

NFKBIA Nuclear factor of kappa light polypeptide gene 
enhancer in B-cells inhibitor, alpha 0.0427 5.49 

REL V-rel reticuloendotheliosis viral oncogene 
homolog (avian) 0.0463 3.13 

ICAM1 Intercellular adhesion molecule 1 0.0015 8.72 
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Supplementary Material 

Table S1: Grading system used for cartilage and meniscus specimens. 

 ICRS Macroscopic Cartilage Grade Meniscus Adaptation 
Grade 0 Normal cartilage Normal meniscus 
Grade 1 Superficial lesions Near-normal with minor fibrillations 
Grade 2 Lesions <50% of cartilage thickness Small, scattered cracks or fissures, some 

fibrillation 
Grade 3 Lesions >50% Small tear, extensive fibrillations 
Grade 4 Abnormal cartilage with exposed 

subchondral bone 
Large tear, extensive fibrillations  
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Table S2: Quantitative Real Time PCR Array for Extracellular Matrix Related Genes 

Gene Gene Product 
FnF IL-1β IL-6 

p Value 
Fold 

Change 
p 

Value 
Fold 

Change 
p 

Value 
Fold 

Change 

ADAMTS1 ADAM metallopeptidase with thrombospondin 
type 1 motif, 1 0.7073 1.06 0.7195 -1.13 0.0152 2.81 

ADAMTS1
3 

ADAM metallopeptidase with thrombospondin 
type 1 motif, 13 0.1621 -1.64 0.9486 -1.14 0.8934 1.11 

ADAMTS8 ADAM metallopeptidase with thrombospondin 
type 1 motif, 8 0.5639 1.02 0.1804 -1.99 0.3559 20.58 

CD44 CD44 molecule (Indian blood group) 0.1102 2.04 0.1033 2.31 0.0506 2.57 

CDH1 Cadherin 1, type 1, E-cadherin (epithelial) 0.1446 3.45 0.1609 -1.89 0.8056 -1.15 

CNTN1 Contactin 1 0.1346 -4.84 0.0987 -6.29 0.2047 -4.27 

COL11A1 Collagen, type XI, alpha 1 0.1157 -6.44 0.1744 -5.41 0.2432 -2.78 

COL12A1 Collagen, type XII, alpha 1 0.0848 -1.66 0.3648 -1.28 0.2787 -1.26 

COL14A1 Collagen, type XIV, alpha 1 0.0513 -1.93 0.2474 -1.48 0.1051 -2.10 

COL15A1 Collagen, type XV, alpha 1 0.7021 1.64 0.9163 -10.43 0.7249 1.02 

COL16A1 Collagen, type XVI, alpha 1 0.0654 -1.61 0.9925 -1.04 0.0450 -2.06 

COL1A1 Collagen, type I, alpha 1 0.2308 -4.42 0.3217 -2.79 0.2994 -5.97 

COL4A2 Collagen, type IV, alpha 2 0.5885 -26.06 0.7442 1.22 0.6654 -1.17 

COL5A1 Collagen, type V, alpha 1 0.2289 -2.13 0.6574 -1.63 0.5119 -1.84 

COL6A1 Collagen, type VI, alpha 1 0.0398 -2.84 0.4808 -1.99 0.2551 -2.51 

COL6A2 Collagen, type VI, alpha 2 0.1445 -1.92 0.7116 1.00 0.8904 -2.02 

COL7A1 Collagen, type VII, alpha 1 0.0355 20.90 0.0686 19.37 0.2131 6.80 

COL8A1 Collagen, type VIII, alpha 1 0.7895 1.12 0.1268 3.27 0.2316 1.11 

VCAN Versican 0.0002 -5.35 0.4973 -1.28 0.0421 -1.89 

CTGF Connective tissue growth factor 0.0239 -12.85 0.2830 -5.55 0.1364 -5.31 

CTNNA1 Catenin (cadherin-associated protein), alpha 1, 
102kDa 0.2049 1.18 0.0044 1.49 0.1672 1.36 

CTNNB1 Catenin (cadherin-associated protein), beta 1, 
88kDa 0.8528 -1.01 0.0335 1.64 0.7983 -1.27 

CTNND1 Catenin (cadherin-associated protein), delta 1 0.1095 -1.34 0.1981 1.22 0.7801 -1.61 

CTNND2 Catenin (cadherin-associated protein), delta 2 
(neural plakophilin-related arm-repeat protein) 0.1555 2.87 0.0441 -2.44 0.9589 -1.38 

ECM1 Extracellular matrix protein 1 0.1861 -1.20 0.2499 1.28 0.7793 -1.07 

FN1 Fibronectin 1 0.2957 -1.27 0.6709 1.08 0.9812 -1.44 

HAS1 Hyaluronan synthase 1 0.0283 4.58 0.0374 7.64 0.2945 1.78 

ICAM1 Intercellular adhesion molecule 1 0.2345 -2.51 0.1028 7.76 0.1761 7.08 

ITGA1 Integrin, alpha 1 0.0033 1.86 0.0309 2.12 0.9016 -1.30 

ITGA2 Integrin, alpha 2 (CD49B, alpha 2 subunit of 
VLA-2 receptor) 0.0452 4.90 0.0547 3.11 0.3196 1.46 

ITGA3 Integrin, alpha 3 (antigen CD49C, alpha 3 
subunit of VLA-3 receptor) 0.3445 1.20 0.4881 1.09 0.2264 1.26 

ITGA4 Integrin, alpha 4 (antigen CD49D, alpha 4 
subunit of VLA-4 receptor) 0.8774 -1.09 0.8717 -1.23 0.2643 -1.26 
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ITGA5 Integrin, alpha 5 (fibronectin receptor, alpha 
polypeptide) 0.4160 1.50 0.0917 2.44 0.4714 1.16 

ITGA6 Integrin, alpha 6 0.4990 -1.29 0.8987 -1.13 0.3837 -1.19 

ITGA7 Integrin, alpha 7 0.3306 -2.71 0.4411 -1.42 0.4725 -1.55 

ITGA8 Integrin, alpha 8 0.1692 -2.00 0.2375 -2.46 0.0648 -2.62 

ITGAL 
Integrin, alpha L (antigen CD11A (p180), 

lymphocyte function-associated antigen 1; alpha 
polypeptide) 

0.3979 -1.92 0.2182 -2.17 0.2175 -2.19 

ITGAM Integrin, alpha M (complement component 3 
receptor 3 subunit) 0.9257 -1.42 0.3341 7.18 0.6210 -1.35 

ITGAV Integrin, alpha V (vitronectin receptor, alpha 
polypeptide, antigen CD51) 0.0755 1.95 0.6272 1.06 0.3316 1.21 

ITGB1 
Integrin, beta 1 (fibronectin receptor, beta 

polypeptide, antigen CD29 includes MDF2, 
MSK12) 

0.1927 1.36 0.0452 1.86 0.3471 1.27 

ITGB2 Integrin, beta 2 (complement component 3 
receptor 3 and 4 subunit) 0.2652 4.34 0.0839 5.92 0.0196 7.27 

ITGB3 Integrin, beta 3 (platelet glycoprotein IIIa, antigen 
CD61) 0.1776 3.44 0.1334 3.64 0.2047 3.19 

ITGB4 Integrin, beta 4 0.1014 -1.97 0.4814 -1.36 0.2266 -2.28 

ITGB5 Integrin, beta 5 0.0770 -2.09 0.3344 -1.42 0.0711 -4.89 

KAL1 Kallmann syndrome 1 sequence 0.6241 1.38 0.2904 -3.12 0.4016 -1.51 

LAMA1 Laminin, alpha 1 0.2827 4.28 0.0747 2.86 0.0776 2.34 

LAMA2 Laminin, alpha 2 0.1514 -7.77 0.1390 -2.52 0.1692 -1.81 

LAMA3 Laminin, alpha 3 0.3564 3.45 0.2091 -2.44 0.3815 1.68 

LAMB1 Laminin, beta 1 0.4029 -1.81 0.8303 -1.23 0.5880 -1.88 

LAMB3 Laminin, beta 3 0.0279 4.98 0.0910 9.54 0.1558 2.39 

LAMC1 Laminin, gamma 1 (formerly LAMB2) 0.1957 -1.37 0.9544 -1.10 0.3616 -1.26 

MMP1 Matrix metallopeptidase 1 (interstitial 
collagenase) 0.0000 27.56 0.0204 11.95 0.0064 15.42 

MMP10 Matrix metallopeptidase 10 (stromelysin 2) 0.0077 36.91 0.0234 18.83 0.0917 4.96 

MMP11 Matrix metallopeptidase 11 (stromelysin 3) 0.1618 -3.71 0.3382 -3.49 0.1891 -6.44 

MMP12 Matrix metallopeptidase 12 (macrophage 
elastase) 0.5205 -1.40 0.8091 7.26 0.6765 5.13 

MMP13 Matrix metallopeptidase 13 (collagenase 3) 0.0058 3.53 0.0856 4.08 0.1497 2.65 

MMP14 Matrix metallopeptidase 14 (membrane-inserted) 0.4057 1.72 0.1070 3.86 0.2004 -1.65 

MMP15 Matrix metallopeptidase 15 (membrane-inserted) 0.9692 1.28 0.4282 3.10 0.3517 2.87 

MMP16 Matrix metallopeptidase 16 (membrane-inserted) 0.9582 -1.11 0.4206 -2.05 0.2608 -6.39 

MMP2 Matrix metallopeptidase 2 (gelatinase A, 72kDa 
gelatinase, 72kDa type IV collagenase) 0.0055 3.30 0.0290 3.09 0.0965 1.75 

MMP3 Matrix metallopeptidase 3 (stromelysin 1, 
progelatinase) 0.0000 11.92 0.0805 3.75 0.0344 4.84 

MMP7 Matrix metallopeptidase 7 (matrilysin, uterine) 0.7971 -1.32 0.4435 1.50 0.3575 1.21 
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MMP8 Matrix metallopeptidase 8 (neutrophil 
collagenase) 0.0068 8.19 0.1595 3.46 0.3536 10.27 

MMP9 Matrix metallopeptidase 9 (gelatinase B, 92kDa 
gelatinase, 92kDa type IV collagenase) 0.6836 1.29 0.6823 1.20 0.3998 1.62 

NCAM1 Neural cell adhesion molecule 1 0.4329 -1.58 0.2648 -1.53 0.3566 3.28 

PECAM1 Platelet/endothelial cell adhesion molecule 0.6743 -1.29 0.6441 1.17 0.3141 6.83 

SELE Selectin E 0.2026 126.37 0.0903 77.52 0.3513 20.66 

SELL Selectin L 0.4676 -1.32 0.4618 1.27 0.3455 3.37 

SELP Selectin P (granule membrane protein 140kDa, 
antigen CD62) 0.7430 1.52 0.4625 -1.09 0.3120 9.45 

SGCE Sarcoglycan, epsilon 0.2655 -1.34 0.9425 1.01 0.3657 1.97 

SPARC Secreted protein, acidic, cysteine-rich 
(osteonectin) 0.4111 -1.52 0.6853 -1.35 0.9051 -1.00 

SPG7 Spastic paraplegia 7 (pure and complicated 
autosomal recessive) 0.6669 -1.12 0.2771 1.64 0.3534 5.48 

SPP1 Secreted phosphoprotein 1 0.1777 -2.07 0.7765 1.17 0.3617 -1.80 

TGFBI Transforming growth factor, beta-induced, 
68kDa 0.2324 -1.62 0.9953 1.08 0.9989 -1.26 

THBS1 Thrombospondin 1 0.0104 -4.14 0.1186 -2.89 0.0474 -2.70 

THBS2 Thrombospondin 2 0.1523 -1.82 0.6474 -1.26 0.3194 -1.39 

THBS3 Thrombospondin 3 0.0021 -6.29 0.2002 -1.77 0.1384 -2.20 

TIMP1 TIMP metallopeptidase inhibitor 1 0.3743 1.31 0.9452 1.08 0.9193 1.03 

TIMP2 TIMP metallopeptidase inhibitor 2 0.4271 -1.20 0.3221 1.24 0.7942 -1.14 

TIMP3 TIMP metallopeptidase inhibitor 3 0.0566 3.84 0.8391 -1.94 0.9597 -1.16 

CLEC3B C-type lectin domain family 3, member B 0.1846 -12.00 0.7751 -2.11 0.7004 -4.62 

TNC Tenascin C 0.1683 -1.64 0.5138 -1.10 0.2854 -1.53 

VCAM1 Vascular cell adhesion molecule 1 0.0131 2.23 0.4385 1.50 0.3202 1.95 

VTN Vitronectin 0.6058 -1.04 0.2846 1.61 0.7890 1.22 

 

Red highlights indicate p<0.05.  Green highlights fold changes greater than +3 and blue 

highlights fold changes less than -3.   
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Table S3: Quantitative Real Time PCR Array for NF-κB Family Genes and Targets 

Gene Gene Product 
FnF FnF + HE FnF vs FnF+HE 

p Value 
Fold 

Change p Value 
Fold 

Change p Value 
Fold 

Change 
ADM Adrenomedullin 0.0595 1.98 0.0116 3.79 0.1134 1.91 

AGT Angiotensinogen (serpin peptidase 
inhibitor, clade A, member 8) 0.0106 -3.12 0.0015 -5.16 0.2088 -1.65 

AKT1 V-akt murine thymoma viral oncogene 
homolog 1 0.9537 1.06 0.3204 -1.19 0.1043 -1.25 

ALDH3A2 Aldehyde dehydrogenase 3 family, 
member A2 0.3181 -1.34 0.0721 1.44 0.0281 1.94 

BCL2A1 BCL2-related protein A1 0.0142 11.18 0.3721 1.40 0.0289 -7.99 
BCL2L1 BCL2-like 1 0.6365 -1.08 0.9480 1.05 0.6096 1.13 
BIRC2 Baculoviral IAP repeat containing 2 0.1451 1.66 0.8937 1.04 0.0594 -1.60 
BIRC3 Baculoviral IAP repeat containing 3 0.0364 38.12 0.4267 1.65 0.0393 -23.12 

C3 Complement component 3 0.6609 1.38 0.2766 -1.97 0.1323 -2.72 

C4A Complement component 4A (Rodgers 
blood group) 0.1233 -1.56 0.0006 -3.03 0.1131 -1.95 

CCL2 Chemokine (C-C motif) ligand 2 0.6597 1.27 0.0097 -23.34 0.0002 -29.67 
CCL22 Chemokine (C-C motif) ligand 22 0.1259 4.38 0.8372 -1.27 0.1344 -5.56 
CCL5 Chemokine (C-C motif) ligand 5 0.0937 57.18 0.2884 1.56 0.0957 -36.54 

CCND1 Cyclin D1 0.0050 2.25 0.3924 -1.58 0.0024 -3.56 
CCR5 Chemokine (C-C motif) receptor 5 0.9964 1.56 0.3550 -3.70 0.1064 -5.77 

CD40 CD40 molecule, TNF receptor 
superfamily member 5 0.0308 1.73 0.4231 1.30 0.9873 -1.33 

CD80 CD80 molecule 0.0039 6.51 0.3328 1.79 0.0089 -3.63 
CD83 CD83 molecule 0.0019 5.50 0.1925 1.72 0.0048 -3.20 

CDKN1A Cyclin-dependent kinase inhibitor 1A 
(p21, Cip1) 0.0272 1.39 0.0003 2.59 0.0026 1.86 

CFB Complement factor B 0.0393 2.07 0.3574 -1.54 0.0044 -3.20 

CSF1 Colony stimulating factor 1 
(macrophage) 0.0378 6.08 0.6138 1.08 0.0410 -5.61 

CSF2 Colony stimulating factor 2 (granulocyte-
macrophage) 0.2934 480.53 0.4814 2.37 0.2936 -202.58 

CSF2RB 
Colony stimulating factor 2 receptor, 

beta, low-affinity (granulocyte-
macrophage) 

0.0947 2.75 0.3978 -1.82 0.0515 -5.03 

CSF3 Colony stimulating factor 3 (granulocyte) 0.1563 312.92 0.5615 -1.66 0.1569 -518.36 

CXCL1 
Chemokine (C-X-C motif) ligand 1 

(melanoma growth stimulating activity, 
alpha) 

0.0348 6.11 0.0882 -23.97 0.0276 -146.25 

CXCL10 Chemokine (C-X-C motif) ligand 10 0.1596 596.21 0.2121 8.30 0.1643 -71.80 
CXCL2 Chemokine (C-X-C motif) ligand 2 0.0295 13.10 0.0636 -17.20 0.0260 -225.32 
CXCL9 Chemokine (C-X-C motif) ligand 9 0.1188 152.37 0.4444 1.70 0.1217 -89.52 
EGFR Epidermal growth factor receptor 0.5638 1.05 0.0004 -3.19 0.0250 -3.35 
EGR2 Early growth response 2 0.0565 2.51 0.0118 4.55 0.2146 1.81 

F3 Coagulation factor III (thromboplastin, 
tissue factor) 0.0065 14.89 0.0205 1.76 0.0082 -8.46 
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F8 Coagulation factor VIII, procoagulant 
component 0.8813 -1.08 0.2146 -1.81 0.3547 -1.67 

FAS Fas (TNF receptor superfamily, member 
6) 0.0136 2.64 0.9615 1.04 0.0120 -2.53 

FASLG Fas ligand (TNF superfamily, member 6) 0.0870 2.53 0.9087 -1.22 0.0945 -3.09 

GADD45B Growth arrest and DNA-damage-
inducible, beta 0.0674 2.17 0.7573 -1.08 0.0563 -2.34 

ICAM1 Intercellular adhesion molecule 1 0.0015 8.72 0.0004 2.67 0.0052 -3.26 
IFNB1 Interferon, beta 1, fibroblast 0.8236 2.02 0.8539 1.18 0.9919 -1.70 
IFNG Interferon, gamma 0.1125 12.38 0.2988 1.70 0.1269 -7.29 

IL12B 
Interleukin 12B (natural killer cell 

stimulatory factor 2, cytotoxic 
lymphocyte maturation factor 2, p40) 

0.2745 1.43 0.8250 -1.12 0.3831 -1.60 

IL15 Interleukin 15 0.0861 2.51 0.3864 -1.91 0.0659 -4.80 
IL1A Interleukin 1, alpha 0.0103 151.33 0.5790 1.17 0.0107 -129.68 
IL1B Interleukin 1, beta 0.0107 115.81 0.5342 -1.43 0.0145 -165.80 

IL1R2 Interleukin 1 receptor, type II 0.2322 -2.48 0.0084 -6.14 0.2782 -2.48 
IL1RN Interleukin 1 receptor antagonist 0.0008 46.84 0.6667 1.07 0.0008 -43.62 

IL2 Interleukin 2 0.9711 -2.22 0.3734 -1.90 0.6736 1.17 
IL2RA Interleukin 2 receptor, alpha 0.1029 3.26 0.0250 2.44 0.3611 -1.34 

IL4 Interleukin 4 0.8818 1.56 0.2195 3.38 0.2140 2.16 
IL6 Interleukin 6 (interferon, beta 2) 0.0140 9.58 0.1011 -19.62 0.0095 -188.06 
IL8 Interleukin 8 0.0180 58.84 0.2360 4.10 0.0262 -14.38 
INS Insulin 0.7480 -1.08 0.8629 -1.11 0.7467 -1.03 
IRF1 Interferon regulatory factor 1 0.0513 12.02 0.0067 2.51 0.0740 -4.80 

LTA Lymphotoxin alpha (TNF superfamily, 
member 1) 0.5677 1.30 0.2003 -1.64 0.1241 -2.13 

LTB Lymphotoxin beta (TNF superfamily, 
member 3) 0.0001 8.27 0.0067 -11.02 0.0000 -90.92 

MAP2K6 Mitogen-activated protein kinase kinase 
6 0.1348 -1.85 0.0103 -10.14 0.0493 -5.48 

MITF Microphthalmia-associated transcription 
factor 0.6288 -1.06 0.2497 -2.01 0.1219 -1.89 

MMP9 
Matrix metallopeptidase 9 (gelatinase B, 

92kDa gelatinase, 92kDa type IV 
collagenase) 

0.1704 3.37 0.9543 1.01 0.1583 -3.35 

MYC V-myc myelocytomatosis viral oncogene 
homolog (avian) 0.2530 -1.37 0.2937 -1.64 0.8985 -1.20 

MYD88 Myeloid differentiation primary response 
gene (88) 0.1371 -1.63 0.6348 -1.15 0.3717 1.42 

NCOA3 Nuclear receptor coactivator 3 0.6210 -1.37 0.2780 1.30 0.2264 1.78 

NFKB1 Nuclear factor of kappa light polypeptide 
gene enhancer in B-cells 1 0.0054 3.24 0.7798 -1.00 0.0094 -3.25 

NFKB2 Nuclear factor of kappa light polypeptide 
gene enhancer in B-cells 2 (p49/p100) 0.3699 4.07 0.4443 -1.31 0.3280 -5.36 
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NFKBIA Nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor, alpha 0.0427 5.49 0.8604 -1.01 0.0400 -5.53 

NQO1 NAD(P)H dehydrogenase, quinone 1 0.2707 1.85 0.0195 3.31 0.2403 1.79 

NR4A2 Nuclear receptor subfamily 4, group A, 
member 2 0.1557 1.70 0.0089 -6.08 0.0066 -10.33 

PDGFB Platelet-derived growth factor beta 
polypeptide 0.5847 1.20 0.0576 -7.60 0.0208 -9.14 

PLAU Plasminogen activator, urokinase 0.1960 1.97 0.0380 -9.97 0.0115 -19.59 

PTGS2 
Prostaglandin-endoperoxide synthase 2 

(prostaglandin G/H synthase and 
cyclooxygenase) 

0.0685 14.21 0.7145 -1.36 0.0750 -19.37 

REL V-rel reticuloendotheliosis viral 
oncogene homolog (avian) 0.0463 3.13 0.7859 1.06 0.0572 -2.95 

RELA V-rel reticuloendotheliosis viral 
oncogene homolog A (avian) 0.0526 2.51 0.2633 -1.46 0.0196 -3.67 

RELB V-rel reticuloendotheliosis viral 
oncogene homolog B 0.1246 5.28 0.8839 1.15 0.1270 -4.59 

SELE Selectin E 0.2858 243.59 0.3578 1.29 0.4785 -189.24 

SELP Selectin P (granule membrane protein 
140kDa, antigen CD62) 0.7377 -1.51 0.5045 -1.63 0.4538 -1.08 

SNAP25 Synaptosomal-associated protein, 
25kDa 0.5903 1.81 0.3717 -1.45 0.0764 -2.63 

SOD2 Superoxide dismutase 2, mitochondrial 0.0034 2.92 0.4788 1.16 0.0144 -2.51 

STAT1 Signal transducer and activator of 
transcription 1, 91kDa 0.0591 2.34 0.8646 -1.13 0.0621 -2.65 

STAT3 
Signal transducer and activator of 

transcription 3 (acute-phase response 
factor) 

0.8243 -1.13 0.0346 -2.20 0.1204 -1.94 

STAT5B Signal transducer and activator of 
transcription 5B 0.6428 1.35 0.2681 -1.75 0.1264 -2.35 

TNF Tumor necrosis factor 0.2492 25.04 0.8757 1.06 0.2477 -23.70 

TNFRSF1B Tumor necrosis factor receptor 
superfamily, member 1B 0.1374 3.60 0.6799 -1.20 0.1286 -4.32 

TNFSF10 Tumor necrosis factor (ligand) 
superfamily, member 10 0.0274 1.70 0.0013 -2.95 0.0024 -5.00 

TP53 Tumor protein p53 0.2332 -1.84 0.4598 -1.38 0.3433 1.33 
TRAF2 TNF receptor-associated factor 2 0.0201 3.73 0.0913 2.39 0.3195 -1.56 
VCAM1 Vascular cell adhesion molecule 1 0.4016 1.94 0.3904 -2.82 0.0635 -5.46 

XIAP X-linked inhibitor of apoptosis 0.6988 -1.08 0.2558 -2.82 0.1419 -2.61 

 

Red highlights indicate p<0.05.  Green highlights fold changes greater than +3 and blue 

highlights fold changes less than -3.   
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Abstract 

Objective: Meniscus injury and the hypoxia-inducible factor (HIF) pathway are 

independently linked to osteoarthritis pathogenesis, but the HIF pathway has not been explored in 

the meniscus.  We sought to identify and evaluate the response of the HIF pathway in normal and 

osteoarthritic meniscus and to examine the effects of Epas1 (HIF-2α) insufficiency in mice on 

early osteoarthritis development.   

Methods: Normal and osteoarthritic human meniscus specimens were obtained and used for 

immunohistochemical evaluation and cell culture studies for the HIF pathway.  Meniscus cells 

were treated with proinflammatory stimulation, including interleukins(IL)-1β, IL-6, transforming 

growth factor(TGF)-α and fibronectin fragments (FnF).  Transcription target genes were also 

evaluated with HIF-1α and HIF-2α (Epas1) overexpression and knockdown.  Wild-type (n=36) 

and Epas1+/- (n=30) heterozygous mice underwent the destabilized medial meniscus (DMM) 

surgery and were evaluated at two and four weeks post-operatively for osteoarthritis development 

using histology. 

Results: HIF immunostaining and HIF gene expression did not differ between normal and 

osteoarthritic meniscus.  While pro-inflammatory stimulation significantly increased both 

catabolic and anabolic gene expression in the meniscus, HIF-1α and Epas1 expression levels were 

not significantly altered.  Epas1 overexpression significantly increased Col2a1 expression.  Both 

wild-type and Epas1+/- mice developed osteoarthritis following DMM surgery.  There were no 

significant differences between genotypes at either time point. 

Conclusion: The HIF pathway is likely not responsible for osteoarthritic changes in the 

human meniscus.  Additionally, Epas1 insufficiency does not protect against osteoarthritis 

development in the mouse at four weeks after DMM surgery.  The HIF pathway may be more 

important for protection against catabolic stress.  
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Introduction 

The hypoxia induced factor (HIF) pathway is implicated in osteoarthritis pathogenesis.  HIF-

1α is a transcription factor that serves many anabolic functions by maintaining metabolic 

homeostasis through cell growth and protection, while HIF-2α is implicated in an array of 

anabolic and catabolic functions1-7.  HIFs are reportedly more active in low oxygen tension 

tissues, such as cartilage and meniscus, secondary to decreased degradation by prolyl hydrolyase 

domain-containing protein7-9.  HIF-1α is a critical regulator of glycolytic and oxidation pathways 

and helps to optimize ATP production and limit reactive oxygen species (ROS) accumulation in 

normoxia and hypoxia 1, 2, 10.  HIF-2α (encoded by the gene Epas1) shares many metabolic targets 

with HIF-1α but is more cell type specific and is regulated differently10, 11.  HIF-2α does not 

appear to be constitutively expressed in a manner similar to HIF-1α in developed tissues; 

however, in the developing mouse embryo it is critical in the development of multiple organ 

systems including the musculoskeletal system10, 12-17.  Another component of the HIF pathway, 

HIF-3α, was recently reported to be involved in regulating HIF-1α and HIF-2α in mice18; 

however, its role remains unclear since a previous report identified very low expression levels in 

mouse chondrocytes15. 

Both HIF-1α and HIF-2α have been identified in articular cartilage3-6, 9, 15-17, 19-28.  In articular 

chondrocytes, HIF-1α is reported to be active in both normoxia and hypoxia and controls much of 

cartilage homeostasis and chondrocytic genes3, 5, 20, 21, 24, 27.  The role of HIF-2α in chondrocytes is 

more controversial.  HIF-2α has been linked to anti-catabolic processes in human chondrocytes, 

including increased expression of  matrix-related genes, Sox9, Col2a1 and Col91a, along with 

Mig6, inhibin A (InhbA), cartilage matrix protein chondromodulin-1 (Chm-1), and cartilage 

growth factor Gdf109, 16, 17, 27.  HIF-2α, was also linked to the development of osteoarthritis in 

human, rabbit, and mouse chondrocytes6, 15, 25, 26, 29, 30.   Human chondrocytes displayed increased 

HIF-2α immunostaining and Epas1 expression in damaged cartilage6. In rabbit and mouse 
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articular chondrocytes, Epas1 was identified to regulate multiple matrix metalloproteinases 

(MMPs), IL-6 production and chondrocyte apoptosis6, 15, 25, 26. Heterozygous deletion of Epas1 in 

Epas1+/- mice provided resistance to surgically induced osteoarthritic changes using the 

destabilized medial meniscus (DMM) model6.  The mechanism for resistance was not explored 

and remains unclear6, 8, 15 . Transgenic mice over-expressing Epas1 had increased osteoarthritic 

changes in the knee cartilage.  Levels of HIF-2α were additionally increased in osteoarthritic 

cartilage of the DMM mice6.   Similar trends were seen in human osteoarthritic cartilage: levels 

of HIF-2α and its targets were present in damaged human osteoarthritic cartilage, while levels 

were lower in normal and undamaged osteoarthritic cartilage compared to damaged regions of the 

osteoarthritic cartilage 6.  The role of HIF-1α was not explored in the mouse and osteoarthritis 

studies6, 25, 26.   

Osteoarthritis is an enigma in joint disease, but it is increasingly apparent that the disease is a 

function of whole joint pathology and not solely the articular cartilage31.  A growing body of 

evidence supports the link between meniscus injury and osteoarthritis32.  The HIF pathway in the 

meniscus may provide an opportunity to better understand meniscal osteoarthritis pathogenesis.  

HIF-1α is also reported in meniscus cells with greater expression in the more hypoxic inner 

regions than the vascularized outer regions of the meniscus 19.  Expression levels varied between 

meniscus regions, so it is believed that HIF-1α helps to direct meniscus cell phenotype and 

potentially the repair process through differentially regulated collagen expression in inner and 

outer meniscus cells 19.  Meniscus cell HIF-1α targets may differ in from HIF-1α targets in 

chondrocytes, which may contribute to the differences in cell phenotype.  To date, no study 

investigated the role of HIF-2α expression in the meniscus. 

The purpose of this study was to identify both HIF-1α and HIF-2α in normal and 

osteoarthritic meniscus cells, and then to identify a potential role for the HIF pathway in the 

osteoarthritis pathogenesis.  Pro-inflammatory stimulation implicated in osteoarthritis 
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pathogenesis was used to determine meniscus responses in context of the HIF pathway.  A second 

goal of this research is to study the meniscus in the context of whole joint pathology in surgically 

induced osteoarthritis in wild-type and Epas1 knockdown mice.  By identifying a potential role 

for the HIF pathway in osteoarthritis, it may be possible to modify the HIF pathway in multiple 

joint tissues to modify osteoarthritis pathogenesis.   

Methods 

Knee Tissue Acquisition-- Our institutional review board and animal care and use committee 

approved these protocols.  Normal human meniscus specimens (n=16, age range 25-58 years) 

were procured through the National Disease Research Interchange (NDRI, Philadelphia, PA) or 

the Gift of Hope Organ and Tissue Donor Network (Elmhurst, IL) while osteoarthritic menisci 

were obtained from patients undergoing total knee arthroplasty (TKA) for osteoarthritis (n=31, 

age range 44-83 years).  Synovial tissue was removed.  Meniscus tissue was macroscopically 

graded according to a modified International Cartilage Research Society Cartilage Morphology 

Score (Table S1).     

Human meniscus immunohistochemistry – Human meniscus samples were fixed in 4% 

paraformaldehyde and processed for paraffin embedding. Radial sections (4 μm) were obtained 

and placed on slides for histologic evaluation.  Samples were then deparaffinized and stained for 

immunohistochemistry or immunofluorescent evaluation.  Meniscus sections were incubated 

overnight with either anti-HIF-1α (R&D Systems) or anti-HIF-2α (R&D systems).  For 

diaminiobenzidine (DAB) development, the appropriate biotinylated secondary antibody was 

used and developed according to the manufacturer’s protocol (DAB Peroxidase Substrate Kit, 

#SK-4100, Vector Laboratories).  Immunofluoresence staining used Texas Red secondary 

antibodies (Alexafluor488, Molecular Probes) and nuclei were counterstained with 4’6-

diamidino-2-phenylidole (DAPI, Vectashield #H-1200, Vector Laboratories).  Slides were 

imaged using either light microscopy or fluorescent imaging with the appropriate filters.   
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Cell Culture and Stimulation: Normal and osteoarthritic human meniscus and articular 

chondrocytes were as previously described33.   Prior to stimulation, primary cultures were 

incubated overnight in serum-free media (DMEM/F12) and then treated for either 6 or 24 hours 

with one of the following: 10 ng/ml IL-1β; 10 ng/ml IL-6 with 25ng/ml soluble IL-6 receptor; 

TGF-α 20ng/ml (all from R and D Systems); hypoestoxide (25 μM); or fibronectin fragments 

(FnF), a recombinant fragment of fibronectin protein containing domains 7-10 of full length 

fibronectin (at 1 μM; gift from Harold Erickson,  Duke University).  For viral and small-

interfering RNA experiments, cells were plated and allowed to acclimate for 48 hours prior to 

infection.  

The Epas1 virus was generated by Vector BioLabs (Philadelphia, PA) using a cDNA plasmid 

for Homo sapiens endothelial PAS domain protein 1 (GenBank ID: BC051338.1).  The 

adenoviral shuttle vector contained a GFP coexpression reporter for confirmation of infection and 

expression in cell culture. The virus was serial amplified in HEK293 cells then was harvested and 

titrated.   The custom construct was used in cell culture studies.  The HIF-1α virus (ADV-100, 

Cell Biolabs, Inc.) also contained a GFP reporter and was expanded in culture using HEK293 

cells and was titred using QuickTiter™ Adenovirus Quantitation Kit (VPK-106, Cell Biolabs, 

Inc).   

For the viral infection, 4 x 109 viral particles in 1 mL serum free DMEM/F-12 media (Gibco) 

plus 25μL of 1M CaCl2 (Sigma) were used per 106 cells with control samples receiving an empty 

vector. Cells were incubated for 2 hours at 37˚ F then washed twice in 10% media. Fresh 10% 

media was added to the cells which were allowed to incubate for 2 days. For the siRNA mediated 

knockdown, cells were rinsed twice with PBS and changed to 1 mL 10% media without 

antibiotics for 24 hours at 70% confluence.  Cells were transfected with Lipofectamine 2000 

(#11668, Invitrogen) according to the manufacture’s protocol. Briefly, 100 pmol of siRNA for 

non-specific control, HIF-1α or Epas1 (Cell BioLabs), and 5μL lipofectamine 2000 were diluted 
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separately in 250 μL Opti-MEM + glutamax 1x reduced serum media 1x (Invitrogen).  250 μL of 

each diluted siRNA and lipofectamine was incubated together for twenty minutes, and each well 

of cells in a six-well plate received 500 μL transfection reagent and siRNA added to existing 

media and was allowed to incubate for 24 hours. Protein lysates of transfected cells were obtained 

using the Pierce NE-PRE Nuclear and Cytoplasmic Extraction Reagents and following the 

manufacture’s protocol [78833 (Thermo Scientific)]. RNA was extracted form parallel 

experiments using the TRIzol method (Invitrogen) according to the manufacture’s protocol. 

RNA was quantified (Nanodrop, ThermoScientific) and verified (BioAnalyzer Chip, Agilent) 

to ensure high quality RNA.  The reverse-transcription PCR generated cDNA (RetroScript Kit, 

Ambion).  Real-Time PCR was performed using the Applied Biosystems 7900HT thermocycler 

with TaqMan Universal PCR MasterMix and Taqman Gene Assay (Life Technologies: HIF-1α 

Hs00153153_m1; epas1 Hs01026149_m1, mmp1 Hs00899658_m1; mmp3 Hs00968305_m1; 

mmp13 Hs00233992_m1; col1a1 Hs00164004_m1; col2a1 Hs00264051_m1; col3 

Hs00943809_m1; sox9 Hs01001343_g1; acan Hs00153936_m1; VEGF Hs00900055 _m1; 

GAPDH Hs02758991_g1). Data was analyzed using the ΔΔCT method in Microsoft Excel 

(Microsoft). 

Immunoblot analysis – For protein analysis, nuclear and cytoplasmic lysate samples 

containing equal amounts of total protein  were loaded onto polyacrylamide gels, separated by 

SDS-PAGE, transferred to nitrocellulose (Odyssey, Invitrogen) and probed with the primary 

antibody [anti-Hif-1α (MAB1536, R&D Systems); anti-Hif-2α (ab20654, Abcam)] and 

appropriate secondary antibody (Cell Signaling). Blots were visualized with chemiluminesence 

(Amersham ECL, GE Life Sciences) as previously described or the SuperSignal West Femto 

Substrate system [#34095 (Thermo Scientific)]. To verify loading of equal amounts of protein, 

blots were stripped and re-probed with antibodies to Lamin B (#101-B7, Millipore) for nuclear 
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fractions or LDH (#20-LG22, Fitzgerald) for cytoplasmic fractions with the appropriate 

secondary antibodies (Cell Signaling). 

Mouse Destabilized Medial Meniscus Model – C57/BL6129S7 mice (10-12 weeks old) were 

acquired from the Jackson laboratories.  All controls were wild type mice littermates since stock 

order C57/B6129SF2 mice provide only an approximate control.  Each mouse was genotyped for 

wild type (WT; Epas1+/+) or Epas1 heterozygote (Epas1+/-) using the primers for allele Epas1tm1Rus 

[mutant oIMR0092 (5’—AAT CCA TCT TGT TCA ATG GCC GAT C—3’); wild-type 

oIMR6168 (5’ —CGT GCT CTG GAG AGG TTA GG—3’); common oIMR6169 (5’—GGC 

ATG AAG ATG TGA GTT CG—3’); Figure S1].    The heterozygote was chosen because the 

homozygous deletion is embryonic lethal10. Mice (WT=36; Epas1+/-= 30) underwent 

destabilization of the medial meniscus (DMM) surgery. Mice were anesthetized under isoflurane 

in the knee prepared for aseptic surgery. The knee joint was opened under direct microscopic 

visualization with a minimally invasive parapatellar incision, and then the medial meniscus and 

the meniscotibial ligament identified. The medial meniscotibial ligament was transected and the 

skin and joint closed.  Animals were monitored postoperatively and treated with the appropriate 

analgesia. Mice were allowed unrestrained movement throughout the post-operative period. Mice 

were euthanized at post-operative week two (WT=17, Epas+/-=13) and four (WT=19, Epas1+/-=17) 

and knee joints were harvested and prepared for histology according to the methods previously 

described34, 35. 

Statistical Analysis – All gene expression experiments and mouse data were analyzed using 

multivariate general linear models with appropriate post-hoc testing when indicated (Tukey and 

Holm-Sidak).  Correlations were determined using Spearman’s Rho.  Statistical calculations were 

performed in SPSS (IBM) and graphs generated in Prism v5.02 (GraphPad Software, Inc.).  For 

all analyses, statistical significance was set at p ≤0.05.       
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Results 

HIF expression in normal and osteoarthritic meniscus cells 

To evaluate the difference between HIF expression in normal and osteoarthritic meniscus 

cells, we first identified the presence of HIF-1α and HIF-2α in normal and osteoarthritic menisci 

by immunohistochemistry.  Both HIF proteins were identified in normal and osteoarthritic tissue 

and HIF-1α and HIF-2α localized to the nucleus (Figure 1, S2).  The percentage of positively 

stained cells was not different (Figure 1): HIF-1α: normal (55.3% ± 2.6%, n=2), osteoarthritic 

(75.3% ± 11.7%, n=5); HIF-2α: normal (75.4% ± 10.3%, n=2), osteoarthritic (83.9% ± 13.7%, 

n=5).  Results reported are mean ± standard deviation.   

We then examined basal expression of HIF-1α and HIF-2α (Epas1) genes in primary 

meniscus cell culture. The unstimulated control groups from both the six and 24 hour time points 

in our pro-inflammatory stimulation studies were compared. No significant differences were 

observed in basal HIF family expression between normal and osteoarthritic menisci (Figure 2, 

main effects: group p = 0.409; time p = 0.285). HIF-1α expression did not differ between normal 

and osteoarthritic meniscus cells (Figure 1A, p = 0.965); likewise, the relative expression of HIF-

1α and Epas1 was not significantly different between normal and osteoarthritic meniscus cells 

(Figure 2B, p = 0.522).  To confirm that ratio of HIF-1α to Epas1 expression did not differ 

between osteoarthritic and normal meniscus, the relative expression of HIF-1α was divided by 

that Epas1 for each point and plotted (Figure 2C). There was no significant group or time effect 

(group p= 0.669; time p = 0.331). Since basal expression and the expression ratio did not differ 

between the normal and osteoarthritic menisci in culture, we continued to explore the role of pro-

inflammatory stimulation on expression of HIF-1α and Epas1. 

Pro-inflammatory mediators are known to be involved in osteoarthritis pathogenesis in 

chondrocytes31, 36. Primary meniscus cell cultures were stimulated with the pro-inflammatory 



Stone et al. Hypoxia-Inducible Pathway in the Meniscus 95 

 

mediators IL-1β, IL-6, and TGFα. HIF expression was assessed at six and 24 hours (Figure 3). 

There were no significant effects of time (HIF-1α, p=0.244; Epas1, p=0.337) or stimulants (HIF-

1α, p=0.434; Epas1, p=0.373) in osteoarthritic meniscus cells. 

Gene expression in normal meniscus cells was also evaluated following pro-inflammatory 

stimulation. In the second set of experiments, fibronectin fragments (FnF) were also included 

since these were previously demonstrated to be pro-inflammatory in normal meniscus [see 

Chapter 3] and chondrocytes37.  Fibronectin fragments are cartilage breakdown products released 

following chondral insult37. Gene expression in normal meniscus cells was evaluated at six and 24 

hours following stimulation.  Pro-inflammatory stimulation in normal meniscus cells did not 

significantly increase HIF expression (HIF-1α, p=0.434; Epas1, p=0.373). For clarity, since no 

difference existed between the six and 24 hour time points in HIF expression (HIF-1α, p=0.244; 

Epas1, p=0.337), only the 24-hour time point is shown (Figure 4A). HIF-1α and Epas1 gene 

expression in normal meniscus cell did not differ significantly from osteoarthritic meniscus cell 

response (HIF-1α, p=0.459; Epas1, p= 0.433). 

To further evaluate possible HIF pathway responses, we evaluated pro-inflammatory effects 

on selected catabolic and anabolic genes.  The selected genes are both relevant to the meniscus 

and reported targets of HIF-1α or Epas1 or both. Pro-inflammatory stimulation significantly 

increased MMP1 expression with fold increases of: IL-1β, 21.6 ± 9.8 (p=0.002); IL-6, 17.5 ± 7.1 

(p=0.005); and FnF, 24.8 ± 8.4 (p=0.001) [Figure 4B].  MMP3 expression was also increased: IL-

1β, 14.4 ± 6.1 fold (p=0.003); IL-6, 7.46 ± 1.5 fold (p=0.139); and FnF, 20.0 ± 7.9 fold (p=0.001) 

[Figure 4B]. Fewer significant increases were identified in anabolic genes, but interestingly, 

TGFα increased collagen type II expression (5.65 ± 2.4 fold, p= 0.010) and FnF significantly 

increased Sox9 expression (10.3 ± 4.2 fold, p=0.0002; Figure 4C). 
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Meniscus HIF expression in response pro-inflammatory stimulation was then correlated to 

selected genes. Results are located in Table 1.  HIF-1α expression positively correlated with 

Epas1 expression (R=0.662, p<0.001). HIF-1α and Epas1 expression positively correlated with 

both MMP1 (R=0.403, p>0.001; R=0.408, p<0.001) and MMP3 expression (R= 0.641, p<0.001; 

R= 0.526, p<0.001). Both HIF-1α and Epas1 positively correlated with Sox9 expression 

(R=0.515, p<0.001; R=0.700, p<0.001) and the Sox9 target, collagen type II (R=0.472, p=0.003; 

R=0.501, p=0.002). Sox9 was also correlated with collagen type II (R=0.491, p=0.002).   

HIF expression and the NF-κB pathway 

Many of the transcription targets previously linked to Epas1 in chondrocytes are also 

increased with NF-κB activation.  Epas1 signaling activity was reported to be partially dependent 

on NF-κB activations6, 15, 21.  We examined HIF expression in normal and osteoarthritic meniscus 

cells treated with the NF-κB pathway inhibitor, hypoestoxide.  Treatment with hypoestoxide did 

not significantly change HIF expression in normal cell cultures (Figure 5A), but by 24 hours HIF 

expression was significantly reduced in osteoarthritic meniscus cells (Figure 5A; p=0.023).  The 

hypoestoxide treatment had a greater effect on HIF-1α than Epas1 expression (p=0.007).  

Reduced HIF expression by hypoestoxide treatment may be related to a tonic activation of the 

NF-κB pathway in osteoarthritic meniscus cells.  Normal meniscus cells were then treated with 

pro-inflammatory stimuli known to increase NF-κB activity with and without the addition of 

hypoestoxide.  FnF significantly increased HIF-1α and Epas1 (p=0.009) expression while the 

addition of hypoestoxide reduced expression to a level not significantly different from control 

(p=0.886).  The differences between HIF-1α and Epas1 responses were not significant (p= 0.250). 

HIF overexpression and knockdown in normal meniscus cells 

The relationship between HIF-1α and Epas1 and their downstream transcription targets, was 

evaluated with HIF-1α or Epas1 gene overexpression and knockdown.  Following gene 

overexpression or knockdown of HIF-1α or Epas1, nuclear and cytoplasmic fractions of cell 
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lysates were examined for the presence of the target proteins (Figure 6).  The infection with either 

HIF-1α or Epas1 successfully increased target protein production with the presence of the protein 

product located in the nucleus where it is active. Inhibition of the target gene was respectively 

accomplished with siRNA; however, we were unable to detect HIF-1α or HIF-2α protein 

production in the nonspecific siRNA control.  We consequently confirmed siRNA inhibition by 

analyzing HIF gene expression and confirmed successful reduction (Figure 7A). Gene expression 

was then used to analyze the relationship to target genes. 

For overexpression or knockdown experiments, the target genes were expanded to include 

additional transcription targets of HIF-1α or Epas1. Adenoviral and siRNA treatment 

significantly altered the respective expression of HIF-1α (p=0.009) and Epas1 (p<0.001) (Figure 

7). While the expression of MMPs were not significantly influenced by knockdown or adenoviral 

treatment [MMP1 (p= 0.327); MMP3 (p= 0.119); MMP13 (p= 0.207)], the expression of 

collagens type I and II were significantly altered (p= 0.014, p= 0.042) (Figure 7).  Collagen type I 

expression was decreased by both HIF-1α (p=0.077) and Epas1 (p=0.044) overexpression, while 

collagen type II expression was increased by the Epas1 adenovirus. Collagen type III, aggrecan, 

and Sox9 were not significantly altered (p= 0.488, p= 0.414, p= 0.907). 

The HIF transcription target genes were compared to HIF-1α and Epas1 for potential 

correlations (Table 2). Significant correlations include a negative correlation between HIF-1α and 

Epas1 (R=-0.609, p=0.012).  Epas1 positively correlated with the known HIF target, VEGF 

(R=0.546, p=0.035). Both aggrecan (Acan) and collagen type II correlated with Sox9 (R=0.756, 

p=0.001; R=0.582, p=0.018).  The remainder of the correlation coefficients and significance 

values are delineated in Table 2.   

Effect of Epas1 heterozygote deletion on the destabilized medial meniscus model of osteoarthritis 

in mice 
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The role of HIF-2α in the development of osteoarthritis was explored using the established 

mouse destabilized medial meniscus (DMM) model. An Epas1 heterozygote knockout mouse was 

used to evaluate potential joint protective effects of Epas1 deletion. Mice were evaluated two and 

four weeks postoperatively after destabilization of the medial meniscus. Representative histologic 

images from the four week time point are shown in Figure 8A.    

As evidenced by both the histology sections and the ACS scores, the DMM model was 

successful in producing osteoarthritic changes (Figure 8A, Table S1).  Cartilage thinning, 

fissuring, and chondrocyte cell death with nuclear dropout were all evident in the medial 

compartment.  The main effects were not significant for mouse genotype (p=0.687) or time point 

(p=0.245).  Osteoarthritis severity was significantly different for the medial versus lateral 

compartments (p< 0.001).  This difference is expected with a surgical model that initiates 

osteoarthritis in the medial compartment.  Compartment differences were significant for the 

following variables: ACS score (p<0.001), articular cartilage area (p<0.001), articular cartilage 

thickness (P = 0.001), subchondral bone area (p<0.001), subchondral bone thickness (p<0.001), 

chondrocyte cell density (p<0.001), chondrocyte number (p<0.001), and meniscus area 

(p<0.001). There were no differences between compartments in meniscus cell density (p= 0.413) 

or meniscus cell viability (p= 0.377). These differences were not significant between gene type or 

side.  A complete list of means for all variables may be found in Table S2.   

Discussion 

The HIF pathway and its regulation in joint tissues is complex and poorly defined. The first 

objective of the study was to demonstrate the presence of HIF proteins in the meniscus.  Previous 

literature is frequently focused on either HIF-1α or Epas1; we opted to examine HIF-1α and HIF-

2α genes, since the effect of these two mediators are likely exerted in concert.  HIF-1α and Epas1 

gene expression was identified in both normal and osteoarthritic meniscus. Epas1 was 
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hypothesized to be upregulated in osteoarthritic meniscus tissue based on the recent reports 

suggesting its involvement in osteoarthritis pathogenesis in articular cartilage6, 15, 25, 26. While 

similar expression of HIF-1α and HIF-2α in both normal and osteoarthritic meniscus tissue was 

contradictory to the reports in osteoarthritic human and mouse cartilage6, 25, 26, our findings are 

congruent with reported HIF-1α and HIF-2α expression in normal and osteoarthritic articular 

chondrocytes21. Since both HIF-1α and HIF-2α were previously demonstrated to be responsive to 

inflammatory stimulation6, 15, 21, 25-28, 38, 39, we opted to explore HIF responses to pro-inflammatory 

stimulation in the meniscus. 

Pro-inflammatory stimulation was expected to increase Epas1 to a greater degree than HIF-1α 

expression.  The cytokines IL-1β and IL-6 did not increase HIF-1α or Epas1 expression in 

meniscus cells, but FnF increased relative Epas1 and HIF-1α expression. Cytokine stimulation 

did not alter the expression level of Epas1 in meniscus cells as was previously described in 

chondrocytes6, 15, 29.  Yang et al. described Epas1 induction by multiple pro-inflammatory 

cytokines, including TNF-α, IL-1β, IL-17 and IL-21, but did not place these results in the context 

of HIF-1α6.  HIF-1α is also demonstrated to be increased by pro-inflammatory stimulation21, 27, 28, 

39.  While Yang et al., Ryu et al., and Siato et al. linked the increased expression of Epas1 to 

increasing catabolic activity6, 15, 25, 26, many authors have identified catabolic stress induction of 

HIF-1α as a protective and repair response in chondrocytes3, 5, 9, 21, 24, 27, 28. In osteoarthritic 

chondrocytes catabolic stress, including IL-1β, where it was responsible for inducing HIF-1α 

expression and was upregulated in more damaged regions of cartilage obtained at total knee 

arthroplasty28. Both HIF-1α and HIF-2α were demonstrated to control energy production and 

share many of the same targets which was theorized to improve tissue repair10, 11, 40.  Furthermore, 

HIF-1α was predominantly attributed to control anabolic expression and of chondrocytes and 

meniscus cells19.   



Stone et al. Hypoxia-Inducible Pathway in the Meniscus 100 

 

Downstream transcription target genes of the HIF pathway were further explored in response 

to pro-inflammatory stimulation.  Following stimulation, HIF-1α expression positively correlated 

with Epas1, which may suggest a common pathway of induction or synergistic effects. Both HIF-

1α and Epas1 also positively and significantly correlated with MMP1 and MMP3 expression.  

MMP1and MMP3 were reported to be targets of Epas1, in addition to MMP9, MMP12 and 

MMP13, in osteoarthritic chondrocytes 6, 15, 29; however, the increase in stimulated meniscus cells 

may be attributable to a HIF-independent pathway.  We previously established that MMP1 and 

MMP3 transcription and translation was increased by pro-inflammatory stimulation in normal 

and osteoarthritic meniscus cells [see Chapter 3].  In chondrocytes and meniscus cells, MMP 

increases are linked to multiple inflammatory pathways, including NF-κB31, 36, 41.  In the 

overexpression studies, neither MMP1 nor MMP3 correlated with Epas1 expression, and MMP 

actually exhibited a significant negative correlation with MMP3 expression.  Negative correlation 

of HIF-1α with MMP3 parallels the reported down regulation of MMP13 by HIF-1α27. The level 

of increased MMP expression following pro-inflammatory stimulation far exceeded the level of 

increase seen with Epas1 overexpression in normal meniscus. The lack of correlation in 

stimulation studies and the more profound increases in MMP expression with pro-inflammatory 

stimulation suggests that HIF-independent pathways may be responsible for enhanced MMP 

production.   

The HIF relationship to many anabolic factors exhibited a more complex regulation than 

expected. HIF-1α and Epas1 expression in normal meniscus cells was positively correlated with 

both collagen type II expression and Sox9 expression following pro-inflammatory stimulation. 

Epas1 overexpression increased collagen type II expression.  Sox9 was significantly correlated 

with collagen type II and aggrecan expression. Collagen type II is a major constituent of cartilage 

extracellular matrix, but is also reported in the inner zones of the meniscus30.  Sox9 is an 

important developmental gene found be responsible for the phenotypic development of both 
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meniscus and cartilage cells and upregulates chondrocytic matrix genes, including Col2a1, 

Col9a1, Col11a2 and aggrecan9, 16. The regulation of Sox9 in both meniscus cells and articular 

chondrocytes is unclear. HIF-1α has been demonstrated to have a significant role in Sox9 

regulation but much of this work was either completed in osteoarthritic cartilage and meniscus or 

in the mouse4, 19, 24.  More complete studies in human articular cartilage suggests that human 

tissue responds differently from that of mice8, 9, 27.  Sox9 induction was dependent on HiF-2α and 

not on HIF-1α in human articular chondrocytes16. Increased HIF-2α in human chondrocytes is 

also linked to increased Sox9 expression and increased expression of chondrocytic extracellular 

matrix genes, including collagen type II and aggrecan9, 16.  These increases in cartilage specific 

genes were seen even in normoxia9.  HIF-2α is also linked to the control of additional anti-

catabolic responses in health human articular chondrocytes through upregulation of Sox9 

independent genes, chondrocyte regulators Mig6 and inhibin A (InhbA), cartilage matrix protein 

chondromodulin-1 (Chm-1), and cartilage growth factor Gdf1017.  Mig6 is linked  to tissue 

maintenance in chondrocytes, while inhibin A was reported to ultimately lead increased tissue 

inhibitor of matrix metalloproteinases (TIMP-1)17.    HIF-1α was also linked to upregulation of 

inhibin A17.  Chondromodulin-1 was recently identified in the inner but not the outer meniscus 

and is suggested to prevent vascular ingrowth into the inner sections of the meniscus42.  These 

findings increasingly support the notion that the HIF activity may be induced by catabolic stress, 

but respond with an anabolic and anti-catabolic response.   

The role for the NF-κB pathway for regulating the HIF pathway remains poorly defined. We 

did observe a decrease in both HIF-1α and Epas1 expression following NF-κB inhibition in 

osteoarthritic meniscus.  The decrease is consistent with previous descriptions of NF-κB 

regulation, since both genes have been shown to have stabilized or upregulated at least in part 

through the NF-κB pathway6, 15, 21, 22.      While HIF-1α and Epas1 do have interactions with the 

NF-κB pathway, the decrease in HIF expression following NF-κB inhibition may be the result of 
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inhibiting a larger cellular repair response in diseased or stressed tissue and less of sole 

consequence of NF-κB activation23, 27.  

The variability in HIF gene expression and the lack of clear correlations with reported targets 

is likely multifactorial. While HIF expression is reported to be influenced by cytokines6, 26, 38, 

much of the regulation may occur at the protein level and not the expression level39.  Proteosome 

degradation of the HIFs is well described 9, 23, but its methods for activation and not just 

degradation appear complex40.  Additionally, HIF levels can be heavily influenced by prolyl 

hydroxylation as demonstrated in some studies 8, 9, 27, and may not be stabilized by inflammatory 

stimulation to the degree originally proposed in recent studies6, 15.  In many of the studies that 

examined only HIF-1α in cell culture, HIF-1α was stablized with cobalt chloride which also 

enhances HIF-2α stability4, 20, 28.  Studies that examined HIF-1α in isolation using these 

stabilization methods were likely seeing some effect from HIF-2α.   Specific sequences in the 

HIF genes play a role in protein binding and activation, so the sensitive balance between the two 

actually supports a delicate quantative regulation more so than a simple qualitative relationship40.  

The sensitivity in HIF regulation likely accounts for the reciprocal changes in HIF-1α and Epas1 

expression following viral infection.     

Another reason for increased variability observed in our studies may be related to the 

heterogenous composition of the meniscus. The meniscus is comprised of both chondrocyte and 

fibroblastic like cell types. If the primary role of the HIF family is to promote chondrocyte 

differentiation then responses of the HIF family within the individual cell type may be 

confounded given our mixed population of cells. The response of collagens to HIF-2α and 

induction of Sox9 expression may actually promote a more chondrocytic phenotype in meniscus 

cells. Collagen type I was previously shown to be down regulated by HIF-1α4, but collagen type I 

is the major constituent of the meniscus extracelluar matrix.  Conflicting evidence also exists for 

the behavior of inner versus outer meniscus cells and fibroblasts19, 43, 44.  Additionally, HIF-1α has 
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been emphasized as important in maintaining the chondrocytic phenotype4, 17, 20, 21. The HIF 

family proteins may not be as important in osteoarthritis pathogenesis in meniscus cells, it 

appears that they have a very significant role in chondrocyte phenotype and differentiation8, 9, 11, 16, 

17, 23, 27.  Future studies in human meniscus cells may place a greater emphasis on the role of the 

HIF pathway in development, maintenance and repair of inner versus outer meniscus cells.   

The mouse model of osteoarthritis was used to examine the effect of Epas1 deletion on 

preventing osteoarthritic changes.  In our mouse studies at two and four weeks, we did not see a 

significant difference between genotypes in joint protection.  Our mouse model results were not 

consistent with the chondroprotective effects of Epas1 insufficiency reported by Yang et al., Ryu 

et al., or Siato et al.6, 15, 26.  This finding may be attributed to multiple factors.  The evidence of 

osteoarthritis by the four week time point also confirmed technical adequacy of the DMM 

surgery, and early osteoarthritic changes were both temporally and histologically congruent with 

previous reports34, 35. Our histologic grading system was more rigorous than that used by the 

previous Epas1 mouse studies and consequently identifies tissue specific and more subtle early 

disease alterations34, 35.  Slides were also graded by a blinded expert (MAM) using the previously 

validated scoring system34, 35.  It is possible that the chondroprotective effects of Epas1 

insufficiency may become more evident at seven to eight weeks as previously reported6, 15.  HIF-

2α expression appears to target catabolic expression in some studies, but the relationship of HIF-

1α was not explored in the recent studies in mice6, 15.  Joint destruction in mice following local 

Epas1 transfection may be related to a complete distortion and overload of the HIF pathway, 

which is tightly regulated and highly sensitive10, 40.  Reports in mice also linked HIF-2α role in 

regulating the pro-inflammatory cytokine IL-6 production and articular chondrocyte apoptosis25, 

26.  Epas1 may also not be as important in human osteoarthritic changes as evidenced by a large 

cohort study that refuted linking a functional single nucleotide polymorphism in the human Epas1 

gene to osteoarthritis in a Japanese population45, 46.  Although the objective of our mouse model 
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was not to examine all effects of Epas1 insufficiency, our results suggest that Epas1 insufficiency 

does not significantly offer protection of the chondral surfaces nor influence meniscus 

appearance.    

The current study is limited by common limitations of laboratory models. Cell culture 

responses may not directly mimic those of the intact meniscus in its native environment, but the 

use of primary cell culture provided and effective modality for precise control of the stimulus and 

measurement of gene expression and protein production. Cell culture studies were conducted in 

normoxia, which does impact hypoxia sensitive genes. Previous reports suggested that HIF 

proteins are stabilized by pro-inflammatory stimulation conditional experiments were it if 

expression was still present and active under normoxic conditions6, 20, 21. Future studies may 

explore the role of hypoxia on both HIF-1α and HIF-2α in the meniscus.  Another limitation is 

that it is possible to miss transcription alterations that may rapidly occur, although our time points 

at six and 24 hours were chosen based on HIF increases in chondrocytes by six to 24 hours3, 4, 21, 

28.  We do not have protein product confirmation of many of the gene targets, but the HIF family 

proteins are transcription factors and should be able to demonstrate their activity by increase in 

target gene expression.  As aforementioned, meniscus cells are heterogenous population in our 

results may not be directly extrapolated to articular chondrocytes.  

The primary purpose of a mouse model was to examine the effect of Epas1 deletion in the 

development of osteoarthritis following meniscus destabilization in an effort to replicate human 

knee injury. While the model successfully induced osteoarthritis and meniscus is destabilized via 

the meniscotibial ligament, it does not replicate common human meniscus injury patterns.  In the 

mouse, the meniscus is hypermobile compared to the human meniscus and the joint biomechanics 

are different. An additional limitation is that it is a rapidly progressive model of arthritis in mice, 

which may not parallel human biology even though arthritis is accelerated after joint injury. 

Despite these deficiencies, it does imply a role for the meniscus in the development of 



Stone et al. Hypoxia-Inducible Pathway in the Meniscus 105 

 

osteoarthritis. The previous studies did not analyze HIF-1α in the context of HIF-2α protein 

localization in wild-types or Epas1 heterozygous knockouts6, 15, 25, 26. To better characterize 

potential alterations in the mouse joint, cartilage and meniscus should be stained for the presence 

of both HIF proteins. Staining for HIF-1α in addition to HIF-2α, would identify successful 

decrease in HIF-2α in Epas1+/- mice and also better elucidate the role of HIF balancing in these 

tissues.     

The regulation and influence of the HIF family genes is exceedingly complex.  Multiple 

factors have been demonstrated to influence both their expression and activation, including 

catabolic stress, hypoxia and normoxia, and tissue types1-9, 11-14, 16, 17, 19-28, 34, 40.  The balance 

between HIF-1α and HIF-2α is much more likely to be responsible for effecting significant 

transcriptional changes, and this balance is controlled by a number of factors, including oxygen 

tension, tissue type, catabolic stress, and perhaps most importantly by species1-3, 5, 7-9, 13, 16, 17, 19, 20, 

22-24, 27-29, 40.  Furthermore, the role of HIFs in the meniscus may be more related to phenotype 

differentiation, based on the number of chondrocytic targets it has than meniscal degeneration.  

Much of the evidence that examined HIF-1α and HIF-2α together, identified that the HIFs were 

responsible for both anabolic and anti-catabolic effects9-11, 16, 17, 23, 27.  Our results are more 

congruent with the theory that the two HIFs are dynamic and are not primarily responsible for 

osteoarthritic changes in the meniscus.  Future emphasis should be placed on exploring the 

potential repair functions in HIF mediated anabolism and anti-catabolism in both meniscus and 

cartilage tissue.  While the HIF family is likely involved in osteoarthritis development, HIF-1α 

and HIF-2α may be more involved in protective mechanisms in the joint following catabolic 

stress rather than destructive processes. 
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Figure 1: HIF protein staining in normal and osteoarthritic meniscus.  Light microscopy 

views of HIF-1α and HIF-2α stained sections of normal (NL) and osteoarthritic (OA) meniscus.  

Protein staining was developed with DAB and counterstained with eosin.  The percentage of 

positively stained cells was not different: HIF-1α normal (55.3% ± 2.6%, n=2), osteoarthritic 

(75.3% ± 11.7%, n=5); HIF-2α: normal (75.4% ± 10.3%, n=2), osteoarthritic (83.9% ± 13.7%, 

n=5).  Results reported ± standard deviation. 
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Figure 2: Relative expression of HIF genes in normal and osteoarthritic meniscus cells.  

Samples are control groups used from meniscus cell stimulation experiments.  (A) HIF-1α gene 

expression.  (B) Epas1 gene expression. Basal expression did not differ between normal and 

osteoarthritic cells at either time point.  (Group: p=0.409; Time p=0.285). (C) Ratio of HIF gene 

expression in normal and osteoarthritic meniscus cell. No significant differences between groups 

or time point (group: p=0.669; time: p=0.331).   
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Figure 3: HIF expression in osteoarthritic meniscus cells following pro-inflammatory 

stimulation.  Primary cell cultures were stimulated with IL-1β (10 ng/ml), IL-6 (10 ng/ml plus 25 

ng/ml sIL6R), or TGF-α (20 ng/ml) and cells were harvested 24 hours after stimulation (n≥4 

unique donors). Differences between stimulation were not significant [HIF-1α (p=0.434); Epas1 

(p=0.373)].   
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Figure 4: Effects of pro-inflammatory stimulation on HIF, MMP, and anabolic gene 

expression. Primary cell cultures were stimulated with IL-1β (10 ng/ml), IL-6 (10 ng/ml plus 25 

ng/ml sIL6R), TGF-α (20 ng/ml) or fibronectin fragments (FnF, 1 μM) and cells were harvested 

24 hours after stimulation (n≥4 unique donors).  (A) HIF gene expression. Differences between 

stimulation were not significant (HIF-1α, p=0.434; Epas1, p=0.373) (B) MMP gene expression. 

MMP1: IL-1β, p=0.002; IL-6, p=0.005; FnF, p=0.002.  MMP3: IL-1β, p=0.003; FnF, p=0.001. 

(C) Anabolic gene expression.  Col2a1: TGF-α, p=0.010; Sox9: FnF, p= 0.0002).  Gene 

expression of catabolic and anabolic factors did not correlate with alterations in HIF gene 

expression.  All real-time PCR data was normalized to internal control (unstimulated) for accurate 

full change comparisons. Error bars represent 95% confidence intervals (n ≥4 unique donors).    



Stone et al. Hypoxia-Inducible Pathway in the Meniscus 111 

 

 
Figure 5: Effects of hypoestoxide on HIF expression.  (A) HIF expression in Normal and 

osteoarthritic meniscus primary cell cultures treated with the NF-κB inhibitor, hypoestoxide (HE, 

25 μM) for six or 24 hours.  HE significantly reduced HIF expression in osteoarthritic cells by 24 

hours (p=0.023; n≥6 unique donors).  (B) Effect of pro-inflammatory stimulation of normal 

meniscus cells in the presence of hypoestoxide (n=5 unique donors).  Stimulation group effects 

were significant (p=0.036) and FnF increased HIF expression (p=0.009), but differences between 

HIF-1α and Epas1 were not significant (p=0.250).  Error bars represent 95% confidence intervals.  

(FnF, fibronectin fragments)  
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Figure 6: Effects of adenoviral overexpression and knockdown on HIF-1α and HIF-2α 

proteins.  (A) Immunoblot for HIF proteins following either null, HIF-1α, Epas1 (HIF-2α) 

adenovirus infection.  The nuclear fractions contain the respective active transcription factor. 

LaminB was used as a loading control for nuclear (N) fractions.  Lactate dehydrogenase (LDH) 

was the loading control for cytoplasmic (C) fractions.   
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Figure 7: Response of HIF family and target genes to HIF adenoviral overexpression or 

siRNA knockdown. (A) HIF family and developmental gene response to overexpression or 

knockdown.  Adenoviral and siRNA treatment significantly altered the respective expression of 
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HIF-1α (p=0.009) and Epas1 (p<0.001).  (B) Response of matrix metalloproteases.  MMP 

expression is not significantly altered. (C) Response of collagen expression.  Treatment group 

effects significantly affected Col1a1 expression (p= 0.014).  Col1a1 was significantly reduced by 

Epas1 (p=0.044) but reduction by the HIF-1α virus was not significant (p=0.077).  Treatment 

group effects were also significant in Col2a1 expression (p= 0.042), but Epas1 virus did not reach 

significance (p=0.075).  Error bars represent 95% confidence intervals (n=4 unique donors). 
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Figure 8: Representative histology and analsysis of following destabilized medial meniscus 

surgery in mice.  (A) Medial compartment of wild type and Epas1+/- mice four weeks after DMM 

surgery.  Orange arrows identify focal cell death with cartilage thinning.  Black arrow 

demonstrates cartilage fissure with cell drop-out.  (B) Articular cartilage structure (ACS) score 

and meniscus area from the medial compartment.  No significant difference existed between 

groups.  
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Table 1: Correlation of HIF expression with selected catabolic and anabolic genes in normal 

meniscus following pro-inflammatory stimulation. 

Correlations 

 Epas1 MMP1 MMP3 Col1a1 Col2a1 SOX9 

Spearman's 
rho 

HIF1α Correlation 
Coefficient 

.662** .403** .408** .073 .472** .515** 

Sig. (2-tailed) .000 .000 .000 .525 .003 .000 

N 106 106 82 79 37 47 

Epas1 Correlation 
Coefficient 

 .641** .526** -.041 .501** .700** 

Sig. (2-tailed)  .000 .000 .723 .002 .000 

N  106 82 79 37 47 

MMP1 Correlation 
Coefficient 

  .717** -.539** .230 .560** 

Sig. (2-tailed)   .000 .000 .172 .000 

N   82 79 37 47 

MMP3 Correlation 
Coefficient 

   -.305** .235 .592** 

Sig. (2-tailed)    .007 .180 .000 

N    76 34 44 

Col1a1 Correlation 
Coefficient 

    .065 -.098 

Sig. (2-tailed)     .702 .510 

N     37 47 

Col2a1 Correlation 
Coefficient 

     .491** 

Sig. (2-tailed)      .002 

N      37 

**. Correlation is significant at the 0.01 level (2-tailed). 
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Table 2: Correlation of selected genes following HIF-1α and Epas1 overexpression and knockdown in normal meniscus cells. 

Correlations 

 Epas1 MMP1 MMP3 MMP13 Col1a1 Col2a1 Col3a1 Acan Sox9 VEGF 

Spearman's rho HIF1α Correlation Coefficient -.609* -.382 -.541* .029 -.144 -.574* -.393 -.015 -.356 -.107 

Sig. (2-tailed) .012 .144 .030 .914 .594 .020 .147 .957 .176 .704 

N 16 16 16 16 16 16 15 16 16 15 

Epas1 Correlation Coefficient  .429 .274 .303 -.409 .432 .179 -.318 .221 .546* 

Sig. (2-tailed)  .097 .305 .254 .116 .094 .524 .231 .412 .035 

N  16 16 16 16 16 15 16 16 15 

MMP1 Correlation Coefficient   .703** -.147 -.350 -.259 .182 -.503* -.300 .175 

Sig. (2-tailed)   .002 .587 .184 .333 .516 .047 .259 .533 

N   16 16 16 16 15 16 16 15 

MMP3 Correlation Coefficient    -.094 .065 .153 .450 -.071 -.035 -.086 

Sig. (2-tailed)    .729 .812 .572 .092 .795 .897 .761 

N    16 16 16 15 16 16 15 

MMP13 Correlation Coefficient     -.012 .368 .157 .132 .544* .554* 

Sig. (2-tailed)     .966 .161 .576 .625 .029 .032 

N     16 16 15 16 16 15 

Col1a1 Correlation Coefficient      .253 -.114 .903** .426 -.404 

Sig. (2-tailed)      .345 .685 .000 .099 .136 

N      16 15 16 16 15 

Col2a1 Correlation Coefficient       .089 .350 .756** .093 

Sig. (2-tailed)       .752 .184 .001 .742 

N       15 16 16 15 

Col3a1 Correlation Coefficient        -.175 .021 -.057 
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Sig. (2-tailed)        .533 .940 .840 

N        15 15 15 

Acan Correlation Coefficient         .582* -.236 

Sig. (2-tailed)         .018 .398 

N         16 15 

Sox9 Correlation Coefficient          .114 

Sig. (2-tailed)          .685 

N          15 

*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
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Supplementary Information 

 

Figure S1: Genotyping of mice for Epas1 insufficiency. The wild-type (WT) allele appears 

at 222 base pairs and the mutant Epas1tm1Rus allele appears at ~400 base pairs.  The Epas1 

heterozygote (Epas1+/-) appears with both alleles.    
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Figure S2: Immunofluorescent staining of normal and osteoarthritic meniscus for HIF 

proteins.  Fluorescent microscopy of HIF-1α and HIF-2α stained sections of normal (NL) and 

osteoarthritic (OA) meniscus.  The nucleus was counterstained with DAPI.   
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Table S1: Grading system for cartilage and meniscus specimens. 

 ICRS Macroscopic Cartilage Grade Meniscus Adaptation 
Grade 0 Normal cartilage Normal meniscus 
Grade 1 Superficial lesions Near-normal with minor fibrillations 
Grade 2 Lesions <50% of cartilage thickness Small, scattered cracks or fissures, 

some fibrillation 
Grade 3 Lesions >50% Small tear, extensive fibrillations 
Grade 4 Abnormal cartilage with exposed 

subchondral bone 
Large tear, extensive fibrillations  
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Table S2: Articular cartilage and meniscus measurements in mice following DMM 
surgery. 

1. Genotype * Time (wks) * Knee Side 

Dependent 
Variable Genotype 

Time 
(wks) 

Knee 
Side Mean 

Std. 
Error 

95% Confidence Interval 
Lower 
Bound 

Upper 
Bound 

ACS Score HIF-2α+/- 2 Lateral .769 .369 .040 1.499 
Medial 2.000 .369 1.270 2.730 

4 Lateral .824 .322 .186 1.462 
Medial 2.176 .322 1.538 2.814 

WT 2 Lateral .647 .322 .009 1.285 
Medial 1.588 .322 .950 2.226 

4 Lateral .737 .305 .133 1.340 
Medial 2.316 .305 1.712 2.919 

AC Area HIF-2α+/- 2 Lateral 34676.292 2009.235 30699.453 38653.132 
Medial 38672.985 2009.235 34696.145 42649.824 

4 Lateral 36346.076 1757.025 32868.431 39823.722 
Medial 42279.194 1757.025 38801.549 45756.840 

WT 2 Lateral 36026.818 1757.025 32549.172 39504.463 
Medial 40627.906 1757.025 37150.260 44105.551 

4 Lateral 35894.826 1661.980 32605.303 39184.350 
Medial 40843.368 1661.980 37553.845 44132.892 

AC thickness HIF-2α+/- 2 Lateral 41.904 2.580 36.798 47.010 
Medial 47.347 2.580 42.241 52.452 

4 Lateral 44.332 2.256 39.867 48.797 
Medial 51.865 2.256 47.400 56.330 

WT 2 Lateral 43.969 2.256 39.504 48.434 
Medial 49.819 2.256 45.354 54.284 

4 Lateral 45.884 2.134 41.661 50.108 
Medial 50.170 2.134 45.946 54.393 

SCB area HIF-2α+/- 2 Lateral 54404.792 9910.209 34789.713 74019.872 
Medial 133811.454 9910.209 114196.375 153426.533 

4 Lateral 53757.053 8666.226 36604.164 70909.942 
Medial 116864.371 8666.226 99711.481 134017.260 

WT 2 Lateral 51739.635 8666.226 34586.746 68892.525 
Medial 104961.771 8666.226 87808.881 122114.660 

4 Lateral 55203.179 8197.429 38978.170 71428.188 
Medial 105974.363 8197.429 89749.354 122199.372 

SCB thickness HIF-2α+/- 2 Lateral 55.368 9.237 37.085 73.651 
Medial 127.571 9.237 109.288 145.855 

4 Lateral 55.716 8.078 39.728 71.704 
Medial 103.398 8.078 87.409 119.386 

WT 2 Lateral 52.945 8.078 36.956 68.933 
Medial 96.436 8.078 80.448 112.425 

4 Lateral 56.554 7.641 41.431 71.678 
Medial 100.013 7.641 84.890 115.136 

CCD area HIF-2α+/- 2 Lateral 689.262 724.082 -743.899 2122.422 
Medial 7426.669 724.082 5993.508 8859.830 

4 Lateral 816.124 633.191 -437.139 2069.386 
Medial 7521.935 633.191 6268.672 8775.198 

WT 2 Lateral 406.476 633.191 -846.786 1659.739 
Medial 5433.394 633.191 4180.131 6686.657 

4 Lateral 478.579 598.939 -706.889 1664.047 
Medial 8361.932 598.939 7176.464 9547.400 
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CCD percent HIF-2α+/- 2 Lateral 1.957 1.800 -1.606 5.519 
Medial 19.606 1.800 16.043 23.169 

4 Lateral 2.359 1.574 -.757 5.474 
Medial 18.039 1.574 14.923 21.154 

WT 2 Lateral 1.032 1.574 -2.083 4.148 
Medial 13.543 1.574 10.427 16.658 

4 Lateral 1.277 1.489 -1.670 4.224 
Medial 20.805 1.489 17.858 23.752 

Chondrocyte 
number 

HIF-2α+/- 2 Lateral 150.308 6.957 136.537 164.078 
Medial 107.385 6.957 93.614 121.155 

4 Lateral 139.000 6.084 126.958 151.042 
Medial 111.353 6.084 99.311 123.395 

WT 2 Lateral 148.412 6.084 136.370 160.453 
Medial 128.235 6.084 116.194 140.277 

4 Lateral 147.000 5.755 135.610 158.390 
Medial 110.737 5.755 99.347 122.127 

Meniscus Area HIF-2α+/- 2 Lateral 73809.315 5672.052 62582.737 85035.894 
Medial 40133.623 5672.052 28907.044 51360.202 

4 Lateral 58304.212 4960.065 48486.853 68121.570 
Medial 45384.206 4960.065 35566.847 55201.564 

WT 2 Lateral 56393.518 4960.065 46576.159 66210.876 
Medial 53908.394 4960.065 44091.036 63725.753 

4 Lateral 52195.432 4691.752 42909.140 61481.723 
Medial 40348.111 4691.752 31061.819 49634.402 

Meniscus CD HIF-2α+/- 2 Lateral 250.338 514.026 -767.062 1267.739 
Medial 307.315 514.026 -710.085 1324.716 

4 Lateral 233.724 449.502 -655.967 1123.415 
Medial 1430.435 449.502 540.744 2320.126 

WT 2 Lateral 271.765 449.502 -617.926 1161.456 
Medial 244.182 449.502 -645.509 1133.873 

4 Lateral 389.147 425.187 -452.416 1230.711 
Medial 233.242 425.187 -608.321 1074.806 

Meniscus CD% HIF-2α+/- 2 Lateral .540 .860 -1.161 2.242 
Medial .775 .860 -.926 2.477 

4 Lateral .626 .752 -.862 2.114 
Medial 2.463 .752 .975 3.951 

WT 2 Lateral .564 .752 -.924 2.052 
Medial .568 .752 -.920 2.056 

4 Lateral .760 .711 -.647 2.168 
Medial .617 .711 -.790 2.025 
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Discussion and Conclusions 

The clinical importance of the meniscus in osteoarthritis pathogenesis is well documented 

and the burden of meniscus injuries and osteoarthritis development will continue to increase1-21.  

The options for treating meniscus injury as orthopaedic surgeons are limited because of limited 

healing in the avascular zones and limited understanding of meniscus pathobiology9-11, 19, 22, 23. 

Meniscus pathology in osteoarthritis is largely attributed to mechanically mediated loss of 

structural integrity1, 6, 16, 24-26. These biomechanical stress factors may lead to “osteoarthritis in the 

meniscus” which is proposed to be responsible for meniscus MRI changes observed during the 

early osteoarthritis development7.  Our data supports and expands upon recent evidence that the 

meniscus may have a more biologically active role in the complicated whole-joint pathology of 

osteoarthritis22, 27-31.   

We investigated meniscus involvement in the natural history of osteoarthritis in vervet 

monkeys.  Vervet knees were demonstrated to have osteoarthritic changes that were similar to 

humans and consistent with established reports of spontaneous and surgically induced 

osteoarthritis in non-human primates32-36.  A pilot project at our institution identified 

osteoarthritic changes in the vervet shoulder including glenoid retroversion and joint space 

narrowing36.  Our cross-sectional analysis suggested that pathologic degradation of the meniscus 

corresponded to more severe bony changes and cartilage degradation.  Meniscus degenerative 

changes were previously correlated with osteoarthritic changes in cartilage and articular cartilage 

loss9, 37, 38.  In a small human magnetic resonance imaging (MRI) study, meniscus deterioration 

accompanied or preceded severe articular cartilage loss37.  A larger MRI study identified an 

increasing risk of cartilage loss with increasing number of meniscus abnormalities38.  We 

identified similar correlations between meniscus and cartilage morphologic scores and found that 

higher degeneration scores were associated with a greater production of matrix metalloproteases 

(MMPs) and cytokines.    
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Increased production of MMPs, cytokines and chemokines are believed to be responsible for 

propagating the reactive responses and degradation in joint tissues that ultimately lead to 

osteoarthritis 28, 29, 31, 39-43.   In our study, aged and degraded vervet menisci produced both 

increased MMPs and cytokines compared to younger vervet menisci.  Human meniscus cell 

cultures responded to pro-inflammatory stimulation with increases in catabolic activity similar to 

those observed in osteoarthritic vervet menisci and complementary to MMP patterns observed in 

human osteoarthritic cartilage.  Both human meniscus cells and degenerative vervet menisci 

demonstrated increased production of MMP1, MMP3 and MMP8 in response to pro-

inflammatory stimuli.  These alterations in MMP expression are important in osteoarthritis 

development and progression41.  MMP1 degrades collagen type I which is the primary constituent 

of meniscal extracellular matrix 44. Increased MMP1 activity likely damages the structural 

integrity of the meniscus, which may in part explain the gross fibrillation and fissuring seen at the 

time of osteoarthritis meniscus specimen acquisition.  Pig meniscus explants demonstrated 

increased MMP1 activity, proteoglycan release and nitric oxide release in response with IL-1 

stimulation45.  MMP3 cleaves multiple matrix proteins and activates other MMPs, including 

MMP1 41.  MMP3 (stromelysin-1) production is similarly important because it is upregulated in 

articular cartilage in early osteoarthritis, and MMP3 was increased with aggrecanases in partial 

menisectomy specimens27, 39, 41.  MMP8 expression was increased in stimulated normal human 

meniscus cells and MMP8 production was elevated in aged and degenerative vervet meniscus.  

MMP8 activity in osteoarthritis pathogenesis is less well studied, but it is capable of degrading 

collagen, is associated with neutrophil infiltration, and co-localizes with IL-1β and type II 

collagen cleavage in osteoarthritic cartilage39.  MMP10 expression was increased with pro-

inflammatory stimulation in normal meniscus cells.  MMP10 was reported in the 

fibrocartilaginous nucleus pulposus and was associated with increased gross and histological 

degeneration, pain, and increased IL-1 and substance P46.   
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Pro-inflammatory stimulation also increased MMP-13 gene expression and production in 

normal meniscus cells.  Our findings are consistent with increased MMP-13 following IL-1α 

treatment in normal inner meniscus and articular chondrocytes29.  Increased MMP-13 gene 

expression in stimulated normal meniscus cells is also congruent with reported MMP-13 

expression in partial meniscectomy specimens 22.  The inner region of the meniscus would be 

expected to constitute the majority of cells removed in a partial meniscectomy. The meniscus cell 

phenotype is reported to become increasingly chondrocytic in the inner zones of the meniscus29, 44, 

47.  The inner section is likely the first section to deteriorate in osteoarthritis progression and may 

explain in part why we did not see significant increases in MMP-13 production in our 

osteoarthritic meniscus cells. 

Meniscus cells can be stimulated to produce matrix degrading enzymes which may impact the 

nearby cartilage, but the tissue interaction is likely part of a more dynamic signaling network.  

Osteoarthritic vervet meniscus and stimulated human meniscus cultures displayed increased 

cytokine and chemokine expression and production in a manner similar to chondrocytes48.  

Multiple interleukins were increased in both gene expression and protein production in stimulated 

normal human cells, including IL-1β and IL-6 that were used as pro-inflammatory stimuli..  IL-6 

secretion appeared to be elevated in older and higher grade vervet menisci but was also present in 

younger vervet menisci.  Increased IL-6 production is implicated in osteoarthritis pathogenesis28, 

39. The reason for elevated vervet IL-6 secretion is unclear, but IL-6 production in younger vervet 

menisci could be evidence of early pathology. 

IL-7 was also shown to be produced by aged and degenerative vervet menisci and increased 

by IL-6 in human cell culture.  In chondrocytes, treatment with fibronectin fragments or IL-1β 

and IL-6 increased IL-7 release42.  Chondrocyte stimulation by IL-7 was previously demonstrated 

to increase MMP-13 production, extracellular matrix degradation, proteoglycan release42. The 
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catabolic effects of IL-7 were demonstrated to occur through the inflammatory JAK3/STAT 

pathway that upregulated S1004A and MMP13 gene expression49.  Human synovial levels of IL-7 

are increased in earlier stages of osteoarthritis, greater in older patients with osteoarthritis, and 

increased in patients with synovitis28, 50.  Our findings are consistent with age and disease 

dependent increases in IL-7, which may also have a role in meniscus osteoarthritis.   

The recognition of chemokines in osteoarthritis pathogenesis is growing28, 39.  We identified 

increased IL-8 production in stimulated human menisci and small increases in older explants.    

While the role of IL-8 in osteoarthritis is not fully elucidated, IL-8 is thought to contribute to 

chondrocyte hypertrophy, calcification and crystals in the joint, and the development of 

subchondral bone sclerosis28.  Increased IL-8 expression was also identified in the synovium and 

canine cranial cruciate ligament [(analogous to the human anterior cruciate ligament (ACL)] in 

osteoarthritis development following ligament rupture51.  Chemokines CXCL1, CXCL2, CXCL3 

(identified by the GRO antibody) were expressed in both young and old menisci, with a slight 

qualitative increase in older monkeys; however, in our human meniscus study, we were able to 

identify increased CXCL1, CXCL2, CXCL3 , CCL8 (MCP-2), CCL7 (MCP-3) CXCL6 (GCP-2) 

with pro-inflammatory treatment.  These chemokines may contribute to the development of 

inappropriate inflammatory cycles after injury, and interestingly, the GROα chemokines increase 

hypertrophic markers in chondrocytes28, 39, 52.  Our results support recently reported findings in an 

analysis of gene expression in meniscus tears, which found increased expression of IL-1β, 

ADAMTS-5, MMP-1, MMP-9, MMP-13, and NFκB2 in patients with meniscus tears younger 

than forty 22. Cytokine and chemokine expression (including IL-1β, TNF-α, MMP-13, CCL3, and 

CCL3L1) were greater in patients with a meniscus tear and concomitant ACL tear than those with 

only a meniscus tear, which suggests that a larger increase in catabolic activity may occur with a 

more severe injury 22. The catabolic activity identified in meniscectomy specimens supports our 

cell culture and vervet models. 
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We identified a potential role for additional chemokines and cell adhesion markers in the 

meniscus.  GM-CSF was increased in both degenerative vervet menisci and stimulated human 

cells accompanied by an increase in Lymphotoxin β expression in human cells.  Although both 

chemokines are primarily linked to rheumatoid arthritis, they are also reported in the 

osteoarthritic synovium53-55.  These chemokines may be linked to the more fibroblastic cell 

phenotype of the meniscus or to inflammatory cell recruitment.  Catabolic expression was 

accompanied by a notable decrease in expression of the anabolic factor CTGF.  CTGF was 

recently indentified in a rabbit model for promoting collagen production and healing of meniscus 

defects 56.  The combination of abnormal inflammatory cell recruitment and decreased anabolic 

factors could easily compromise wound healing.    

Human meniscus cells demonstrated altered expression of cell adhesion proteins in response 

to pro-inflammatory stimulation.  Alterations in the meniscus integrin receptor expression were 

previously identified in osteoarthritis meniscus cells31 and would be expected to alter cell-matrix 

interactions in a manner similar to chondrocytes 57.  Cell adhesion markers VCAM-1, ICAM-1 

and E-selectin were also increased and were previously demonstrated to be present in 

hypertrophic and early osteoarthritic synovium and are involved in inflammatory cell recruitment 

to the synovium 43, 58.  ICAM-1 was specifically identified as increased in early osteoarthritis and 

ICAM-1 expression was increased in the development of osteoarthritis following canine cranial 

cruciate ligament rupture43, 51.  VCAM-1 was shown to be predictive of joint replacement for 

severe arthritis59.  Pharmacologic reductions ICAM-1 and VCAM-1 in early to mid-stage knee 

osteoarthritis were associated with pain and functional improvements60.    

We observed age related increases in inflammatory cytokines and MMP production in the 

natural history of osteoarthritis in vervets and expanded that analysis in human normal and 

osteoarthritic meniscus cells. Cytokine and matrix degrading enzyme production can be assumed 
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to act on local tissues.  In the case of the meniscus, the secretion of enzymes and cytokines are 

likely acting on both cartilage and the synovium to stimulate catabolic processes.  This 

mechanism for joint destruction is supported by a number of studies identifying these factors as 

increased in the disease state and detailing their deleterious effects on cartilage, bone and the 

synovium 28, 39, 43, which would likely suppress reparative cell functions and propagate a loss of 

matrix integrity.    This concept may be one way the meniscus contributes to osteoarthritis 

development, especially after meniscal injury, and these findings may better explain the higher 

failures in meniscus repair in older patients3, 21, 22.  The production of pro-inflammatory factors 

and matrix-degrading enzymes may support a role for biologic activity of the meniscus in the 

development of osteoarthritis in regions of the joint that do not contact the meniscus.  If an insult 

to the cartilage of another region of the joint, such as the patellofemoral joint, released pro-

inflammatory factors into the synovial fluid, then these factors may act on the meniscus cells to 

increase the secretion of cytokines, chemokines and matrix-degrading enzymes.  The meniscus 

may be a biologic contributor to the whole joint pathology of osteoarthritis.   

The MMP, cytokine, and chemokine genes first evaluated in vervet explants and then in 

human cell culture are targets of the nuclear factor-κB (NF-κB) pathway in chondrocytes52.  We 

found IL-1β with IL-6, and FnF stimulation to increase expression and production of NF-κB and 

its targets and we demonstrated that pro-inflammatory stimulation increased phosphorylation of 

the NF-κB subunit p65.  Inhibition of the NF-κB pathway successfully decreased NF-κB family 

gene expression and reduced production of MMP1 and MMP3 in human meniscus cells.  The 

effects of inhibiting IL-1β and IL-6 in our studies were less profound since IL-6 is known to act 

through pathways other than NF-κB61. FnF had the most profound effects on cytokine and 

chemokine production, which is not surprising given its strong induction of the NF-κB pathway 

in chondrocytes28, 39, 48, 62.   
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The NF-κB pathway has been extensively studied in chondrocytes; however, the data is 

limited for meniscus cells.   A study of partial meniscectomy specimens identified increased 

phosphorylated-p38 (MAP kinase activity) and phosphorylated-p65 (NF-κB pathway activity) in 

more degenerated and osteoarthritic meniscus specimens18.  The increased phosphorylated-p38 

and –p65 staining was associated with an increased in pro-inflammatory cyclooxygenase(Cox)-2 

staining18.  The upregulation of NF-κB chemokine target expression in patients with meniscus 

tears discussed earlier, was accompanied by an upregulation of NF-κB222.  This finding suggests 

that activation of the NF-κB pathway occurs in meniscus injury.  The catabolic effects in our 

studies appear to be mediated, at least in part, by activation of the NF-κB pathway. 

Investigators only recently began to consider joint as an organ with complex interactions that 

are much greater than the sum of its parts.  The biology of the injured meniscus and the 

subsequent catabolic and repair responses provides many exciting opportunities for therapeutic 

intervention; however, the basic biology of the meniscus and its role in osteoarthritis remains in 

early stages of exploration.    The responses of the meniscus and its similarities to cartilage 

catabolism through NF-κB activation suggested that similar mechanisms may be active in the 

meniscus.  The hypoxia-inducible factor (HIF) pathway is linked to the NF-κB pathway and may 

offer insight into joint tissue catabolic responses. 

The role of the HIF pathway 

Hypoxia-inducible factors are widely studied in an array of cell types63-69, but only recently 

became a subject of exploration in joint tissues70-81.   Two studies implicating HIF-2α in 

osteoarthritis pathogenesis in articular cartilage provided the foundation for our HIF studies in the 

meniscus78, 81.  Since the meniscus is involved in osteoarthritis development and meniscus cells 

share phenotypic similarities with articular chondrocytes, we hypothesized that upregulation of 

HIF-2α would be responsible for catabolic increases in osteoarthritic alterations in the meniscus.   
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Differences in HIF responses 

The upregulation of HIF-2α and its gene Epas1 was reported to be an important novel 

pathway in osteoarthritis pathogenesis.  A series of experiments in mice and human cell cultures 

linked its upregulation to increased catabolism in articular cartilage78, 81-83; however, the dynamics 

of HIF regulation and response are complex (Table 1).  HIF-1α is conserved from C. elegans to 

humans; HIF-2α is conserved only in avians and mammals64, which suggests that its role is not 

merely duplicative of HIF-1α, but that it is a necessary adaptation to the more complex structure 

of a larger biologic system. The balance between HIF-1α and HIF-2α is much more likely to be 

responsible for effecting significant transcriptional changes, and this balance is controlled by a 

number of factors, including oxygen tension, tissue type, catabolic stress, and by species67-72, 74-76, 

79, 84-92.   

Epas1 knockdown in our mouse destabilized medial meniscus (DMM) model did not prevent 

osteoarthritic changes, which were evident within four weeks of DMM surgery.   Our results are 

in contrast to the chondro-protection reported by Yang et al., although they reported an eight 

week time point81.  Mice in our study had similar osteoarthritis changes and similar meniscus 

histologic assessment at both the two and four week time points.  Our study included a larger 

number of mice at each time point (Stone et al n≥13 versus Yang et al. n=981) and a more 

rigorous histologic score with tightly grouped data.  The studies of HIF-2α in osteoarthritis 

development did not examine HIF-2α in the context of HIF-1α; they explored only HIF-2α 

translation and localization in Epas1+/- DMM mice and mice overexpressing Epas178, 81. As 

Murphy suggested84, the lack of HIF-1α data, the excessive synovitis noted with HIF-2α 

adenovirus intra-articular injection , and the lack of demonstrable cartilage-specific Epas1 

recombinant expression may lead to an unreliable model and skewed results81.  Furthermore, the 

HIF-2α target genes were primarily defined in mouse articular chondrocytes and not in primary 
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healthy human chondrocytes81.  These experiments were all completed without monitoring 

resultant HIF-1α changes81.   

In human meniscus cell culture, we opted to evaluate both HIFs since previous literature most 

frequently evaluated either HIF-1α or Epas1 and since their effects are likely exerted in concert74, 

84, 87.  We did not observe differential production of HIF-1α and HIF-2α in normal and 

osteoarthritic meniscus tissue, which was different than reported in osteoarthritic human and 

mouse cartilage81-83, but congruent with other reports of HIF expression in human normal and 

osteoarthritic chondrocytes93. Our findings may be related to cell culture conditions where cells 

are removed from their native environment.  To better evaluate meniscus HIF responses, cell 

culture were treated with pro-inflammatory stimulation previously demonstrated to affect HIF-1α 

and HIF-2α78, 81-83, 89, 92-95. 

Pro-inflammatory stimulation did not dynamically alter HIF expression.  Treatment of 

meniscus cells with the cytokines IL-1β and IL-6 did not significantly increase HIF-1α or Epas1 

expression, which was unexpected since cytokines were previously reported to increase Epas1 

expression in mouse and rabbit chondrocytes and human cell lines78, 81, 87.  Interestingly, FnF 

increased relative Epas1 and HIF-1α expression. Yang et al. stimulated cultured mouse and rabbit 

articular chondrocytes with IL-1β (5ng/ml) and Epas1 expression was increased by 6 hours 

through 36 hours after stimulation with an increase in HIF-2α protein by 6 to 12 hours81.  Saito et 

al. demonstrated increased Epas1 expression two days after IL-1β (1ng/ml) stimulation in 

chondrogenic cell lines78.   Increased expression with increased protein levels would likely lead to 

increased HIF-2α activity. Since our IL-1β concentration (10ng/ml) was greater than both reports, 

we would expect to see an increase in Epas1 expression in meniscus cells.  Yang et al. described 

Epas1 induction by multiple pro-inflammatory cytokines, including TNF-α, IL-1β, IL-17 and IL-

21, but did not place these results in the context of HIF-1α which is also known to be increased 
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by pro-inflammatory stimulation81, 89, 92, 93, 95.    Catabolic stress, including IL-1β, was responsible 

for inducing HIF-1α expression in osteoarthritic chondrocytes and was upregulated in more 

damaged regions of cartilage92. 

Downstream transcription target genes of the HIF pathway were incongruent with a primarily 

catabolic effect of Epas1.  HIF-1α expression positively correlated with Epas1 in stimulated cells, 

which may suggest a common pathway of induction or synergistic effects. Following pro-

inflammatory stimulation, both HIF-1α and Epas1 positively and significantly correlated with 

MMP1 and MMP3 expression.  Reported targets of Epas1 in osteoarthritic chondrocytes include 

MMP1 and MMP3, in addition to MMP9, MMP12 and MMP1378, 81, 87; however, the correlation 

observed in our meniscus cells may be attributable to a HIF-independent pathway.  Neither 

MMP1 nor MMP3 correlated with Epas1 overexpression, while HIF-1α overexpression exhibited 

a significant negative correlation with MMP3 expression.  Negative correlation of HIF-1α 

overexpression with MMP3 parallels the reported down regulation of MMP13 by HIF-1α89. 

Furthermore, we observed significant increases in MMP expression in meniscus cells by six and 

twenty-four hours, which overlapped the maximal levels of Epas1 expression and HIF-2α 

production in rabbit and mouse chondrocytes of Yang et al81; consequently, the effects of 

downstream targets of Epas1 would be expected to be apparent by this point.  In chondrocytes 

and meniscus cells, MMP increases are linked to multiple inflammatory pathways, including NF-

κB28, 39, 48.  MMP1 and MMP3 are likely not downstream targets of the HIF pathway in human 

meniscus cells. 

We did observe a decrease in both HIF-1α and Epas1 expression following NF-κB inhibition 

in osteoarthritic meniscus.  The decrease is consistent with previous descriptions of NF-κB 

regulation, since both genes have been shown to have stabilized or upregulated at least in part 

through the NF-κB pathway78, 81, 88, 93.      While HIF-1α and Epas1 do have interactions with the 
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NF-κB pathway, the decrease in HIF expression following NF-κB inhibition may be the result of 

inhibiting a larger cellular repair response in diseased or stressed tissue and less of a sole 

consequence of NF-κB activation74, 89. Saito et al examined a number of transcription factors 

known to regulate chondrocyte differentiation and found that the NF-kB p65 (v-rel 

reticuloendotheliosis viral oncogene homolog A (RELA)) to be the strongest activator of the 

Epas1 promotor fragment in human chondrogenic cell lines and found that HIF-2α co-localized 

with RELA in mice78.   They did not perform experiments where Epas1 (and HIF-2α) were 

examined in the context of inflammatory pathway inhibition.  Yang et al. did perform some 

pathway inhibition experiments in mice but these were limited in their scope81.  Yang et al. used 

Bay 11-7085, which is known to have p38 effects and significant cytotoxicity at concentrations as 

low as 5-10 μM96. Bay 11-7085 may have affected gene expression through cytotoxicity, and thus 

the results of Yang et al may be compromised.  Hypoestoxide was used as an NF-κB inhibitor 

since it does not have cytotoxic effects and inhibits NF-κB action in chondrocytes48, 97.  The link 

between HIF-2α and NF-κB remains unclear. It is possible that HIF-2α is associated with the NF-

κB pathway as a repair response.  Although NF-κB pathways have a definitive role in 

inflammation, NF-κB has also been identified in some tissues as aiding in inflammatory 

resolution and tissue repair98.  The HIF pathway may constitute a protective pathway under 

catabolic stress. 

A protective response to catabolic stress? 

While alterations in the HIF pathway did not have a clear relationship to destructive 

osteoarthritic changes in the meniscus, the HIF pathway may be important in initiating protective 

pathways following catabolic stress and directing cell phenotype63, 70-72, 74-76, 79, 84, 89, 90, 92, 93, 99.  In 

previous studies, HIF-1α and HIF-2α were demonstrated to control energy production and share 

many of the same targets which was theorized to improve tissue repair63, 64, 85.  We found that 

HIF-1α and Epas1 expression was positively correlated with Sox9 and collagen type II following 
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pro-inflammatory stimulation in normal meniscus cells.  In our studies, Sox9 significantly and 

positively correlated with collagen type II and aggrecan. Epas1 overexpression also increased 

collagen type II expression.  Sox9 is an important developmental gene found to be responsible for 

the phenotypic development of both meniscus and cartilage cells and upregulates chondrocytic 

matrix genes, including Col2a1, Col9a1, Col11a2 and aggrecan72, 90. Collagen type II is also 

present in the chondrocytic inner zones of the meniscus44, 100, 101.   

The regulation of Sox9 in both meniscus cells and articular chondrocytes is unclear. HIF-1α 

has been demonstrated to have a significant role in Sox9 regulation but much of this work was 

either completed in osteoarthritic cartilage and meniscus or in the mouse76, 86, 99. Additional 

studies identified that human articular cartilage responds differently from that of mice84, 89, 90.  

Sox9 induction was dependent on HIF-2α and not on HIF-1α in human articular chondrocytes72. 

Increased HIF-2α in human chondrocytes is linked to increased Sox9 expression and increased 

collagen type II and aggrecan72, 90, which is consistent with our findings in the meniscus.  In 

osteoarthritic meniscus cultures where inner and outer meniscus cells were separated, HIF-1α was 

associated with increased Sox9 and collagen type II in outer meniscus cells but had no 

relationship to Sox9 in inner (more chondrocytic) meniscus cells86.  HIF-2α is also linked to the 

control of additional anti-catabolic responses in healthy human articular chondrocytes through 

upregulation of Sox9 independent genes, chondrocyte regulators Mig6 and inhibin A (InhbA), 

cartilage matrix protein chondromodulin-1 (Chm-1), and cartilage growth factor Gdf1071.  Mig6 

is linked to tissue maintenance in chondrocytes.  Both HIF-1α and HIF-2α upregulate inhibin A 

which prevents MMP activation by increasing tissue inhibitor of matrix metalloproteinases 

(TIMP-1)71.    These findings increasingly support the notion that the HIF activity may be induced 

by catabolic stress, but respond with an anabolic and anti-catabolic response.   
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Another potential anabolic role for HIF-1α in the meniscus may be for regulation of vascular 

in-growth.  VEGF is a known target of both HIF-1α and HIF-2α, but HIF-1α may be a more 

potent regulator of VEGF expression64, 77. We observed increases in VEGF with HIF-1α and 

Epas1 overexpression. Fibroblastic cells of the outer meniscus may express HIF-1α, which is 

known to produce an anabolic response through metabolic upregulation and to generate both 

collagen and vascular in-growth73.  Chondromodulin-1, a target of HIF-2α in chondrocytes71, was 

recently identified in the inner zones of the meniscus102.  Chondromodulin-1 is thought to 

counteract the angiogenic functions of VEGF to maintain avascular tissues73, 102.  This balance 

may benefit maintenance of the meniscus cell phenotype; however, our ability to resolve HIF-1α 

and Epas1 relationships to VEGF was limited by the heterogenous phenotype of our cell cultures. 

The role of the HIF pathway in the development and maintenance of human joint tissues is 

extraordinarily complex and appears to be influence by cell type and species.  Evidence to date 

suggests a great deal of transcription target overlap with a delicate balance for activity and 

conflicting evidence on regulatory pathways.  Recurrent themes of the HIF pathway include its 

potential involvement in cell protection and tissue repair in addition to contributing to 

cartilaginous cell phenotype.  These findings make the HIF pathway a prime target for future 

research.  A detailed analysis of HIF activity may be warranted to delineate transcription target 

genes, tissue-specific variances, and hypoxic mechanisms in joint tissue development.  

Manipulation of the HIF pathway holds promise for meniscus cell differentiation and meniscus 

repair.   

Limitations 

Our investigation carries many common limitations of laboratory and animal models.  Vervet 

monkeys underwent CT scanning to optimize whole body visualization, and consequently, 

variations in extremity positioning allowed for only qualitative assessments of bony disease.  
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Although the osteoarthritic changes we observed are consistent with human disease, vervets are 

quadripedal and experience different forces across the joint which may predispose them to 

different injury or disease patterns than humans.  The cost and complexity of maintaining vervets 

allowed us to examine only two age cohorts of elderly and middle aged vervets, which did not 

document the full progression of meniscus disease in naturally occuring osteoarthritis.  Finally, 

we examined explant secretion but did not perform protein, RNA or immunohistochemical 

analysis on the cultured explants.   Future studies may examine the tissue expression patterns in 

the vervet meniscus.   

Our human studies utilized cell culture models to study the osteoarthritic meniscus and 

normal meniscus.    Cell culture responses may not directly mimic those of the intact meniscus in 

its native environment, but the use of primary cell culture provided an effective modality for 

precise control of stimuli and measurement of gene expression and protein production. Secreted 

products in the media were assumed to be available to act on local tissues and to be present in the 

synovial fluid.  We did not examine which cells were producing these factors in the intact 

meniscus; however, the vervet explant studies did demonstrate that the intact meniscus explant 

released proteins into the media. We operated under the assumption that the MMPs would be 

active in the extracellular space but did not assess MMP activity.  Another limitation of our cell 

culture studies is that we examined the meniscus cell population as a whole.  The meniscus is 

comprised of both chondrocytic and fibroblastic cell phenotypes44, and our experiments did not 

differentiate between inner versus outer meniscus cells.  It is possible that a dominant cell 

response may mask that of the other cell types.  The mixed cell population may confound the HIF 

responses, especially if a primary role of the HIF family is to promote cell anabolism and 

chondrocyte differentiation. Conflicting results for HIF behavior of inner versus outer meniscus 

cells and fibroblasts further complicates our interpretations86, 103, 104.  Results in the meniscus 

cannot be directly extrapolated to the behavior of articular chondrocytes.   
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Cell culture studies also carry the limitation that the cells are not in their native environment.  

In our monolayer culture, cells did not experience the compressive strains present in the native 

meniscus that may either aid in repair or be detrimental to meniscus biology.  Static 

biomechanical loading is well established to be detrimental to chondrocyte biology105, but cyclic 

loading can increase chondrocyte anabolic gene and protein expression105, 106.  The meniscus 

response to biomechanical loading is less well defined.  Dynamic loading of meniscus explants is 

reported to increase proteoglycan synthesis and protein synthesis107, 108, while static loading or 

overloading can result in increased MMP1 levels and reduced type I collagen expression109.  

Increased loading can also lead to increased effects of IL-1 and MMP production105, 110.  

Biomechanical loading may in turn be detrimental through the combined cell response to the 

catabolic effects of cytokines in the meniscus, which can inhibit or weaken the biomechanical 

strength of potential repairs105, 111, 112.  Catabolic activity, including MMP1, MMP3, MMP9, and 

MMP13, was also previously reported to be increased with compressive strain in explants24. 

Inhibition of pro-inflammatory signaling in meniscus explants subject to compressive strain 

reduced catabolic expression, including multiple MMPs113.  By eliminating the biomechanical 

component of meniscus injury and repair, we were successful in evaluating some pro-

inflammatory cell responses, but may be limited in our translation of the biochemical cell 

responses in the native meniscus. 

In addition to cells cultured in monolayer, our cell culture studies were performed in 

normoxia, which would impact oxygen sensitive gene expression.  Previous reports suggested 

that HIF proteins are stabilized by pro-inflammatory stimulation and that HIF expression was still 

present and active under normoxic conditions70, 81, 90, 93.   While HIF expression is reported to be 

influenced by cytokines81, 83, 94, much of the regulation may occur at the protein level and not the 

expression level95.  Proteosome degradation of the HIFs is well described 74, 90, but its methods for 

activation and not just degradation appear complex85.  Additionally, HIF levels can be heavily 
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influenced by prolyl hydroxylation as demonstrated in some studies 84, 89, 90, and may not be 

stabilized by inflammatory stimulation to the degree originally proposed in recent studies78, 81.  

Specific sequences in the HIF genes also play a role in protein binding and activation, so the 

sensitive balance between the two actually supports a delicate quantitative regulation more so 

than a simple qualitative relationship85.  The sensitivity in HIF regulation likely accounts for the 

reciprocal changes in HIF-1α and Epas1 expression following viral infection.  

We did not explore the effects of hypoxia on HIF activity, since HIFs were reported to be 

present and active in normoxia81-83, but hypoxia can increase expression of multiple genes 

associated with metabolic adaptation to low oxygen in many cell types68, 69.  Hypoxia enhances 

HIF-1α activity in mouse and bovine chondrocytes to maintain metabolic homeostasis and 

increase extracellular matrix synthesis70, 75, and in human chondrocytes, hypoxia increases HIF-2α 

activity to maintain the chondrocyte extracellular matrix71, 72, 74, 90.  HIF-1α in meniscus cells was 

also increased in hypoxia, but the target gene relationship appeared to vary by meniscus region86.  

In fibroblasts and osteoarthritic fibrochondrocytes, hypoxia increased cell motility and influenced 

collagen expression when exposed to different cell culture matrices103, 104.  Hypoxia and media 

composition also directed chondrocytic phenotypes in human bone derived and adipose derived 

mesenchymal stem cells114, 115.  Mesenchymal stem cell proliferation was actually enhanced in 

hypoxia with reduced oxygen damage115, 116.  Both an increase in collagen deposition and the 

protection from hypoxic conditions was attributed to HIF-2α (the authors did not examine HIF-1α 

which was likely also upregulated)115.  Increases in collagen type II expression were observed and 

positively correlated with Epas1 in our experiments, although we did not observe the same trend 

with collagen type I.   

Epas1 insufficiency in our mouse model was not consistent with the chondroprotective 

effects reported by Yang et al., Siato et al, and Ryu et al.78, 81, 83.  We utilized  wild-type 
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littermates to compare to Epas1+/- mice, as did Siato et al78, but it is unclear if Yang et al. used 

another C57B6 mouse strain for the control.  Strain differences result in different propensities for 

developing osteoarthritis117. Technical adequacy of the DMM surgery were confirmed by 

osteoarthritic changes by four weeks; early osteoarthritic changes were both temporally and 

histologically congruent with previous reports118, 119. Our histologic grading system was more 

rigorous than that used for prior Epas1+/- mouse studies and consequently identifies tissue specific 

and more subtle early disease alterations that may not be evident with the Mankin scale118, 119.    It 

is possible that the chondroprotective effects of Epas1 insufficiency may become more evident 

after four weeks, but we do not have a seven week time point to compare to Yang et al.81. An 

additional limitation in our model is that we did not examine protein production or localization of 

either HIF-1α or HIF-2α.  Immunohistochemical analysis could identify a successful decrease in 

HIF-2α in Epas1+/- mice and also better elucidate the role of HIF balancing in these tissues. The 

balance in HIF activity may include a delayed healing response with increases in HIF-1α activity 

or potentially a halt in disease progression in the Epas1+/- mice.  While the DMM model 

successfully induced osteoarthritis, it does not replicate common human meniscus injury patterns.  

Mouse knee biomechanics are different than those of humans and mouse menisci are hypermobile 

compared to human menisci. An additional limitation is that it is a rapidly progressive model of 

arthritis in mice, which may not parallel human biology despite accelerated osteoarthritis after 

joint injury.    

Future Studies 

The primary purpose of the vervet meniscus explant and the human cell culture studies were 

to explore the pathobiology of the meniscus in response to both pro-inflammatory stimulation 

associated with injury and the development of osteoarthritis. As aforementioned, we did not look 

at the inner and outer zones of the meniscus separately. The role of HIF proteins in the response 

to injury may be related to cell phenotype and may direct both the inflammatory and healing 
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processes.  Fuller et al. demonstrated different responses of inner versus outer meniscus to 

cytokine stimulation29.  A more comprehensive characterization of the inner and outer meniscus 

cell response to pro-inflammatory stimulation may better clarify MMP expression patterns and 

provide information that may be used to better target therapies for meniscus tears or degenerative 

meniscus.  Inner and outer zones of osteoarthritic meniscus demonstrated differential HIF-1α and 

prolyl hydroxlase expression86.  The limited number of samples in the osteoarthritic tissue 

precludes conclusions about the role of meniscal HIFs86, but HIF responses to pro-inflammatory 

stimulation should be characterized in inner versus outer meniscus to clarify the HIF role in the 

meniscus metabolism. Additionally, the role of HIF-3α was also recently implicated in 

osteoarthritis and may additionally regulate HIF-1α and HIF-2α120.  The authors identified that 

proteoglycan 4 (Prg4) upregulated HIF-3α, which in turn, down-regulated HIF-1α and HIF-2α in 

mice.  Suppression of chondrocyte hypertrophy and catabolic activity was suggested by the 

findings that overexpression of Prg4 resulted in increased HIF-3α expression with decreased 

VEGF, collagen type X, and MMP13 expression120.  The potential role of HIF-3α in protecting 

against catabolic responses is intriguing, but additional exploration is warranted since HIF-3α was 

reported as minimally expressed in chondrogenic differentiation of mouse ATDC5 cells78. 

Another strategy for examining the role of the HIF pathway in murine joints is through tissue 

specific overexpression or knockdown of the HIF proteins.  Yang et al used the collagen type II 

driven expression of Epas1, but the degree of overexpression was questionable secondary to 

unreliable collagen type II expression at that age81, 84. The use of an aggrecan promoter may be 

more efficacious in driving overexpression or knockdown of HIF-1α and Epas1, since aggrecan 

was identified as consistently expressed in both the meniscus and cartilage in young and old 

mice121.  Collagen type X was also identified in both young and old mice, but is a marker of 

human hypertrophic chondrocytes and usually not in healthy adult articular cartilage or widely 

expressed in the meniscus52, 121. The promoter may also be engineered to overexpress siRNA 
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specific for one or both HIF genes.  Furthermore, conditional knockouts could be generated to 

selectively eliminate one or both HIF genes that could be accomplished in a tissue- and time-

specific fashion122, 123.  This strategy would allow the potential role of HIFs in tissue repair to be 

explored.  Future experiments should also analyze HIF-1α in the context of HIF-2α production 

and localization in wild-types and transgenics to evaluate for compensatory changes in HIF 

expression or activity.   

In addition to examining both HIF-1α and HIF-2α expression and activity in the murine 

joints, an eight week time point may also be added to the DMM experiments to provide a direct 

comparison to the previous HIF studies78, 81.  By eight weeks, it is possible that the HIF response 

may be involved in healing responses or further cartilage degradation.  The effects of the HIF 

pathway may be to prevent further degradation or potential reversal of the degradation.  

Protective responses of HIF-1α may be evident over time secondary to accumulation of the 

protein with the reduction of HIF-2α activity.  To examine these possibilities, in addition to HIF 

protein staining, one could stain for HIF targets involved in degradation (such as MMP13 and 

MMP9) in addition to anabolic staining such as collagen type I and II, VEGF and aggrecan.  If 

HIF-2α targets were decreased in the Epas1+/- mice, the anabolic effects of HIF-1α may become 

more pronounced and contribute to the repair of the tissue that had its initially destructive HIF-2α 

halted.  An increase in these anabolic targets and mid and late time points in the DMM Epas1+/- 

mice may support a delayed healing response that would be evident at eight weeks.   

Our meniscus cell data is not congruent with the responses reported by Yang et al.81 and Siato 

et al.78, but that may be a function of differences between meniscus and cartilage.  To confirm 

that the role of HIF-2α is not primarily catabolic in human joint tissue and that our results are not 

soley a function of meniscus cell phenotype, the meniscus experiments should be duplicated in 

primary chondrocytes.  The target genes in the stimulation analyses should include MMP13, HIF 
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targets VEGF and aggrecan, and potentially HIF-linked chondrocytic genes, such as Mig6, Chm-

1, and inhibin A (InhbA) to confirm the previously reported HIF targets71.  To better define 

potential target genes of the HIFs, pro-inflammatory stimulation experiments may also be 

strengthened by stimulating cells in the presence of siRNA specific to HIF-1α, Epas1 or both.  A 

second factor to consider is that our experiments were designed under the premise that catabolic 

stress through pro-inflammatory stimulation would stabilize HIF-2α and lead to its catabolic 

effects78, 81, 83.  HIFs were previously reported to be active in normoxia75, 77, 90; however, cell 

responses were more dynamic in reduced oxygen tension and the initial results of the meniscus 

pro-inflammatory stimulation experiments may be skewed by normoxic conditions71, 72, 89, 90. Viral 

experiments may still be acceptable to be duplicated in normoxia since the HIF pathway will be 

saturated and HIF proteins were identified in the nucleus where target genes are activated124. In 

light of our studies and the literature published since commencing our studies89, 90, 103, 125, 126, 

hypoxic cultures may better replicate the native joint environment and may help elucidate the 

mechanism for HIF anabolic and anti-catabolic responses in addition to its effects on cell 

differentiation. 

While mouse models offer a great degree of flexibility for genetic studies, the structure of the 

mouse knee is not ideal for studying meniscus pathology.  Meniscus injury and repair models in 

addition to models to explore osteoarthritis development may be better studied in larger animal 

models.  A comparison between human, sheep, and rabbit meniscus found that human and sheep 

menisci were similar and significantly different from the rabbit meniscus in terms of cellularity 

and vascular penetration101.  A recent comparison of three sheep models for knee osteoarthritis 

found meniscus body transection and capsular release as viable models for experimental 

osteoarthritis127.  Meniscus injury and repair in the sheep model likely provides an effective 

model for intervention since meniscus injuries lead to the development of osteoarthritis128.  

Larger animal models such as the sheep offer less technical difficulty for creating and repairing 
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specific types of meniscus defects and subsequently analyzing synovial fluid and biomarkers.  

Larger animal models may then explore a wider range of repair and therapeutic techniques for 

meniscus injury and degeneration. 

Therapeutic intervention for meniscus injury 

Our results indicate that degenerative and osteoarthritic menisci respond to pro-inflammatory 

factors with increased production of matrix-degrading enzymes, cytokines and chemokines.  

Furthermore, when we treated healthy meniscus cells with pro-inflammatory factors associated 

with joint injury and disease, we elicited responses consistent with osteoarthritis pathogenesis and 

the progressive cycle of inflammatory tissue destruction28, 39, 40, 129.  Many anti-cytokine therapies 

are being tested in osteoarthritis with varying degrees of success to date130-139.  The cause for 

variable results is likely multifactorial, as emphasized by a recent osteoarthritis consortium140-150, 

but may be partially attributed to the timing of the intervention in the disease process.  Since the 

meniscus is involved early in osteoarthritis and changes in the meniscus parallel those changes 

observed in articular cartilage early in the disease progression, anti-cytokine therapy may be an 

effective early intervention in the meniscus disease process. 

The most dynamic responses in meniscus catabolic expression occurred with IL-1β and FnF 

treatment followed by IL-6 treatment. Since current therapeutics exist that inhibit the effects of 

IL-1, use of these inhibitors would offer the most immediate opportunity for intervention. A trial 

of individual inhibition IL-1 and TNF-α in porcine meniscus explants significantly improved 

repair strength, cell migration, and tissue formation at the site for full thickness meniscus defect 

in the explant111.  Another porcine meniscus explant study demonstrated that catabolic gene 

expression in response to compressive strains was reduced following inhibition of IL-1113.  The 

paradigm may be expanded to include anti-IL-6 and anti-IL-7 therapies. Since IL-7 is also 

implicated in osteoarthritis pathogenesis50, 134, 151, 152, reduction of intraarticular IL-7 levels may 
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offer clinical benefit. Reducing the catabolic activity of injured meniscus, especially that of 

MMPs, would improve the meniscus repair112.   

The catabolic response of the meniscus to FnF stimulation was very robust, but inhibiting the 

deleterious effects of FnFs on the meniscus is difficult to accomplish secondary to its multiple 

isoforms with varying degrees of biological activity153-159. One strategy to block catabolic effects 

of FnF may be found through hyaluronic acid, which reduced FnF-mediated degradation of 

proteoglycan content160-163.  The clinical effectiveness of hyaluronic acid for osteoarthritis is 

variable164, 165, but it may have relevant biological activity for the meniscus166-170.  In a rabbit 

meniscus injury model, hyaluronic injected joints had a slightly more favorable repair than saline 

injected joints168.  Hyaluronic acid was demonstrated to increase matrix deposition of chondroitin 

sulfate and collagen type II in adult chondrocytes which may positively influence healing of the 

avascular region of the meniscus166. Hyaluronic acid was also implicated in lung tissue repair 

through modulation of the NF-κB pathway in response to injury171, which may be involved in the 

reported healing of meniscus.   Additional studies are warranted to examine the basic biologic and 

clinical effects of hyaluronic acid on the meniscus. 

Conclusion 

The understanding of the biologic activity of the meniscus in osteoarthritis is in its infancy. 

Our research has ultimately produced divergent paths of future meniscus exploration. We have 

established that the meniscus is biologically active in response to pro-inflammatory stimulation in 

a manner that is complementary to that of articular cartilage. Catabolic responses of the meniscus 

provide an opportunity for therapeutic intervention to improve meniscus repair and possibly 

prevent or at least attenuate the development of osteoarthritis. We have additionally demonstrated 

that the HIF pathway did not respond as expected in the development of osteoarthritic changes in 

the meniscus, but the HIF pathway may play an important role in both protective and reparative 
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responses in the meniscus and may influence cell phenotype through differential expression of 

extracellular matrix proteins. This line of research has important implications for meniscus 

healing and protection under catabolic stress. So rather than defining the involvement of meniscus 

alterations in osteoarthritis development, we have established a firm foundation for continued 

basic science research and clinical opportunities with promising insights into treatment of the 

spectrum of meniscus disorders in an effort to reduce the burden of osteoarthritis.  
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Table 1: Review of HIF studies pertaining to joint tissues.   

Author Cell Type HIF Genes 
Evaluated 

Results 
(HIF gene followed by targets) 

Comments 

Hu et al, 200364 786-O WT-8 cells, HEK293 cells, 
HUVEC, HMVEC-L, HepG2, 
Hep3B 

HIF-1α, 
HIF-2α 

HIF-1α→ ↑multiple glycolytic genes ( LDHA, 
PGM-1 ADRP, PKM, PGK-1, ALDA) 
Both: Ndrg-1, VEGF, ARDP, ADM, Glut-1 

Normoxic and hypoxic studies with 
multiple cell lines 

Pfander et al, 200375 Mouse epiphyseal chondrocytes HIF-1α HIF-1α → ↑Glut-1, PGK-1, VEGF 
HIF-1α mediates glycolytic rate 
HIF-1α null cells decreased aggrecan and collagen 
type II expresion when exposed to hypoxia 

Normoxic and hypoxic studies 

Comimbra et al, 
200493 

Human normal and osteoarthritic 
chondrocytes 

HIF-1α,  
HIF-2α 

HIF-1α and HIF-2α expressed in normal and 
osteoarthritic cells in normoxia and hypoxia 
TNF-α treatment stabilized HIF-1α. 

Normoxic and hypoxic studies. 
Inhibition of NF-κB and p38 blocked 
TNF-α stimulation of HIF-1α 

Lin et al, 200473 Human normal chondrocytes, 
chondrosarcoma cell lines 

HIF-1α HIF-1α → ↑VEGF Normoxic and hypoxic culture studies. 
Absent staining for HIF-1α protein in 
normal cartilage. 

Brucker et al, 200570 Bovine chondrocytes and explants HIF-1α Stabilization and hypoxic induction of HIF-1α 
increased proteoglycan synthesis 

Normoxic and hypoxic studies 
HIF-1α active in bovine cartilage 

Yudoh et al, 200592 Human osteoarthritis chondrocytes HIF-1α ↑HIF-1α staining in damaged human cartilage 
IL-1β and H2O2 → ↑HIF-1α in normoxia, hypoxia 

Normic and hypoxic studies 
IL-1β acted through MAPK family 

Adesida et al, 200786 Human osteoarthritic meniscus 
cells 

HIF-1α Inner meniscus cells: ↑HIF-1α vs. outer 
Outer meniscus cells Hypoxia→↑Sox9, Col2a1, 
↓Col1a1 
Inner meniscus cells: Hypoxia→ ↔Sox9, ↑Col1a1, 
Col2a1 

Normoxic and hypoxic studies 
High variability with results, n=3 donors 

Lafont et al, 200772 Human normal chondrocytes, 
primary and passaged  

HIF-1α, 
HIF-2α 

HIF-1α→↑Glut-1 
HIF-2α→↑Sox9, Col2a1, Col9a1, VEGF 
 

Normoxic and hypoxic studies 

Lafont et al, 200871 Human normal chondrocytes  HIF-1α, 
HIF-2α 

HIF-2α→↑Sox9, Gdf10, Chm-1 
HIF-2α Mig, InhbA (Sox9 independent) 

Normoxic and hypoxic studies, extensive 
microarray studies 

Duval et al, 200999 Human osteoarthritic 
chondrocytes, both primary and 
passaged 

HIF-1α HIF-1α→↑Sox9, Col2a1 and ↓Col1a1, Col1a2, 
Col3a1 in hypoxia 

Hypoxic studies 

Saito et al, 201078 Mouse chondrocytes 
Human ATDC5 cells 

HIF-1α, 
HIF-2α 

HIF-2α→ directly ↑Col10a1, MMP13, VEGF  
HIF-2α→ likely ↑ MMP3, MMP9, RUNX2, IHH, 
PTH1R  
HIF-2α→ ↔Adamts4, Adamts5 
TNF-α, IL-1β → ↑HIF-2α expression 

Extensive study of mouse responses and 
human ATDC5 cell lines. 
Only HIF-2α expression evaluated 



Stone Discussion and Conclusions 177 
 

 

Yang et al, 201081 Mouse, rabbit chondrocytes 
Human osteoarthritic chondrocytes 

HIF-2α HIF-2α→ directly ↑MMP1, MMP3, MMP9, 
MMP12, MMP13, Adamts4, NOS2, PTGGS2  
HIF-2α→ ↔MMP2, MMP14, MMP15, Adamts5 
IL-1β increases HIF-2α activity through NF-κB and 
Jnk 

Extensive study in mice and rabbit with 
evaluation of human osteoarthritic 
chondrocytes 

Thoms et al, 201090 Human normal chondrocytes HIF-2α HIF-2α → ↑Sox9  Normoxic and hypoxia studies focusing on 
for stability of HIF-2α and extracellular 
matrix production 

Ryu et al, 201183 Mouse chondrocytes, human 
osteoarthritic chondrocytes 

HIF-2α HIF-2α→ directly ↑IL-6, MMP3, MMP13 IL-6 is both a target gene and inducer of 
HIF-2α and promotes cartilage destruction. 

Ryu et al, 201282 Mouse chondrocytes, human 
osteoarthritic chondrocytes 

HIF-2α Anti-Fas (CD95) treatment ↑HIF-2α expression and 
↑apoptosis 
Mouse over expression of HIF-2α ↑apoptosis 

Normoxic Studies 

Sartori-Cintra et al, 
201295 

Human osteoarthritic chondrocytes HIF-1α IL-1β → ↑HIF-1α protein but ↔HIF-1α gene 
IGF-1 → ↑HIF-1α protein and gene 
IGF-2 → ↔HIF-1α protein and gene 

Normoxic studies 

Adesida et al, 2012103 Human osteoarthritic meniscus 
cells expanded with FGF2 

Neither Hypoxia ↓ collagen type II versus type I expression 
when cultured on 3d construct 
Hypoxia ↑ aggrecan versus versican expression 

Normoxic and hypoxic studies. 
Evaluated effects of monolayer versus 3d 
culture, but high variability in results 
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