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ABSTRACT 
 

The long term objective of this project was to determine the response to the Bone 

Morphogenic Protein (BMP) family member, Osteogenic Protein 1 (OP1/BMP7) in 

meniscus cells.  We have focused on the meniscus, because this tissue is highly 

susceptable to injuries which often fail to heal and lead to osteoarthritis (OA).  OA is 

driven by molecular inflammation which disrupts tissue homeostasis through the 

upregulation of catabolism (extracellular matrix breakdown) which outpaces anabolism 

(matrix synthesis).  OP1 has been shown to be the most potent natural inducer of articular 

cartilage matrix synthesis.  We chose to evaluate this growth factor for its ability to 

induce meniscus matrix synthesis during pro-inflammatory factor treatment and OA with 

the translational objective of assessing OP1 as a potential repair factor after trauma 

and/or disease of the meniscus.  The first aim of this project was to compare the OP1 

response of normal and OA menisci.  We tested the hypothesis that OP1 stimulation of 

OA meniscus cells will result in reduced canonical BMP signaling and matrix synthesis 

compared to normal cells.  Our results in normal meniscus cells showed that OP1 

stimulated matrix expression and suppressed catabolic factor expression.  However, OA 

meniscus cells were refractory to OP1, and insensitivity to OP1 could be induced in 

normal cells following treatment with pro-inflammatory factors.  Our second aim was to 

determine the mechanism of OP1 insensitivity during pro-inflammatory cytokine 

stimulation.  As the BMP transcription factor, Smad1, is a major regulatory target of 

signaling cross talk, we hypothesized that pro-inflammatory cytokine stimulation of 

normal and osteoarthritis meniscus cells will stimulate inhibitory phosphorylation of the 

Smad linker region (Ser206).  We identified that such cytokine stimulation resulted in 
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significantly increased Smad linker region phosphorylation at Serine 206, part of a MAP 

kinase phosphorylation consensus site shown to inhibit Smad1 activity.  This work is the 

only identified study of OP1 to assess anabolic insensitivity and target a mechanism 

contributing to it in meniscal cells.  The findings of this work indicate a target to restore 

anabolic sensitivity to OP1 and aid in the restoration of tissue homeostasis following 

inflammation.   
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CHAPTER 1:  INTRODUCTION 
 

Introduction:  Osteoarthritis (OA) 

Osteoarthritis (OA) is characterized by lost tissue homeostasis in which catabolic matrix 

breakdown exceeds anabolic matrix synthesis due to unresolved molecular inflammation 

[1-4].  It is the leading cause of chronic disability and mobility impairment among older 

adults [5, 6] and affects 50% of our population over the age of 65 [7].  OA is increasingly 

recognized as a disease of the whole joint with a shared environment comprised of 

cartilage, synovium, ligaments and the meniscus [3].  Despite the multifactorial nature of 

OA, the pathologic changes seen in osteoarthritic joints have common features that affect 

the entire joint structure, resulting in pain, deformity, and loss of function.  In both 

articular cartilage and the menisci, changes during OA include cell clusters, cell death, 

calcification, fibrillation, and ECM disruption, which reduce the biomechanical 

properties of the tissues [3, 8-10] (Figure 1).  Degenerative changes in the meniscus are 

highly correlated with articular cartilage degeneration within the same knee joint 

compartment and meniscus integrity is felt to play an important role in the 

pathophysiology of knee OA. [11].  Meniscus injury, which occurs frequently, 

predisposes individuals to OA risk and progression, and treatment itself through 

meniscectomy enhances OA risk [12-14].  Meniscus-focused studies receive limited 

attention in the field of OA research, particular in regard to the biological and molecular 

contribution of the meniscus to OA risk and progression.  In light of the menisci’s 

contribution to OA, we chose to conduct meniscus studies focused on anabolic matrix 

and homeostasis restoration to contribute to an understanding of the basic mechanisms 
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[16].  The resulting meniscus inner, middle and outer zones are characterized by the 

white-white (inner), red-white (middle), and red-red (outer) subdivisions [17] (Figure 2).   

 

The inner and outer zones of the meniscus are distinct.  The inner zone of the meniscus 

contains type I and type II collagen, and has a higher relative abundance of the 

proteoglycan (PG) aggrecan and type II collagen [16, 18], consistent with the role of 

resisting compression [17] (Figure 3).  Cells of the inner zone feature ovoid cells in a 

territorial matrix, reminiscent in phenotype and behavior to chondrocytes in lacunae [17] 

although not identical [16].  The inner region of the meniscus functions in a demanding 

mechanical environment.  This, in conjunction with lack of blood circulation and loss of 

cells with aging, leads to reduced healing capacity and makes the inner region susceptible 

to permanent post-traumatic and degenerative lesions [16].  The outer zone matrix is 

mainly comprised of type I collagen, with small percentages of glycoproteins and 

collagen types III and V present [16].  The outer region collagen fibrils tend to be 

oriented circumferentially in the bulk tissue and radially in the surface region [19] in 

order to translate compression into circumferential stresses [8].  The outer zone cells are 

an oval, fusiform shape and are similar, in appearance and behavior, to fibroblasts.  In all 

zones of the degenerative meniscus, cell numbers decrease, the proportion of ovoid cells 

increases, and cell clusters form [9, 10]. 
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Figure 2:  Regional variations in vascularization and cell populations of the meniscus. 

Left: though fully vascularized at birth, the blood vessels in the meniscus recede during 

maturity. In adulthood, the red-red region contains the overwhelming majority of blood 

vessels. Right: cells in the outer, vascularized section of the meniscus (red-red region) are 

spindle-shaped, display cell processes, and are more fibroblast-like in appearance, while 

cells in the middle section (white-red region) and inner section (white-white region) are 

more chondrocyte-like, though they are phenotypically distinct from chondrocytes. Cells 

in the superficial layer of the meniscus are small and round.  Reprinted from [16]. 
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military, 8 per 1,000 people suffer from meniscus injuries [25] with incidence increasing 

with age [26].  Treatment of meniscal injury through arthroscopic surgery has become 

one of the most common orthopedic surgical procedures in the United States, and can 

represent 10 to 20% of all procedures [13, 14], with over 10% of patients requiring a 

second meniscus surgery within 3 years [27].  Meniscus injuries are often irreparable, and 

the resulting meniscectomies are performed 16 times more frequently than surgical 

repairs [28], which reduces symptoms but similarly predisposes patients to OA [29].  

Approximately 50% of patients with tears treated by meniscectomy have radiographic 

OA within 16 years [12].  Consistent with a biomechanical role of the meniscus in OA, 

the amount of degeneration that takes place after partial meniscectomy is proportional to 

the amount of tissue resected during the procedure [24] as exemplified by the increased 

risk ratio of OA from 2.7 for partial meniscectomy to 14.0 for total meniscectomy [29, 

30].  Degenerative tears put patients at a higher risk for OA compared with traumatic 

tears [12] and also predict faster OA progression [11, 31].  Yet, left untreated, meniscal 

damage increases the risk of developing radiographic OA by 6-fold (odds ratio 5.7) over 

a 30 month follow up period [32]. While damage to the meniscus is correlated with 

greater risk for OA development, the likely causes of OA development after injury may 

be more than purely mechano-physical in nature. Meniscal injury results in a complex 

alteration of normal biological signaling in the joint, which may contribute to and 

exacerbate OA development after injury. 

 

Development of OA after meniscal injury is multifactorial and is likely the result of 

increased physical stress and altered biological function in the joint. A microarray study 
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comparing meniscectomized tissue from young vs. aged donors with similar tear types 

and short duration post-injury to meniscectomy found 866 genes to be differentially 

regulated by age, including categories for inflammation, cell cycle progression, and 

matrix [33].  Stimulation of meniscus cells with pro-inflammatory cytokines seems to 

create a feedback mechanism through production of additional cytokines, chemokines, 

and matrix degrading enzymes.  In normal human meniscus cells treated with IL1β and 

fibronectin fragments (FnF), the expression of cytokines, chemokines, and MMPs were 

significantly increased [34].  This supports that, in addition to changed biomechanical 

strain, biological factors may also contribute OA following meniscus injury. 

 

Osteogenic Protein 1 (OP1/BMP7)  

OA is hypothesized to be driven by metabolic changes which result in lost tissue 

homeostasis between anabolic matrix synthesis and catabolic matrix breakdown.  During 

OA, inflammation present at the molecular level within the tissue acts in an autocrine and 

paracrine fashion to stimulate cell production of proteolytic enzymes that contribute to 

matrix breakdown.  Damaged matrix fragments further stimulate cells to produce 

inflammatory factors and matrix degrading enzymes [35] creating a sensitization and 

feedback mechanism in response to inflammatory factors.  In healthy tissue, normal 

tissue microtrauma is sensed by nearby cells which upregulates proteolytic enzymes to 

remove the damaged matrix proteins.  Anabolic factors, including Osteogenic Protein 1 

(OP1/BMP7), are stored in the matrix and released when the matrix is degraded.  

Anabolic factor release and activation by enzymatic cleavage should serve to both shut 

down production of catabolic factors and stimulate synthesis of new matrix [35].  
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Enhancing matrix synthesis through anabolic factor stimulation following meniscus 

injury is likely to slow or prevent OA progression by rebalancing tissue homeostasis. 

 

Osteogenic Protein 1 (OP1/BMP7), a Bone Morphogenetic Protein (BMP) and 

Transforming Growth Factor β (TGFβ) family member, is a candidate for stimulating 

meniscus matrix synthesis.  OP1 has been most extensively studied in articular cartilage.  

OP1 is expressed in the articular cartilage of newborn, normal adult, and OA humans 

[36], and both protein and mRNA expression decreases during aging [37] and OA [36].   

Antisense inhibition of OP1 in chondrocytes decreased ACAN (aggrecan) mRNA 

production, proteoglycan accumulation, and safranin O staining [38], suggesting OP1 is 

important for maintenance of adult articular cartilage.  Meniscus injury leads to changes 

in the composition of OP1 in articular cartilage as evidenced by enhanced amounts of 

mature OP1 in the superficial cartilage layer of meniscectomized rabbit knees compared 

with sham (capsular incision) and control knees [39].  This may be due to matrix 

processing and release of OP1 during inflammation. This would be consistent with the 

elevated levels of OP1 found in synovial fluid during OA [40] [41] and a study which 

identified that total OP1 protein was lost to the media in chondrocytes cultured in alginate 

bead in the presence of IL1β [42].  The elevated levels of OP1 in synovial fluid during 

OA may be a part of a repair mechanism following damage which is overwhelmed during 

OA.  Treatment of articular cartilage with OP1 stimulates anabolic matrix synthesis 

without inducing abnormal anabolism [43].  OP1 is also anti-catabolic as OP1 treatment 

prevents matrix metalloprotease stimulation by modulating the effect of inflammatory 

and catabolic mediators such as Interleukin 1β (IL1β) and fragments of the matrix protein 
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fibronectin (FnF) [43].  Thus, exogenous OP1 may enhance matrix production in OA 

cells and serve as a disease modifying OA treatment by also down-regulating catabolic 

processes. 

 

OP1 Positively Affects Meniscal Cell Gene Expresion  

Meniscus tissue has a number of shared features with articular cartilage, particularly in 

the inner, avascular region where vascularity is absent and repair potential is low.  The 

promising effects of OP1 on articular cartilage and shared features of the meniscus with 

cartilage suggest that OP1 may also stimulate meniscus matrix synthesis, although studies 

pointing to this potential are limited in number and scope.  Endogenous OP1 is expressed 

by the meniscus on a gene and protein level, and protein expression may be higher in the 

meniscus than articular cartilage by ELISA, although no test of significance was included 

(Figure 4) [44].  A pig meniscus explant culture demonstrated a dose dependant increase 

in PG synthesis following 10 days of OP1 treatment, although stronger PG synthesis was 

observed in response to PDGF and TGF-β1 after 7 days [45].  A recent study of passaged 

(1-4x) sheep meniscus cells in monolayer culture showed that 10 mg/mL of OP1 

enhanced gene expression of COL1A1, COL2A1, BMP7, and MMP13, and had no effect 

on ACAN and MMP2 [46].   Statistically significant results were not described [46] and 

such high doses of OP1 may have inhibitory effects.  An in vivo study of meniscal hole 

defects filled with OP1 putty containing matrix of bovine collagen and 

carboxymethylcellulose or putty alone, demonstrated improved cellular infiltration by 6 

weeks and greater fibrous tissue formation at 25 weeks in OP1 putty treated groups [46].  

A different study from the same group also reported improved healing of avascular zone 
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tears treated with trephination, suture, and OP1 [47].  A rabbit study of inner zone 

meniscal hole defects filled with a hyaluronan collagen composite matrix and injected 

with 1 μg OP1 at the time of implantation failed to improve healing at 3 months.  Mixed 

tissue with scar and small-differentiated areas (collagen type II positive) were detectable 

in the OP1 treated meniscal defects and in the control defects.   Similar failure of healing 

was evident in response to platelet rich plasma [48].  Single dose treatment and lack of 

growth factor controlled release may have influenced the outcome.  Another in vivo study 

of OP1 injected into rat Achilles tendon enhanced fibrocartilage-like tissue formation 

after 4 weeks.  When this was sutured to meniscal defects, improved repair of meniscal 

defects was identified histologically and the tendon-meniscus expressed higher levels of 

collagen type II [49].  The experiments described in this dissertation are the first to 

investigate OP1 effects on the human meniscus using tissue from normal and OA joints. 

Information about the responsiveness to OP1 in human meniscus is needed if it is to be 

considered as a potential therapeutic intervention. 
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Figure 4:  Endogenous OP1 protein levels in soft tissues of the joint.  Tissue was 

lyophilized, measured by ELISA, and normalized to dry weight.  No indications of 

replicate numbers or statistics were provided [44]. 

 

Canonical BMP signaling 

OP1 is a BMP family member and signals through a common pathway.  BMPs are 

involved in numerous developmental and post natal events.  BMPs are also an 

evolutionarily ancient group of proteins, and this signaling pathway is at least 700 million 

years old [50].   In spite of great diversity of effects, the BMP signal transduction 

pathway is relatively simple, in that it converges on the Smad transcription factors 

(Figure 5).  BMP signaling is initiated when the BMP growth factor ligand binds to a 

type II receptor that recruits a type I receptor (ALK1, 2, 3, or 6) and induces heightened 

receptor heterotetrameric complex formation  [51].  The type II receptor phosphorylates a 

serine/threonine rich region called the GS region within the cytoplasmic domain of the 

type I receptor [52, 53].  The type I receptor then acts as a direct serine kinase and 

recruits and phosphorylates the Smad1/5/8 transcription factors at the c-terminus serine 
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SVS/SSXS/SSVS motif at Ser463/Ser465 [54].  This canonical c-terminus Smad 

phosphorylation results in Smad activation and a conformation change which allows 

Smad 4 (the common signaling Smad (co-Smad)) to form a Smad1/5/8 and Smad4 

complex in the cytosol.  

 

The interaction between Smad1/5/8 and Smad 4 are important for gene expression in 

response to signaling, and these interactions have been well documented.  In the 

unphosphorylated state Smad1/5/8 are autoinhibited through an intramolecular interaction 

of MH1 and MH2 domains [55].  Stoichiometry from TGFβ signaling suggests that one 

or two molecules of activated Smad1, 5, or 8 (BMP signaling) or Smad 2, 3 (TGFβ 

signaling), collectively refered to as receptor Smads (R-Smads), bind to a single Smad4 

molecule [56].  The Smad1/5/8 c-terminus phosphorylation is essential to activation, as 

mouse embryos in which the endogenous Smad1 gene is replaced with Smad1 (SVS-

AVA) mutant display many Smad1-null phenotypes [57, 58].  Smad4 lacks the C-

terminus serine SVS motif, and is mostly essential and non-redundant in mediating both 

TGFβ and BMP signals [58], although there may be occassional exceptions to this [50].  

The Smad heterocomplex then shuttles to the nucleus where it further associates with co-

activators and other cofactors to form transcriptional complexes [56, 59, 60].   The 

complexes bind available consensus DNA sequences and act as gene transcription factors 

[61].   

 

Once translocated into the nucleus Smads seem to have weak relative affinity for DNA 

sequence motifs such as GC rich regions or Smad binding element (SBE) of the promoter 



 

re

o

is

o

N

S

ra

F

tr

ty

ca

ph

nu

co

D

egion of gen

ccur in isola

s stabilized b

steoblasts.  S

Nkx3-2, YY1

mad1, as we

ather interac

igure 5:  The

ranscription 

ype I recepto

anonical pho

hosphorylati

uclear accum

o-activators 

DNA promot

nes.  Some ge

ation in other

by other sequ

Smad1 prote

1, β-catenin/L

ell as Smad3

t through pro

e canonical B

factors.  BM

or activation

osphorylatio

ion results in

mulation.  In

and cofactor

er sequences

ene promote

r genes.  Thu

uence-specif

ein has also b

Lef1 comple

3 from the TG

otein-protein

BMP signali

MP ligand bin

.  This leads

n event at th

n a Smad1/5

n the nucleus

rs to form tr

s and comm

13 

ers contain nu

us, Smad tra

fic DNA bin

been found t

ex, and Gata

GFβ pathwa

n partnership

ing cascade 

nding results

 to Smad1/5

he Smad prot

/8 conforma

s, the Smad c

ranscriptiona

ence gene tr

umerous Sm

anscription fa

nding partner

to physically

a factors 4, 5

ay, seem to n

ps [56].  

 

converges o

s in receptor

5/8 recruitme

tein C-termi

ation change

complex inte

al complexes

ranscription.

mad-binding 

actor interac

rs, such as R

y interact wit

, and 6 [50].

not bind DNA

on the Smad1

r heterodime

ent and an ac

inus.  Canon

e, recruitmen

eracts with a

s which inter

  Image repr

sites, but SB

ction with DN

RunX2 in 

th HoxC8, 

.  In some ca

A directly, b

1/5/8 

r formation 

ctivating, 

nical Smad 

nt of Smad4,

additional pr

ract with spe

rinted from [

BEs 

NA 

ases, 

but 

and 

 and 

rotein 

ecific 

[50] 



14 
 

The Smad Transcription Factor Protein Structure 

The protein structure of the Smad1/5/8 transcription factors consist of two conserved 

functional globular domains (MH1 and MH2 domains) connected by a non-conserved 

regulatory linker region [62, 63] (Figure 6).  The MH1 domain binds DNA, while the 

MH2 domain binds and is activated by BMP receptors and contains key sites for protein-

protein interactions[63] such as nucleoporin for nuclear transport, and cofactors to form 

transcriptional complexes.  MH2 domain activation by BMP membrane receptor 

serine/threonine kinases occurs at the canonical c-terminus SVS motif and results in a 

conformational change to allow Smad4 cofactor recruitment and subsequent nuclear 

events [55].  

 

In addition to the MH1 and MH2 domains, the linker region is the third important 

structural region of Smad transcription factors [56] and facilitates control over which 

cofactors may bind to the Smad complex.  The Smad1 regulatory linker region contains 

phosphorylation sites to create docking sites for competing transcriptional cofactors and 

ubiquitin ligases.  These non-canonical phosphorylations in the linker region are induced 

by Mitogen Activated Protein Kinases (MAPK), transcriptional cyclin-dependent kinases 

CDK8 and CDK9, and glycogen synthase kinase-3 (GSK3 β) [54, 62, 64, 65]. The linker 

region of Smad1 contains four MAPK phosphorylation sites (PXSP motifs), which are 

conserved in Smads 1/5/8 and a single site is preserved in the Drosophila Smad1 

homolog, Mad [66] (Figure 1.12). The linker region of Smad1 contains four GSK3β sites 

upstream of the MAPK sites [65].  Downstream of these sites are PY motifs 

(PPXY/PPAY) that bind WW domains, such as those found in the E3 protein-ubiquitin 
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ligase, Smurf1, and transcriptional effector of the Hippo pathway YAP [64].  Mutation of 

the linker region target sites or inhibition of kinases that act on the linker region leads to 

cell-type-specific effects on the transcriptional activity of the Smads [56].  Smad1/5/8 are 

functionally interchangeable and knockout studies suggest redundancy. Smads 1 and 5 

are nearly identical and most of their divergence from Smad8 is in the linker separating 

the MH1 and MH2 domains [50] 

Figure 6:  The Smad1 structure contains a MH1 domain at the N-terminus important for 

DNA binding, an MH2 domain at the C-terminus important for canonical BMP signaling 

activation and protein-protein interactions, and a Linker domain which contains 4 

consensus sites for MAPK activation (underlined), as well as sites for additional protein 

interactions.  Image reprinted from [67]. 

 

Effects of Post- translational Modifications in the Smad Linker Region   

The BMP signal is transduced from the cell surface to the nucleus by Smad 1/5/8 

transcription factors.  Because BMP signaling is transduced from the cell surface by 

Smad transcription factors, BMP signaling intensity and outcome is regulated by 
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phosphorylation of the Smad transcription factors [66].  In addition to receptor 

phosphorylation at the C-terminus, Smad1 can be phosphorylated at specific sites in the 

linker region by MAPK, GSK3β, and CDK 8/9, putting Smad1 at the crossroads of 

signaling cross talk [66].  Such post-translational modifications of the Smad1/5/8 linker 

region can influence the propensity of the complex to translocate to the nucleus, the 

transcriptional activity, and the rate of turnover [56, 58] [62, 67-70].   

 

The linker region is phosphorylated most prominently by MAPKs [56], and MAPK play 

a key role in the regulation of Smad1 activity in vivo [57] by inhibiting BMP activity 

during neural differentiation, limb development, bone and tooth formation, human cells 

lines, xenopus embryos, and genetically modified mice[62].  The first evidence of 

pathway cross-talk convergence on Smad1 occurred during EGFR stimulated ERK 

MAPK activation.  The Smad1 linker region was shown to be phosphorylated at PXSP 

sites in the linker region in response to EGFR stimulated ERK MAPK activation [67].  

Two mechanisms were identified which inhibited BMP signaling.  The first mechanism 

was that MAPK seemingly prevented Smad1 nuclear accumulation [67], and this has 

been shown in subsequent studies to inhibit both TGFβ /BMP signaling [67, 69, 71, 72].  

This phosphorylation may prevent interaction with nuclear import machinery (nups and 

importins) as well as enhance interaction with cytoplasmic nuclear anchors [56].  The 

second mechanism of action of MAPK mediated BMP signaling inhibition was that 

Smad1 was targeted for degradation [67].  Smad1 linker phosphorylation on MAPK sites 

seems to be a priming event for additional protein recruitment and docking.  It is a 

prerequisite for interaction of Smad1 with the Smurf1 ubiquitin ligase.  Smad1 
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subsequently becomes polyubiquitinated and targeted for proteasome-dependent 

degradation. Binding of Smurf1 to Smad1 also prevents interaction of Smad1 with the 

nuclear translocation factor Nup214, leading to cytoplasmic retention of Smad1 [62].  

MAPKs also provide a priming phosphorylation for GSK3β.  Typically, GSK3β requires 

a phosphorylated substrate. Hence, linker phosphorylation of Smad1 via GSK3β depends 

on phosphorylated MAPK sites which triggers peri-centrosomal transport and enhances 

Smurf1-mediated proteasomal degradation of Smad1 [65].  This study further suggests, 

that canonical Wnt signaling enhances BMP signaling, as it leads to the inactivation of 

GSK3β [65]. 

 

The Smad1 Linker Region and Cartilage 

A limited number of studies have identified Smad1 linker region phosphorylation 

induced by MAPK at PXSP sites in articular chondrocytes.  Early and indirect evidence 

came in the form of bFGF, which activates ERK and JNK MAPK signaling in articular 

chondrocytes [73].  Co-treatment of bFGF (50ng/mL) and OP1 inhibited PG synthesis 

[74].  In later work, Elshaier et al. found that IL1β (10ng/mL) induced MAPK activation 

and Smad1 linker region phosphorylation.  The suppressive effects of IL1β on OP1-

mediated PG synthesis could be overcome by chemical inhibition of the p38 MAPK, and 

the inhibitor restored 75% of PG synthesis as compared to OP1 treatment alone, 

demonstrating that IL1β inhibits OP1-mediated responses via activation of p38 kinase.  

IL1β also decreased BMP signaling by 50%, as indicated by the reduced amount of 

nuclear Smad4 during OP1 and IL1β co-treatment [73]. Loeser et al. evaluated the effects 

of oxidative stress on IGF1 and OP1 signaling.  When oxidative stress was initiated by 25 
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µM tert-butyl hydroperoxide, OP1-induced PG synthesis was inhibited.  Tert-butyl 

hydroperoxide treatment of chondrocytes resulted in p38, ERK, and JNK MAPK 

mediated Smad1 linker region phosphorylation, and partially inhibited OP1-initiated 

Smad4 nuclear translocation.  Chemical inhibition of p38 was able to overcome Smad1 

linker region phosphorylation [75].   

 

 In most systems, linker region phosphorylation occurs following priming with the 

canonical phosphorylation (Ser 463/465) and affects Smad activity, localization, and 

stability in cells [58].  In the study by Elshaier et al., pretreatment with IL1β was able to 

delay OP1-induced canonical phosphorylation, cause early termination of signal, and 

reduce the intensity of canonical phosphorylation [73].  Loeser et al. reported no change 

in canonical Smad phosphorylation in response to tert-butyl hydroperoxide, nor did OP1 

influence tert-butyl hydroperoxide-mediated Smad1 linker region phosphorylation [75].  

The implications of spatiotemporal phosphorylation events on Smad1 activity are still not 

well understood, particularly in the post natal systems.   

 

Summary:  A Potential Role for Osteogenetic Protein 1 (OP1) as a Meniscus 

Therapeutic Agent 

A paradigm of OA is that tissue homeostasis is lost when catabolic tissue breakdown 

exceeds normal matrix synthesis in a process driven by inflammatory cytokines.  

Literature indicates that this this paradigm holds true for the meniscus. The current 

prevailing trend in repairing meniscus-related lesions is to maintain the tissue intact 

whenever possible. However, the inability of surgeons to restore the tissue in cases of 



19 
 

complex or total traumatic lesions as well as degenerative lesions continues to present 

challenges. The simultaneous inability to delay the progressive development of 

osteoarthritis presents a similar motivation to search for new therapeutic avenues [16].  

Enhancing matrix synthesis through anabolic factor stimulation following meniscus 

injury is likely to slow or prevent OA progression.  Yet, inflammatory factors induce a 

refractory cellular response to anabolic factors.  Cellular anabolic resistance leads to 

failure of cells to turn off production of catabolic factors or to turn on matrix synthesis 

[35] thus cells fail to sustain biosynthetic/repair processes at the high levels required to 

maintain matrix homeostasis [76].  This could result in a continued cycle of unchecked 

matrix degradation in response to mechanical forces and continued damage to the matrix 

[35].   

 

OP1 has been shown to be the most potent natural inducer of articular cartilage matrix 

synthesis without creating uncontrolled cell proliferation and formation of osteophytes 

[43].  Limited studies of OP1 in the meniscus have various effects, from stimulation of 

matrix in vitro and in vivo [45-47, 49], to no effect in vivo [48] in animal models, 

although many of these studies have limitations in design.  Due to the similarities of 

meniscus and articular cartilage, we chose to evaluate this growth factor for its ability to 

induce meniscus matrix synthesis.  This dissertation work is the first to make evaluations 

of OP1 stimulation in human normal meniscus cells, normal meniscus cells stimulated 

with pro-inflammatory factors, and OA meniscus cells with the translational objective of 

assessing OP1 as a potential repair factor after trauma and/or disease of the meniscus.  

The long term objective of this project was to determine the response to OP1 in meniscus 
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cells.  The first aim of this project was to compare the OP1 response of normal and OA 

meniscus.  We hypothesized that OP1 stimulation of OA meniscus cells will result in 

reduced canonical BMP signaling and matrix synthesis compared to healthy cells.  Our 

results in normal meniscus cells showed that OP1 stimulated matrix expression and 

suppressed catabolic factor expression.  However, we made the discovery that OA 

meniscus cells were refractory to OP1, and insensitivity to OP1 could be induced in 

normal cells following treatment with pro-inflammatory factors.  From literature, BMP 

signaling can be repressed by MAPK-induced inhibitory phosphorylations to the BMP 

pathway’s transcription factor, Smad1, in the Smad1 linker region [62].  Several studies 

have identified that this phosphorylation event occurs in adult articular chondrocytes as a 

result of pro-inflammatory factor or oxidative stress activation of MAPK [73, 75].  Our 

second aim was to determine the mechanism of OP1 insensitivity during inflammatory 

cytokine stimulation.  We hypothesized that that pro-inflammatory cytokine stimulation 

of normal and osteoarthritis meniscus cells will stimulate the inhibitory phosphorylation 

of the Smad linker region (Ser206).  We identified that such cytokine stimulation results 

in significantly increased Smad linker region phosphorylation at Serine 206, part of a 

MAP kinase phosphorylation consensus site shown to inhibit Smad1 activity.   

It is projected that by overcoming anabolic insensitivity, OP1 could resume activity as an 

anabolic and anti-catabolic agent in meniscus cells following injury.  Theoretically, this 

may assist in overcoming loss of tissue homeostasis by enhancing synthesis and 

contributing to resolution of matrix breakdown while being non-deleterious to other joint 

tissues.  Our work set out to assess anabolic insensitivity to OP1 and target a potential 

mechanism contributing to it in meniscal cells for future study.   
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CHAPTER 2:  THE CONTRIBUTION OF INJURED MENISCI TO 

OSTEOARTHRITIS 

 

Summary 

The purpose of this review is to summarize the current scientific knowledge regarding 

how the injured meniscus may contributes to the development of osteoarthritis (OA) with 

a particular emphasis on the biological factors involved in this process.  A PubMed 

search was conducted in order to identify manuscripts published in the English language 

linking meniscus injury to OA that included epidemiological studies, studies on the role 

of biomechanical factors, and studies on the role of biological factors.  Studies to date 

have documented that meniscal injury is an important risk factor for OA and that both 

biomechanical and biological factors can play an important role.  Metabolic changes in 

meniscal cells following injury accompanied by excessive production of pro-

inflammatory mediators were identified as important yet under studied areas that could 

provide new targets for interventions to prevent OA.   

 

Introduction 

Meniscus injury predisposes individuals to OA risk and progression.  Meniscus tears 

represent the most common injury to the knee joint [1, 2].  The incidence of meniscal 

tears has been shown to be approximately 60 to 70 per 100,000 people [3] and in active 

populations such as the military, 8 per 1,000 people suffer from meniscus injuries [4].  

Approximately 30% of the general population between 19-50 years of age has tears 

identified by MRI, with incidence increasing with age [5].  OA is often induced within 5 
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to 15 years following meniscus injury [6-8] and is particularly accelerated in aged 

individuals [9, 10].   

 

Meniscus injury treatment may relieve immediate symptoms, but does not ameliorate OA 

risk.  Treatment of meniscal injury through arthroscopic surgery has become one of the 

most common orthopedic surgical procedures in the United States, and can represent 10 

to 20% of all procedures [1, 2], with over 10% of patients requiring a second meniscus 

surgery within 3 years [11].  Meniscus injuries are often irreparable, and the resulting 

meniscectomies are performed 16 times more frequently than surgical repairs [12].  

Partial meniscectomy is most commonly performed [3], which reduces symptoms but 

similarly predisposes patients to OA [7].  Approximately 50% of patients with tears 

treated by meniscectomy have radiographic OA within 16 years [13], and 70% have OA 

20-30 years post-surgery [8].   

 

Consistent with a biomechanical role of the meniscus in OA, meniscus loss is correlated 

with OA risk.  The amount of degeneration that takes place after partial meniscectomy is 

proportional to the amount of tissue resected during the procedure [3] as exemplified by 

the increased risk ratio of OA from 2.7 for partial meniscectomy to 14.0 for total 

meniscectomy [7, 14].  Degenerative type tears put patients at a higher risk of OA than 

traumatic tears [13] and also predict faster OA progression [15, 16].  Yet, left untreated, 

meniscal damage, including tissue maceration or tearing, increases the risk of developing 

radiographic OA by 6-fold (odds ratio 5.7) over a 30 month follow up period [6].  This 
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supports that, in addition to changed biomechanical strain, biological factors may also 

contribute OA following meniscus injury.    

 

The cellular and molecular processes that lead to an increased risk of OA are complex 

and not fully characterized [17].  Osteoarthritis is increasingly recognized as a disease of 

the whole joint with a shared environment comprised of cartilage, synovium, ligaments 

and the meniscus [18].  Changes in the menisci in both aging and OA have similarities to 

changes noted in the articular cartilage, including matrix disruption, fibrillation, cell 

clusters, calcification, and cell death [18].  Meniscus OA changes are highly correlated 

with articular cartilage OA within the same knee joint environment and meniscus 

degeneration is felt to be an important part of the pathophysiology of knee joint 

osteoarthritic change [15].  Articular cartilage degradation is understood to be driven by 

metabolic imbalance such that injuries cause a catabolic cascade of matrix 

metalloproteinases and inflammatory cytokines that contribute to abnormal remodeling of 

joint tissues and the development of OA [18-23].  While research in articular cartilage is 

more comprehensive, there is an emerging body of research focused on the biologic 

impact of the meniscus. Therapies to complement surgical intervention need to consider 

treatment of the entire joint and with that, understanding of the biologic factors relevant 

to the meniscus are necessary to ameliorate joint destructive processes in OA. 

 

The Biomechanical Contributions of Meniscus Injury to OA 

The meniscus encounters high biomechanical strain, and alterations following meniscus 

injury affect the knee joint tissues.  In the healthy knee, forces transmitted across the joint 



29 
 

during normal walking range between 2 and 3 times body weight, and jogging increases 

peak forces to 3.6 times body weight [24].  The meniscus covers approximately 50% of 

the tibiofemoral contact area and transmits an average of 50% of the load through the 

knee [3], although dependent on flexion, this can increase up to 100% in the lateral 

compartment [25].  Injury or loss of meniscus tissue changes the load distribution 

characteristics and interferes with the ability of the meniscus to generate hoop stresses 

and resist compression [26], leading to supra-physiological stress on the articular 

cartilage [3].   

 

Biomechanical overloading of articular cartilage contributes to knee joint OA following 

meniscus injury.  A study of the knee joint following meniscectomy identified altered 

contact forces which accelerate articular cartilage degeneration when >20% meniscal 

depth and 10 mm width was removed [27].  In vitro mechanical loading experiments 

show that injurious static compression induced by 3 days of continuous pressure in 

bovine chondrocytes stimulates the depletion of proteoglycans and damage to the 

collagen network and decreases the synthesis of cartilage matrix proteins [28, 29].  

Cartilage overload leads to proteoglycan loss, fibrillation, and necrosis and meniscus 

excision results in an estimated 4-7% articular cartilage loss per year [30, 31] (Figure 1).  

There is a strong positive correlation between the severity of degenerative changes in the 

meniscus and the degree of cartilage degeneration in end-stage human OA [26, 32].  

Without doubt, overloading of cartilage contributes to OA following meniscus injury.   

However, it has been shown that OA progresses even upon retention of injured meniscus 
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in other types of osteoarthritic cells or tissues, which further suggests that the meniscus 

responds to OA in a disease-specific manner [33].  A study of vervets identified that 

older, osteoarthritic meniscus explants secreted greater levels of matrix metalloproteases 

MMP-1, -3, and -8 than meniscus from younger, healthy animals and MMP-1 and -8  was 

higher in medial than lateral meniscus, which paralleled the higher grade degenerative 

changes observed in the medial compartments [34].  The cytokines IL7 and GMCSF/ 

CSF2 were also higher in aged OA vervets when compared to age- matched normal 

vervet menisci [34].  Additional studies of meniscus tears and synovium are discussed 

below, but these data suggest that meniscus contributes to joint destruction and is 

susceptable to tissue remodeling consistent with OA degeneration.   

 

Changes in the Joint Environment Following Joint and Meniscus Injury:  Synovial Fluid 

Meniscus injury enhances the risk of subsequent OA occuring in other tissues, suggesting 

that biological factors released following injury contribute to a changed knee joint 

environment.  Studies of synovial fluid composition post-meniscus injury can be used to 

assess this.  Synovial fluid consists of proteins filtered from systemic circulation through 

the synovial lymphatics and vasculature as well as those secreted from joint tissues 

including synovium, ligament, meniscus and joint capsule [35].  It is acknowledged that 

studies of synovial fluid proteins following meniscus injury cannot be attributed just to 

the injured meniscus, and the synovium is implicated following meniscus injury. A 

comparison of individuals with meniscus damage vs healthy controls demonstrated a 

significant association between meniscal damage and synovial effusion on magnetic 

resonance imaging (MRI), but the cellular and molecular nature of this inflammation was 
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not defined [36].  In patients with traumatic meniscal injury, but no radiographic 

evidence of osteoarthritis, the synovium retrieved during arthroscopic meniscectomy is 

frequently inflamed and increased inflammation scores are associated with increased pain 

and dysfunction and a unique chemokine profile [17, 28].  Signs of synovial 

inflammation are apparent in 43-80% of synovial biopsies taken following meniscus 

injury [17, 37].  These data indicate that the synovium may also be metabolic contributor 

to inflammation and joint disregulation following meniscus injury.  Studies of synovial 

fluid following meniscus injury remain a valuable source of information about changes in 

the total joint environment. 

 

Analysis of synovial fluid in the setting of meniscus injury and OA reveals a pro-

inflammatory joint environment.  In synovial fluid collected from individuals with knee 

pain for less than 6 months with meniscus tear as the suspected cause, the cytokines, IL-

6, MCP-1, MIP-1β, and IFN-γ were identified by ELISA and associated with pain, while 

IL-2, IL-13, IL-7, IL-10, and G-CSF were identified but not as strongly correlated to pain 

[9].  This study only enrolled those with knee pain and did not assess OA changes.  Some 

studies suggest the acute phase of inflammation following knee injury typically lasts 24–

48 h, but in some cases, persists for several weeks to 2 months [38] while the study 

conducted by Cueller et al. was conducted up to 6 months post-pain onset [9] and so 

provides evidence of an inflammatory event which may be predisposing to chronic 

inflammation and OA.  A proteomic analysis of synovial fluid from control, early 

osteoarthritis patients undergoing arthroscopy after injury of the medial meniscus,  and 

late-stage patients undergoing total joint replacement  revealed no differences between 
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early and late time points of OA, but 18 proteins from combined early and late OA were 

increased from non-injured controls and were categorized as cartilage metabolism (such 

as albumin), inflammation (apolipoprotein complement component), and apoptosis 

(fibrinogen, apolipoprotein A) [39].  The cause of late stage OA was not described [39], 

but being that meniscus injury results in an upregulation of factors present in late OA, 

this highlights symptomatic meniscus tears as a possible key biologic event.  A third 

study which evaluated synovial fluid from OA joints vs donors of comparable age with 

meniscus injury or discoid meniscus, identified 20 proteins up-regulated and five  down-

regulated in the OA samples. HLA-DR was one of the proteins up-regulated, which was 

confirmed by ELISA.  Categories upregulated included structural proteins (12 proteins, 

48 %), metabolic enzymes (five proteins, 20 %), transporters (two proteins, 8 %), 

immunoglobulins (two proteins, 8 %) and others (four proteins, 16 %).  While the acute 

inflammatory response plays an important role in wound healing processes, it may often 

be sustained and predispose the joint to OA risk [40].   

 

Aging and Meniscus Damage  

Several studies suggest important differences in the inflammatory response and matrix 

gene expression in the meniscus when tissue from younger and older adults was 

compared.  A microarray study comparing meniscectomized tissue from young vs. aged 

donors with similar tear types and short duration post-injury to meniscectomy found 866 

genes to be differentially regulated by age [41].  Tissue from the older adults expressed 

lower levels of genes involved in skeletal development, cartilage development, and 

cartilage extracellular matrix synthesis (such as COL11A2,  ACAN)  and greater levels of 
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genes associated with cell cycle and cell division (PCNA, DLGAP5, and CDC25C), and 

immune response and inflammation (HLA–DRB5, HLA–DRB1, IL7R, CX3CR1, 

and CCL8) pathways  [41].  Thus, the catabolic inflamatory and matrix-degrading 

responses were elevated and anabolic expression of matrix proteins was decreased in 

meniscus tear tissues obtained from aged donors compared with young donors...  It was 

proposed that cells in tears of meniscus from older adults may dedifferentiate and 

proliferate while menisci from younger adults respond to inflammation post-trauma [41].  

Of note, a gene expression study from the same group identified the opposite trend, that 

inflammation was more associated with younger donors (greater levels of IL1β, matrix 

degrading enzymes (ADAMTS5, MMP1, MMP9, MMP13, and NFkB2), while 

meniscectomized tissue from those over the age of 40 expressed less inflammatory 

markers and higher levels of matrix genes.  This study included both symptomatic and 

non-symptomatic donors as well as those with a concomittant complete ACL tear.  It was 

concluded that high inflammation was consistent with acute or traumatic tears 

experienced by younger individuals and indicates a biological contribution of the 

meniscus to OA risk [42].   

 

Information from articular cartilage suggests that high relative inflammation followed by 

resolution occurs as part of normal healing, while sustained molecular inflammation 

contributes to OA changes [19].  Early OA may also heighten matrix synthesis as part of 

an early repair response which fails over time [20].  It can be surmised that an acute and 

strong inflammatory event is present early following meniscus injury.  If the tissue is 

compromised due to unresolved inflammation, aging associated changes such as cell 
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death and proliferation, or changed biomechanical forces, OA susceptibility likely 

ensues.  While these studies lacked non-injured control meniscus tissue as a comparison, 

these studies may reflect the time post-injury to the analysis. 

 

Catabolic Factors Released by the Meniscus 

Several cytokines and MMPs are often implicated following meniscus injury, and are 

often used as representative cytokines in cell culture studies.  IL1β and TNFα are thought 

to play key roles in the initiation and progression of the osteoarthritis disease process 

[42].  They have been identified to be upregulated in meniscus tears in older adults vs 

young on a gene expression level in a human study [42] as well as following ACL tear 

[43].  Not all studies found TNFα upregulated in meniscus following injury [44], and one 

has found  low TNF-α levels post- ACL injury which increased with  time in synovial 

fluid, thus implicating TNF-α in the chronic inflammatory process [40].   Some studies 

also report elevated levels of IL-6 in the synovial fluid of patients with acute ACL injury 

[40, 45] or during early OA [46].   

 

Stimulation of meniscus cells with pro-inflammatory cytokines can create a positive 

feedback loop through production of additional cytokines, chemokines, and matrix 

degrading enzymes.  In human meniscal cells treated with IL1β and fibronectin fragments 

(FnF), the expression of cytokines (IL-1α, IL-1β, IL-6), chemokines (IL-8, CXCL1, 

CXCL2, CSF1) and MMP1, MMP3, and MMP13 were significantly increased [47].  In 

porcine meniscus explants treated with IL1α or TNFα, extracellular matrix gene 

expression was decreased and metalloproteinase expression was upregulated [26].  Our 
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Inflammation- mediated Anabolic Insensitivity 

While the biological impact of meniscus injury to the knee is only beginning to be 

explored and remains to be understood, studies of inflammatory factor-induced 

insensitivity to anabolic factors in meniscal cells are even less frequently studied.  

Articular cartilage studies point to the importance of anabolic insensitivity as a target to 

prevent OA progression.  In healthy articular cartilage, and presumably in other joint 

tissues composed extensively of extracellular matrix such as the meniscus, cells maintain 

normal homeostasis while OA is hypothesized to be driven by metabolic changes which 

result in lost tissue homeostasis.  Homeostasis for the purposes of this discussion is a 

balance of anabolic (synthesis of matrix macromolecules) and catabolic (their 

degradation and loss from the matrix) activities [20].  In healthy tissue, normal tissue 

microtrauma is sensed by nearby cells, which upregulate proteolytic enzymes to remove 

the damaged matrix proteins.  Growth factors, including the Bone Morphogenetic Protein 

(BMP) family member Osteogenic Protein 1 (OP1/BMP7), are stored in the matrix and 

released when the matrix is degraded.  Growth factor release and activation by enzymatic 

cleavage should serve to both shut down production of catabolic factors and stimulate 

synthesis of new matrix [19].  During OA, inflammation present at the molecular level 

within the tissue acts in an autocrine and paracrine fashion to stimulate cell production of 

proteolytic enzymes that contribute to matrix breakdown.  Damaged matrix fragments, 

including fibronectin (FnF), collagen, and hyaluronan, further stimulate cells to produce 

inflammatory factors and matrix degrading enzymes [19] creating a sensitization and 

feedback mechanism in response to inflammatory factors.   Concurrently, inflammatory 

factors induce a refractory cellular response to anabolic factors.  Cellular anabolic 
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resistance leads to failure of cells to turn off production of catabolic factors or to turn on 

matrix synthesis [19] thus cells fail to sustain biosynthetic/repair processes at the high 

levels required to maintain matrix homeostasis [20].  This could result in a continued 

cycle of unchecked matrix degradation in response to mechanical forces and continued 

damage to the matrix [19].  

 

Inflammatory factors are produced when a tissue is injured and are thought to be part of 

the repair response but when present at elevated levels can potentially inhibit repair.  An 

in vitro integrative repair model has been developed in which meniscal explant culture 

“plugs” were made by taking a biopsy punch and replacing it in the same position in the 

explant to simulate full thickness repair [49].  Following stimulation with the 

inflammatory factors IL1α or TNFα, integrative repair was inhibited in a dose-dependent 

manner, where 10 ng/mL completely blocked repair [49].  During TGFβ1 and IL1α 

cotreatment, TGFβ1 enhanced meniscal repair, but was not able to completely overcome 

the IL1α- mediated degradation alone.  The dose of IL1α was not described.  This study 

also pointed out that the mechanisms by which these mediators influence meniscal repair 

remain to be determined [49].  The meniscus has been found to be more sensitive to 

catabolic factors than articular cartilage [50], suggesting that the need to restore anabolic 

sensitivity is even more important in the meniscus.  Following dose dependent 

stimulation with several adipokines, cartilage explants were minimally affected, but 

menisci explants responded to multiple adipokines with GAG and nitrate release, 

significant GAG content loss, and reduced GAG synthesis [50].  This indicates a 
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heightened sensitivity in meniscal cells to adipokines that result in a strong catabolic 

effect and dampened repair response.   

  

Research by our group has identified a refractory response to the anabolic factor, OP1, in 

OA human meniscus, but not chondrocytes.  When normal and OA meniscus cells were 

stimulated with the inflammatory cytokines IL1α, IL1β (high dose, 10ng/mL), and Fnf 

(biological dose, 1µM), we did not identify any restoration of anabolic gene expression or 

reduction of MMP gene expression or protein secretion by OP1 co-treatment [48].  This 

raises the possibility that the anabolic insensitivity is influenced by the inflammatory 

factors present following injury and OA.  In total, these experiments suggest that 

meniscal cells are unable to resolve inflammation and the meniscus is particularly 

susceptable to loss of homeostasis which sets the up joint for subsequent damage.  

Research aimed at understanding the mechanisms of anabolic insensitivity and the 

interplay between inflammation signals and anabolic pathways will be important to 

identify targets to restore homeostasis.   

 

Summary Model of the Role of Meniscus Injury in OA 

In total, these studies indicate that excessive inflammation associated with meniscus injury and 

or intrinsic degeneration may set up a positive feedback loop leading to chronic inflammation 

and matrix destruction.  It is understood that articular chondrocytes in OA joints switch 

from quiescent to activated and undergo a phenotypic shift  leading to the disruption of 

homeostasis and ultimately to the aberrant expression of proinflammatory and catabolic 

genes [28].  Although meniscus-focused studies are more sparce than those of articular 
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cartilage, the literature indicates a similar phenomenon occurs in the meniscus.  In the 

degenerative meniscus, cell numbers decrease, the proportion of cells with a rounded, 

ovoid phenotype increases in all zones, and cell clusters form [51, 52].  Cells with a more 

ovoid phenotype co-localize with aggrecan breakdown products by IHC as a result of 

MMP-3, ADAMTS4, and ADAMTS5 activation [51].  Thus, it seems a phenotypic shift 

and metabolic upregulation also occurs in meniscal cells.  The studies reviewed above 

evidence increased expression of pro-inflammatory factors and catabolic enzyme 

production in damaged menisci.  A deleterious feedback and loss of tissue homeostasis 

occurs in meniscal cells, as they respond to pro-inflammatory factors and matrix 

breakdown products, such as FnF and IL1, with increased pro-inflammatory factor and 

catabolic enzyme production.  Subsequently, meniscal cells become insensitive to 

anabolic factor stimuli, thus failing to upregulate adequate matrix synthesis or resolve 

inflammation.  Loss of homeostasis through enhanced catabolic factor response and 

anabolic insensitivity in the meniscus may then lead to a pro-inflammatory environment 

in the whole knee joint, as evidenced by synovial fluid studies.  Biological factors 

released following meniscus injury in conjunction with added biomechanical stress may 

then cause deleterious feedback and loss of homeostasis in other tissues of the shared 

knee joint environment, leading to enhanced progression of total joint OA. 
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Abstract 

Objective:  Many cell types lose responsiveness to anabolic factors during inflammation 

and disease.  Osteogenic Protein 1 (OP1/BMP7) was evaluated for the ability to enhance 

extracellular matrix synthesis in healthy and OA meniscus cells.  Mechanisms of cell 

response to OP1 were explored.   

Design: Meniscus and cartilage tissues from healthy tissue donors and osteoarthritis 

patients undergoing total knee arthroplasties were acquired.  Primary cell cultures were 

stimulated with OP1 and/or inflammatory factors (IL1α, IL1β, or fibronectin fragments 

(FnF)) and cellular responses were analyzed by RT-qPCR and immunoblots.  Frozen 

section immunohistochemistry was conducted to assess OP1 and receptor proteins in 

normal and OA meniscus.   

Results:  OP1 treatment of normal meniscus cells resulted in significant, dose-dependent 

increases in ACAN (aggrecan) and COL2A1, and decreased MMP13 gene transcription, 

while only ACAN was upregulated (p<0.01) at the highest dose of OP1 in OA meniscus 

cells.   OP1 induced significantly more ACAN gene transcription in normal meniscus than 

normal articular cartilage (p=0.05), and no differences between normal and OA cartilage 
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were detected.  Receptor expression and kinetics of canonical signaling activation were 

similar between normal and OA specimens.  Normal meniscus cells treated with 

inflammatory factors were refractory to OP1 stimulation.  Smad1 phosphorylation at an 

inhibitory site was induced (p=0.01 for both normal and OA meniscus) by inflammatory 

cytokine treatment.   

Conclusions:  The meniscus demonstrates resistance to OP1 stimulation in OA and in the 

presence of inflammatory mediators. MAPK-mediated Smad1 linker phosphorylation is a 

possible mediator of the loss of anabolic extracellular matrix production in the 

inflammatory cytokine affected meniscus.   

Key Words: meniscus, osteoarthritis, OP1, BMP, extracellular matrix, cytokine 

 

Introduction 

The meniscus is a crescent-shaped fibrocartilaginous tissue that provides important 

biomechanical and biological functions in the knee such as supporting joint stability, 

reducing joint contact stress upon the articular cartilage, and contributing biologically to 

joint nutrition, lubrication, and proprioception [1].  The meniscus is frequently injured 

and not easily repaired, particularly in the inner region which lacks vascularization and 

retains more cartilage-like properties [2].  Approximately 35% of the general population 

between 19-50 years of age has meniscus tears identified by MRI, with incidence 

increasing with age [3], and up to 91% in symptomatic osteoarthritis (OA) patients [4].  

Following meniscus injury, OA is often induced where changes to the articular cartilage 

structure become apparent within several years [5].  Approximately 50% of patients with 
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tears treated by meniscectomy have radiographic OA within 16 years [6].  This suggests 

that the meniscus is an important target in studies of OA. 

 

OA is a process of lost tissue homeostasis and abnormal remodeling, in which catabolic 

breakdown exceeds matrix synthesis in a process driven by inflammatory mediators 

within the affected joint [7, 8].  Consistent with other OA affected tissues, injured 

menisci produce inflammatory factors and matrix metalloproteases which enhance 

meniscus degeneration and OA progression [9-12]. Although it has not been studied in 

the meniscus, it is likely that inflammatory cytokines released from the injured meniscus 

also inhibit anabolic factors associated with matrix synthesis.  Retention of meniscus 

extracellular matrix following meniscus injury and catabolic factor release is likely to 

slow or prevent OA progression [9-12]. 

 

Osteogenic Protein 1 (OP1/BMP7), a Bone Morphogenetic Protein (BMP) and 

Transforming Growth Factor β (TGFβ) family member, is a candidate for stimulating 

meniscus matrix synthesis.  OP1 stimulates matrix synthesis in cells of related tissues 

such as articular cartilage, ligament, and bone.  Treatment of articular cartilage with OP1 

both in vitro and in vivo is chondroprotective and enhances anabolic matrix synthesis and 

proteoglycan production without inducing abnormal anabolism, such as osteophyte 

formation [13].  OP1 is also anti-catabolic in articular cartilage, as treatment prevents 

matrix metalloprotease stimulation by modulating the effect of inflammatory and 

catabolic mediators such as Interleukin 1β (IL1β) and fragments of the matrix protein 
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fibronectin (FnF) [13].  Research has shown that the meniscus responds to OP1 with 

enhanced proteoglycan and collagen production [14-16].  However, no studies have 

investigated OP1 effects on the human meniscus using tissue from normal and OA joints. 

Information about the responsiveness to OP1 is needed if it is to be considered as a 

potential therapeutic intervention. 

 

OP1 signaling occurs via a common signaling pathway characteristic of BMP family 

members.  Following binding to a receptor complex, specific type I receptors (ALK-2, 3, 

or -6) transduce the signal by phosphorylating the C-terminus SVS motif at 

Ser463/Ser465 of intracellular targets Smads 1, 5, or 8 [17, 18].  A conformation change 

of Smad1/5/8 opens a binding site for the Smad4 cofactor.  The Smad1/5/8 and Smad4 

complex then translocate to the nucleus to interact with transcription factors on promoter 

elements of target genes. [19].   

 
 

The objective of this study was to evaluate the ability of OP1 to stimulate meniscus 

matrix synthesis in cells derived from normal and OA meniscus tissue.  Identification of a 

decreased response to OP1 in cells from OA joints led us to explore potential 

mechanisms for resistance to OP1 in OA meniscus cells.   
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Methods   

 

Cell Culture 

Normal human menisci and femoral articular cartilage (28-82 years, mean= 67) were 

obtained from tissue donors through the Gift of Hope Organ and Tissue Donor Network 

(Itasca, IL), or from the National Disease Research Interchange (NDRI, Philadelphia, 

PA).  Normal tissue had a score of 0-2 within the International Cartilage Research 

Society Cartilage Morphology Score (ICRS) or a meniscus modified ICRS which ranged 

from 0-4 [9].  OA meniscus and/or cartilage (54-74 years, mean=65) were obtained as 

discarded tissue from total knee arthroplasties performed at Wake Forest Baptist Medical 

Center (Winston-Salem, NC).  Human donor tissue research was approved by the IRBs at 

Rush University and Wake Forest University School of Medicine.  All comparisons 

between meniscus and articular cartilage were from the same knee and therefore were 

donor-matched samples (n=14 total matched donors).  In experiments using inner vs 

outer meniscus regions, the inner 1/3 of the meniscus was excised and processed 

separately from the outer region.  Tissue was digested and cells were harvested as 

described previously [9].  Primary meniscus cells and articular chondrocytes were grown 

as high density monolayer cultures with 10% serum in DMEM media (Gibco) until 

confluent, changed to mini-ITS or serum free media upon reaching confluence. Cells 

were treated with OP1 (25-500 ng/mL for initial dose response, and 100 ng/mL used for 

all subsequent experiments, Stryker Biotech).  In signaling experiments OP-1 stimulation 

was compared to IL1α, IL1β (10 ng/mL, R&D Systems), TGFβ, IGF1 (100 ng/mL, R&D 

Systems), GDF5 (100 ng/mL, Prospec), or FnF (1 µM), a recombinant fragment of 

fibronectin protein containing domains 7–10 of full length fibronectin [20] for 24 hours 
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or as indicated.  These cytokines were chosen as OP1 comparison as IL1α, IL1β, and FnF 

were expected to stimulate MAPK signaling, TGFβ for Smad2 signaling, IGF1 for AKT 

activation, and GDF5 for Smad1/5/8 signaling.  All treatment doses were selected to be 

within biologically relevant ranges of those found in synovial fluid or joint tissue except 

IL1α and IL1β, for which doses used were selected based on previous studies examining 

their role in mediating catabolic signaling [13, 21]. 

 

Quantitative Real-time PCR 

Total RNA was extracted using TRIzol (Invitrogen) and concentrations were determined 

by a nanodrop 1000 spectrophotometer (Thermo Scientific). Total RNA was used to 

synthesize cDNA (Retroscript RT kit) and RT-qPCR amplification was performed on a 

7900HT Fast Real-Time PCR System with Taqman Mastermix and manufacturer 

recommended primer-probe sets (Applied Biosystems).  All data were normalized to the 

endogenous control gene TATA box-binding protein (TBP) measured in parallel samples 

and calculated using the 2-∆∆ct method.  In preliminary studies we have found TBP to be 

more reliable than GAPDH or other “housekeeping” genes as a constitutively expressed 

control in meniscus cells.  Graphs showing Normalized Expression reflect this 

calculation.  Graphs showing Relative Expression were normalized and then expressed as 

fold differences relative to unstimulated control cells for each donor in each experiment.  

Endogenous OP1 and BMP receptor expression levels were determined using RT-qPCR 

arrays for which RNA was purified using the RNEasy Mini kit (Qiagen) and used for the 

RT² Profiler™ PCR Array Human TGFß / BMP Signaling Pathway (SABiosciences) for 

the Applied Biosystems 7900HT thermocycler according to the manufacturer's protocol.  
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For these experiments, the geometric average from a panel of endogenous control genes 

including B2M HPRPT1, RPL13A, GAPDH, ACTB was used to normalize raw cts of 

OP1 and BMP receptors using the 2-∆∆ct method and graphed as normalized data. 

 

Immunoblot Analysis 

Cell signaling studies were performed as previously described [9], with cultures lysed at 

the indicated time points and lysates used to analyze cell signaling proteins by 

immunoblot.  Cell-conditioned media was collected 24 hours post stimulation for MMP 

analyses. Phospho-Smad1/5/8 (Ser463/Ser465)/(Ser426/Ser428), phospho-Smad1linker 

region (Ser206), Total-Smad1, Phospho-Smad2 (Ser465/Ser467), Total-Smad 2, 

phospho-p38 (Thr180/Tyr182), Total-p38, phospho–ERK-1/2 (Thr202/Tyr204), Total-

ERK-1/2,  Phospho-Akt (Ser473), Total-Akt, and secondary anti-mouse and anti-rabbit 

antibodies were all obtained from Cell Signaling Technology. The phospho-JNK 

(Tyr183/Tyr185) and JNK-2 antibodies were obtained from Invitrogen. The β-actin, 

MMP2, and MMP13 antibodies were from Abcam. MMP1 (Abnova) and MMP3 

(Millipore) antibodies were also used.   Densitometry was performed using ImageJ 1.48v 

analysis software.  MMP-1,-3, and -13 were normalized to MMP2 since its levels in 

conditioned media were not changed by cell treatment.  Phospho-Smad1linker region was 

normalized to Total-Smad1.  Phospho-Smad2 was normalized to Total-Smad2.  Because 

the phospho-Smad1/5/8 antibody recognizes a phosphorylation site in all 3 of the Smads 

and therefore cannot distinguish Smad1 from Smad5 or Smad8, β-actin was used to 

normalize phospho-Smad1/5/8 densitometry. 
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Immunohistochemistry 

Human meniscus tissue excised from the body of the lateral meniscus (n=3 normal and 

n=3 OA) was snap frozen in OCT (Fisher Scientific) and sectioned at 5 µm. 

Immunostaining was automated (Leica Bond-max™, Leica Microsystems Inc., 

Bannockburn, IL) following manual optimization (Vector labs) protocols. Sections were 

washed with PBS between each of the following steps: fixed for 10 minutes in acetone, 

treated with Bloxall, Dako Serum Free Protein Block, followed by primary antibody 

diluted in Dake antibody Diluent.  Antibodies consisted of anti-mature OP1 (Stryker 

Biotech), ALK2 (LSBio), ALK3 (Gene Tex), ALK6 (Bioorybt), and secondary anti-

rabbit (Vector labs).  RTU Elite was then added.  The DAB chromagen was added and 

neutralized within 2 minutes.  Slides were counterstained with Gill’s hematoxylin and 

mounted with MM24.  Slides were scanned with an Olympus VS110, version 2.7, with 

VS-ASW FL software. The objectives are true Olympus 40X and images shown at 10x.  

OlyVIA is the viewing software for the VSI image format.   

 

Statistical Analysis 

Results are shown as the mean ± SD from at least 3 independent donors.  Data were 

analyzed with SAS version 9.4 (SAS Institute, Inc. Cary, NC).  Experimental control- 

normalized data were log or square root transformed to correct for skewness if 

necessary. In order to account for within-donor correlations, all regression analyses were 

conducted using mixed modelling techniques: dose response experiments used a repeated 
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measures framework; experiments of donor-matched tissues used linear mixed models; 

and longitudinal regression models were used to evaluate time courses.  T-tests were used 

to compare inflammatory cytokine stimulation to inflammatory cytokine with OP1 co-

treatment.  Post hoc tests were conducted with Dunnett's adjustment for multiple 

comparisons to evaluate differences from the control treatment within normal and OA 

groups or Tukey-Kramer adjustment for multiple comparisons to further define 

differences between normal and OA groups. 

 

Results 

Comparison of Normal and OA Meniscus Cell Response to OP1:  We stimulated normal 

and OA meniscus cells with increasing doses of OP1 and analyzed the effects on 

extracellular matrix and matrix metalloprotease (MMP) gene transcription.  Following 

OP1 treatment in normal cells, we observed dose-dependent increases in transcript levels 

of ACAN (aggrecan) which were significantly greater than the untreated controls starting 

at the 100ng/ml dose. However, compared to normal cells, ACAN expression was 

upregulated to a lesser degree in OA meniscus cells following OP1 treatment, with 

significant difference between untreated OA control cells only detected at the highest 

(500ng/ml) dose of OP1 (Figure 1).  COL2A1 (collagen type II) mRNA levels 

significantly increased with increasing dose of OP1 treatment in normal cells as 

compared to the untreated normal control cells beginning at the 100 ng/mL dose.  No 

differences were detected in OA meniscus cells treated with OP1 when compared to the 

untreated OA control cells.   Gene expression of MMP13 was significantly 

downregulated during OP1 stimulation in normal cells at each dose compared to 
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unstimulated normal cells, but not in OA cells compared to unstimulated OA cells.  A 

modest increase in MMP1 occurred in normal cells at the 100 ng/ mL dose of OP1 (fold 

change of 0.302, p=0.0278) and in OA cells at the 300 ng/ mL dose (fold change of 

0.811, p=0.0321), but significance was not found at other doses (data not shown).  

Transcript levels of COL1A1, COL3A1, and MMP3 were not significantly changed in 

normal or OA cells in response to OP1 at any dose (data not shown).  From this 

experiment, we chose to stimulate cells in all subsequent experiments with OP1 at 100 

ng/ mL, a biologically relevant dose [21, 22].   

 

The OP1 response in cells from donor-matched meniscus and articular cartilage from 

both normal and OA knee joints were compared.  Data for each gene were normalized to 

TBP and then presented as the expression relative to unstimulated cells for each 

experiment (i.e. OP1 stimulated normal meniscus cells relative to unstimulated normal 

meniscus cells).  OP1 stimulated significantly greater ACAN expression in normal 

meniscus cells than either OA meniscus cells or articular chondrocytes from either 

normal or OA joints (Figure 2A).  COL2A1 was also increased by OP1 in normal 

meniscus to a significantly greater extent than in cells from OA meniscus.  Differences in 

MMP13 expression in meniscus and cartilage were not detected.  No differences in gene 

expression were identified between normal and OA chondrocytes.  The inner region of 

the meniscus is often lost to degeneration during OA [2].  We analyzed the response of 

cells from healthy meniscus tissue by region to determine if the loss of inner region tissue 

was responsible for reduced response to OP1 in OA meniscus.  The mRNA levels of 

ACAN and COL2A1 upon OP1 stimulation were comparable between the healthy 
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meniscus regions, and no significant differences were detected (Figure 2B).  MMP13 was 

more significantly down-regulated in the inner meniscus cells compared to other regions 

and articular chondrocytes.  

 

Endogenous Expression of OP1 and BMP Receptors in Meniscus:  We evaluated 

endogenous levels of OP1 and type I BMP receptors in normal and OA meniscus cells by 

mRNA and immunohistochemistry (IHC).  No significant differences were found 

between normal and OA meniscus mRNA levels of BMP7 (OP1) and the type I BMP 

receptors ACVR1 (Activin receptor-like kinase-2 or ALK2), BMPR1A (ALK3), and 

BMPR1B (ALK6)(Figure 3 A, B).  IHC staining showed an increased amount of OP1 in 

normal tissue over OA tissue (Figure 3C).  BMP type I receptor protein staining was 

apparent in both normal and OA menisci. 

 

Normal and OA meniscus cell response to OP1 during inflammatory factor treatment: 

OP1  has been shown to reduce MMP production by modulating the effect of 

inflammatory and catabolic mediators in articular cartilage [13].  Normal and OA 

meniscus cells, with or without OP1, were treated with FnF, IL1α, or IL1β.  Immunoblots 

of cell-conditioned media were probed for MMP-1, -3, or -13 and normalized to MMP2, 

for which levels remained stable.  Densitometry of immunoblots revealed that normal 

cells secreted significantly more MMP1 and MMP3 when stimulated with inflammatory 

cytokines (Figure 4 A, B, C).  MMP13 was not detected by immunoblot of normal cells.  

Likewise, OA cells secreted significantly more MMP1 and MMP13 when stimulated with 
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inflammatory cytokines (Figure 4 D, E, F, G).  Across both normal and OA meniscus, 

OP1 (100 ng/mL) addition did not alleviate MMP secretion basally or with inflammatory 

factor addition.  We also tested the ability of OP1 to modulate gene transcription in 

parallel experiments. OP1 co-stimulation with any of the inflammatory factors was not 

able to influence gene expression for either normal or OA donors (Figure 5).  In general, 

IL1α, IL1β, and FnF increased MMP -1, -3, and -13 gene expression and decreased 

anabolic matrix gene transcription, but OP1 was not able to restore gene expression in the 

presence of any of the tested inflammatory factors. 

 

OP1 Effects on Normal and OA Meniscus Cell Signaling:  Phosphorylation of the c-

terminus of the Smad1/5/8 transcription factors (p-Smad1/5/8) is the result of canonical 

BMP signaling activation.  Whether or not OP1 activates non-canonical pathways such as 

MAPKs or AKT in the meniscus has not been reported.  Thus, we examined the kinetics 

of OP1-induced phosphorylation of these proteins in normal and OA meniscus.  We 

found that OP1 only activated canonical, Smad1/5/8 phosphorylation (P-Smad1/5/8) in 

both normal and OA meniscus and not non-canonical signaling, as compared to TGFβ, 

IL1β, GDF5, or IGF1   (Figure 6A normal donor, Figure 6B OA donor).  Smad1/5/8 

phosphorylation significantly increased over time in response to OP1 treatment in normal 

and OA donors (p<0.001), beginning at 30 minutes and peaking at 1.5 hours, but no 

differences in kinetics were found between normal and OA donors (Figure 6C).  As 

expected, IL1β and IGF1 failed to induce significant, canonical Smad1/5/8 

phosphorylation.  IL1β was the only stimulus which induced phosphorylation of the 

MAPKs (p38, ERK, JNK), while IGF1 was the only stimulus which induced AKT 
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phosphorylation in both normal and OA meniscus cells.  GDF5 was a less potent 

stimulator of canonical Smad1/5/8 phosphorylation than OP1.  TGFβ induced both 

Smad1/5/8 phosphorylation and Smad2 phosphorylation in normal and OA meniscus.   

 

Smad1 Linker Region Phosphorylation in meniscal cells: The ability of Smad1 to 

regulate transcription can be inhibited by phosphorylation of the interdomain linker 

region by inflammatory factor- activated MAPK [16, 23-25].  We compared the intensity 

of canonical (P-Smad1/5/8) and non-canonical linker region (P-Smad1, S206) Smad1 

phosphorylation between normal and OA meniscus cells, and also evaluated TGFβ-

associated Smad2 C-terminus phosphorylation (P-Smad2).  In normal cells, significant 

increases in P-Smad1/5/8 were detected in response to OP1 at 90 minutes and to TGFβ at 

30 minutes.  OA meniscus cells had a trend of higher basal P-Smad1/5/8 than normal 

cells although no significant differences were detected (Figure 7B).  Phosphorylation at 

Serine 206 in the Smad1 linker region was significantly increased in response to IL1β in 

both normal and OA samples versus unstimulated controls (Figure 7C).  TGFβ 

significantly increased phosphorylated Smad2 above control levels in both normal and 

OA meniscus cells (Figure 7D). As expected, IL1β did not alter P-Smad1/5/8 or P-

Smad2. No differences were detected between intensity of phosphorylation of the 

evaluated proteins between normal and OA tissues.   
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Discussion 

These results identify OP1 as an anabolic agent in normal human meniscus cells which 

does not promote catabolic processes.  Importantly, the reduced ability of OP1 to 

stimulate extracellular matrix gene expression and to reduce MMP expression in 

meniscus cells obtained from end-stage OA knee joints suggests that factors associated 

with OA inhibit the response to OP1.  We found evidence that these could include IL1α, 

IL1β, and FnF which have been found to be present in torn meniscus and/or OA joint 

fluid [26, 27].  We also confirmed previous work [13] that unlike the meniscus, OA 

chondrocytes do not appear to become unresponsive to OP1 suggesting differences in the 

regulation of OP1 signaling between these two joint tissues.  

 

Previous work has shown that OP1 stimulates proteoglycan and collagen production in 

pig, rat, and sheep meniscus [14-16].  We further explored this using human tissue and 

found that ACAN and COL2A1 were upregulated in normal meniscus cells and MMP13 

was downregulated.  Our study also evaluated the effect of OP1 on meniscus cells 

derived from human OA joints, in which the stimulatory effects of OP1 on extracellular 

matrix gene expression was lost in all evaluations except for ACAN induction using a 

high dose (500 ng/mL) of OP1.  However, OP1 did not induce COL1A1, COL3A1, or 

MMPs in normal or OA meniscus cells, which supports that OP1 induces neither fibrotic 

nor catabolic processes in the meniscus.  Lack of induction of these genes is also 

consistent with published reports in articular cartilage [13, 28].   
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Unlike meniscus, OP1 has been extensively studied in articular cartilage.  Surprisingly, 

we found that the normal meniscus expressed higher levels of ACAN in response to OP1 

than matched articular cartilage from the same donor, while OA meniscal cells but not 

OA chondrocytes lost responsiveness to OP1.  ACAN and COL2A1 are OP1 responsive 

genes in articular cartilage [28, 29]  and this held true in the meniscus.  We did not find a 

differential response to OP1 stimulated ACAN or COL2A1 expression by separated 

meniscus regions, ruling out the possibility that the inner region, which is higher in 

aggrecan and collagen type II expression and often lost to degeneration during OA [2, 

30], was responsible for OP1 response.  This suggests that anabolic insensitivity of 

meniscus cells to OP1 in OA is related to disease state and not due to loss of the inner 

meniscus region in OA.   

 

Type I BMP receptors assist in signal transduction across the cell membrane and confer 

specificity of intracellular BMP signals [31, 32].  We evaluated expression of endogenous 

OP1 and the BMP type I receptors (ALK -2, -3, and -6) in normal and OA tissues to 

assess if OA impacts receptors available for signal transduction.  OP1 and BMP receptor 

protein staining was apparent in both normal and OA meniscus.  We did not identify 

differences in mRNA levels of OP1 or receptors between normal and OA meniscus.  OP1 

has been shown to bind strongly to ALK2 or weakly to ALK6 [33].  Because we 

observed similar expression of these receptors in normal and OA meniscus, we chose to 

look further downstream in the BMP signaling pathway for a possible explanation for 

anabolic resistance to OP1 in OA meniscal cells. 
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The signaling events incited by inflammatory factors released from injured and OA 

menisci, including IL1α, IL1β, and FnF [26, 27] culminate in meniscus tissue breakdown 

and OA progression [9-12].  It has been less studied, but inflammatory factors also inhibit 

intrinsic meniscal repair [34], and likely set up the joint for subsequent damage.  Our 

objective in the present study was to model the inflammation which occurs following 

meniscus injury and OA.  Hence we used a high-dose (10 ng/mL) of IL1α and IL1β to 

induce inflammation, as has been previously published [13, 21].  Using this model in 

articular chondrocytes, OP1 was not able to compensate for IL1β induced downregulation 

in aggrecan expression [21], consistent with our findings.  However, OP1 was able to 

decrease MMP1 and MMP13 promoter activity in human chondrocytes following 25 

ng/mL IL1β [35], while we saw no OP1-induced change in MMP gene and protein 

expression in our experiments.  Hence our choice of 10 ng/mL was likely the most 

informative dose for this first study of OP1 effects in the meniscus during inflammation 

and OA.  We also used an OA-physiological dose of fibronectin fragment (FnF) (1 µM) 

[27].  In articular chondrocytes, OP1 was able to block, as well as restore, PG loss 

induced by FnF [36], while we failed to identify any restoration of anabolic gene 

transcription or reduction of MMP gene and protein expression.  Our study indicates 

inhibition of OP1 occurs during inflammation and also at a physiological concentration 

FnF in the meniscus.  In other studies, the meniscus has been found to be more sensitive 

to catabolic factors than articular cartilage [37]. Inflammatory factors also inhibit intrinsic 

meniscal repair [34], and likely set up the joint for subsequent damage.   Although there 

is variation in methodology, this further suggests differences in meniscus and cartilage 
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metabolism, and a potentially greater sensitivity of the meniscus to inflammation-

inhibited repair processes.   

 

BMP signal transduction from the cell surface to the nucleus occurs via the Smad 

transcription factors, which are central mediators of this pathway [38].  Ligand-activated 

BMP receptors phosphorylate the Smad1/5/8 transcription factors at the canonical, 

activating c-terminus.  This results in co-factor recruitment, nuclear accumulation, 

association with other transcription cofactors, and gene transcription [18].  Alternatively, 

non-canonical BMP signaling can activate the MAPKs, and AKT pathways [18, 39].  We 

identified similar kinetics of canonical, activated Smad1/5/8 (p-Smad1/5/8) between 

normal and OA donors.  OP1 did not activate non-canonical pathways in the meniscus, 

including the p38, ERK, and JNK MAPKs, Smad2, or AKT.   

 

Convergence of inflammatory cytokine activated MAPK and BMP signaling results in 

BMP signaling constraint at the level of Smad1.  This occurs via non-canonical, 

inhibitory phosphorylation of Smad1 at the interdomain linker region by MAPKs.  

Smad1 linker region phosphorylation at serines of PXSP motifs by MAPKs has been 

shown to limit nuclear accumulation, reduce transcription activity, and induce Smad1 

degradation in developmental models [16, 23-25].  This potential mechanism for OP1 

resistance had not been studied in the meniscus, but many of the inflammatory cytokines 

associated with the torn or degenerative menisci, including IL1 and FnF, activate the 

MAPKs [40], and phosphorylated p38 MAPK has been identified histologically from torn 

menisci [41].  In articular cartilage, IL1β has been shown to increase Smad1 linker region 
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phosphorylation through p38 MAPK [21, 42]. In our study, Smad1 linker region 

phosphorylation, as indicated by the antibody to detect phosphorylation at serine 206, 

was enhanced during IL1β stimulation in normal and OA meniscus cells.  In conjunction 

with our experiments showing that cells treated with inflammatory cytokines were also 

refractory to OP1 stimulation, this suggests that Smad1 linker region phosphorylation 

may be a mechanism contributing to OP1 insensitivity following inflammatory events.  

 

TGFβ signaling in articular chondrocytes has been shown to be altered during aging and 

OA, with a switch in prominence from Smad2/3 to the BMP-related Smad1/5/8 resulting 

in MMP13 expression and loss of tissue homeostasis [43].  In articular cartilage, TGFβ 

stimulated phosphorylation of Smad1/5/8 is thought to recapitulate chondrocyte terminal 

differentiation and induces cartilage degeneration, synovial fibrosis, and osteophyte 

formation [44].  In contrast to chondrocytes, TGFβ induced significant increases in 

phosphorylation of Smad1/5/8 in cells isolated from normal and OA menisci, as well as 

significant increases in phosphorylation of Smad2 in both normal and OA meniscal cells.  

We noted comparable levels of TGFβ stimulated phosphorylation of Smad1/5/8 and 

Smad2 when comparing normal and OA human menisci.  These findings further 

exemplify differences in chondrocytes and meniscal cells and raise the question of 

whether the meniscus is protected from altered TGFβ signaling during OA.  Further study 

of the meniscus in comparison to articular cartilage may indicate signaling differences 

which can be targeted to assist knee joint homeostasis. 
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Despite the strengths of using a human model of disease, our study carries limitations 

specific to human tissue and cell-culture research.  The use of human subjects and 

associated variability may have resulted in failure to statistically identify differences in 

Smad phosphorylation between normal and OA tissues.  We attempted transfection 

experiments in normal human meniscus cells using Smad1 [45] and Smad1 linker region 

mutants [19] to determine if the inhibitory site phosphorylation at serines of PXSP motifs 

in the Smad1 linker region was responsible for the reduced response to OP1, but did not 

observe consistent effects.  The inability to accomplish these experiments reliably may 

exemplify the importance of Smad1 to normal meniscus cell phenotype and stress 

regulation, but they also highlight the limitations of cell culture studies using primary 

cells.  Further evaluation of the functional consequence of OP1 signaling and Smad1 

linker region phosphorylation in the OA meniscus pertinent to anabolic insensitivity may 

require in vivo approaches.  These were beyond the scope of the current study. 

 

In summary, these findings support the presence of significant anabolic resistance to OP1 

in OA menisci. In our experimental model, treatment with inflammatory mediators 

promotes the inhibition to  OP1  and also results in Smad1 interdomain linker 

phosphorylation at a site known to inhibit Smad1 transcriptional activity   [16, 23-25].  

This is the most likely explanation for OP1 insensitivity in OA meniscus and cytokine 

treated normal meniscus. Our data also exemplify key differences between meniscus and 

articular chondrocyte responses to OP1 as well as TGFβ.  Normal meniscus cells were 

more responsive to OP1 than normal chondrocytes but inflammatory mediators induced 

OP1 insensitivity in normal meniscal cells, similar to OA meniscus cells.  Unlike reports 
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in chondrocytes [43, 44], there was no change in prominence of Smad1/5/8 and Smad2 

activation following TGFβ stimulation in normal and OA meniscus.  The BMP pathway 

in general is known to have variant outcomes following a common intracellular signaling 

system due to species and cell type  differences [17].  Our work, conducted in human 

adult primary meniscus cells exemplifies cell type specific differences.  This is of 

particular interest during injury and OA, and highlights the importance of considering 

tissue specific and whole joint effects of potential therapeutics. 
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Figure Legends 
 
Figure 1:  OP1 dose effect on gene expression in normal and OA meniscus cells.  
Meniscal cells from normal (n=7 independent donors) and OA (n=5 independent donors) 
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tissues were treated with 0-500 ng/mL of OP1 for 24 hours.  All p values are compared to 
unstimulated controls (the 0 ng/mL OP1 dose for the respective normal or OA cells) 
unless otherwise indicated by brackets to point out the direct comparisons.  P values are 
reported on graph or *p<0.01, **p<0.001 by mixed model with repeated measures and 
post hoc Dunnett’s adjustments or Turkey Kramer adjustments..  ACAN= aggrecan, 
COL2A1= collagen type II, MMP13= matrix metalloprotease 13 
 
Figure 2:  Effect of OP1 stimulation on meniscus cells versus articular chondrocytes 
or cells of meniscus regions.  A) OP1 (100 ng/mL) 24 hour stimulation of matrix gene 
expression in meniscal cells and chondrocytes from normal, matched donors, and 
corresponding effect in tissue-matched OA donors (n=5 each).  B) OP1 (100 ng/mL) for 
24 hours effect on normal meniscus cells by region vs. cells from whole meniscus and 
chondrocytes (n=4 matched tissue donors).  Data for each gene were normalized to the 
endogenous control gene, TBP, and presented as the expression relative to the expression 
of unstimulated normal or OA cells, respectively.  Significantly different groups 
indicated by brackets to point out the direct comparisons.  P values reported on graph by 
linear mixed models and post hoc Turkey Kramer adjustments.   M= meniscus, C= 
cartilage, IM= inner meniscus, OM= outer meniscus 
 
Figure 3:  Endogenous levels of OP1 and receptors in meniscus.  A) BMP7 (OP1) 
RNA expression from cultured cells of n=3 independent normal and OA donors.  B)  
BMP Type I receptor RNA levels ACVR1 (ALK2), BMPR1A (ALK3), and BMPR1B 
(ALK6) in cultured cells from n=3 independent normal and OA donors.  C) OP1 and type 
I receptor protein localization in meniscus tissue by frozen section 
immunohistochemistry.  Data from A and B were normalized to the geometric average 
from a panel of endogenous control genes.  IHC images representative of n=3 
independent donors.  Scale bar 100 µM.  ALK= Activin receptor-like kinase, No 1O= no 
primary antibody control   
 
Figure 4:  MMP release from meniscus cells following inflammatory factor 
treatment and OP1 co-treatment.  Meniscus cells treated for 24 hours with  fibronectin 
fragments (FnF, 1uM), inflammatory cytokines (10ng/mL), or OP1 (100 ng/mL).  A) 
Immunoblot of normal human meniscus cells and B, C) densitometry of MMP1 and 
MMP3 from 3 normal human menisci.  D) Immunoblot of OA human meniscus cells and 
E, F, G) densitometry of MMP1, MMP3, and MMP13 from 3 OA human menisci.  
MMP-1,-3, and -13 were normalized to MMP2 since its levels in conditioned media were 
not changed by cell treatment.  P values by linear mixed models and post hoc Dunnett’s 
adjustments reported on graphs vs. unstimulated controls for densitometry from n=3 
independent normal and OA donors, each. 
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Figure 5:  Gene expression of matrix proteins and MMPs in meniscus cells following 
inflammatory factor treatment and OP1 cotreatment.  Meniscus cells treated for 24 
hours with  fibronectin fragments (FnF, 1uM), inflammatory cytokines (10ng/mL), or 
OP1 (100 ng/mL).  Data for each gene were normalized to the endogenous control gene, 
TBP.  P values are reported on graphs or are *p<0.01, **p<0.001 vs. unstimulated 
controls by linear mixed models and post hoc Dunnett’s adjustments.  No differences 
were detected between n=3 independent normal and n=3 OA meniscus donors. 
 
Figure 6:  Effect of OP1 on kinetics of canonical Smad1/5/8 signaling and non-
canonical signaling.   OP1 (100 ng/mL) treatment over time in both (A) normal 
meniscus cells and (B) OA meniscus cells as compared to positive controls for each 
signaling pathway.   Positive controls consisted of TGFβ activation of Smad2, IL1β 
activation of MAPKs (p38, ERK, JNK), and IGF1 activation of AKT.  GDF5 was also 
evaluated for activation of Smad1/5/8.  (C) Densitometry of P-Smad 1/5/8 from n=4 
independent normal donors and n=4 independent OA donors reveals a difference over 
time (p<0.001 by longitudinal mixed models) in response to OP1 stimulation, but no 
difference between disease state.  P-Smad 1/5/8= canonical Smad1/5/8 phosphorylation.  
Non-canonical pathways evaluated include P-Smad2=phosphorylated Smad2, P-p38= 
phosphorylated p38, P-ERK= phosphorylated extracellular signal-regulated kinases, P-
JNK= phosphorylated c-Jun N-terminal kinases, and P-AKT= phosphorylated 
AKT/protein kinase B 
 
Figure 7:  Direct comparison of normal and OA meniscus cell activation of 
canonical and non-canonical Smad phosphorylation. OP1 (100 ng/mL), ILIβ (10 
ng/mL), or TGFβ (100 ng/mL) stimulation at select time points.  A) Immunoblot 
representative of n=3 independent experiments.  B) Densitometry of canonical Smad 
1/5/8 phosphorylation (p-Smad1/5/8) from n=3 independent normal and OA donors.  C) 
Densitometry of non-canonical linker region Smad1 (p-Smad1 (S206)), an inhibitory 
phosphorylation for Smad1 transcription factor activity, from n=3 independent normal 
and OA donors.  D)  Densitometry of phosphorylated Smad 2 (p-Smad2) from n=3 
independent normal and OA donors. Phospho-Smad1linker region was normalized to 
Total-Smad1.  Phospho-Smad2 was normalized to Total-Smad2.  Because the phospho-
Smad1/5/8 antibody recognizes a phosphorylation site in all 3 of the Smads and therefore 
cannot distinguish Smad1 from Smad5 or Smad8, β-actin was used to normalize 
phospho-Smad1/5/8 densitometry.  P values by linear mixed models and post hoc 
Dunnett’s adjustments reported on graphs vs. unstimulated controls for densitometry 
from n=3 normal and OA donors, each. 
 
Supplementary Figure 1:  Endogenous protein levels of OP1 and receptors in 
meniscus.  OP1 and type I receptor protein localization in meniscus tissue by frozen 
section immunohistochemistry.  Whole frozen tissue sections at 10x magnification 
show region of imaging for normal, OA, and No 1O (no primary antibody control) 
meniscus by blue boxes.  The final images shown in Figure 3 at 100x magnification are 
superimposed along the top of the 10x whole tissue section, left side = outer meniscus, 
right side = inner meniscus image.  IHC images representative of n=3 independent 
donors.  Scale bar 100 µM.  ALK= Activin receptor-like kinase.   
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS 
 

Discussion of Findings 

OP1 Effect in Meniscus Cells 

The results from our studies have identified OP1 as an anabolic agent in normal human 

meniscus cells which does not promote catabolic processes.  Unlike meniscus, OP1 has 

been extensively studied in articular cartilage.  ACAN and COL2A1 are OP1 responsive 

genes in articular cartilage [1-3] and this held true in the meniscus. Surprisingly, we 

found that the normal meniscus expressed higher levels of ACAN in response to OP1 than 

matched articular cartilage from the same donor, while OA meniscal cells but not OA 

chondrocytes lost responsiveness to OP1.  We did not find a differential response to OP1 

stimulated ACAN or COL2A1 expression by separated meniscus regions, ruling out the 

possibility that the inner region, which is higher in aggrecan and collagen type II 

expression and often lost to degeneration during OA [4, 5], was responsible for OP1 

response.  

 

This dissertation work is the first to make evaluations of OP1 stimulation in normal and 

OA human meniscus cells as well as normal meniscus cells stimulated with pro-

inflammatory factors, with the translational objective of assessing OP1 as a potential 

repair factor after trauma and/or disease of the meniscus.  Although our experiments were 

limited to gene expression studies, we found that anabolic resistance occurs at the level of 

gene transcription.  Our results demonstrated a particularly strong response in meniscal 

cells to the ACAN gene, which contains OP1 response elements [3].  These gene 

expression results are in agreement with in vivo experiments that demonstrate that OP1 
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can increase the protein expression of matrix elements. A pig meniscus explant culture 

demonstrated a dose dependant increase in PG synthesis following 10 days of OP1 

treatment [6], but did not include results following inflamatory factor treatment.  It was 

also worth considering if the 10-fold increase of aggrecan mRNA stimulated by OP1 

would be biologically relevant, as the proteoglycan content of the adult meniscus is 

approximately one-fifth that of dry articular cartilage [7].  A study of meniscus repair in 

rabbits reported that the cells observed in meniscal repair tissues in rabbits initially were 

fibroblast-like cells, the proportion of chondrocyte-like cells increased with the advance 

of repair, and the repair tissue in the meniscus might have been hyaline-like cartilage, 

which contains 5 times the amount of proteoglycans than the meniscus [7, 8].  Further, in 

articular cartilage, the relative ratios of native proteoglycans was not altered by Op1 

treatment [9], suggesting that meniscus compressive properties may be maintained with 

OP1 treatment.  Further study of this may require in vivo analysis. 

 

Anabolic resistance to OP1 in Meniscus during OA and Inflammation 

We identified significantly reduced ability of OP1 to stimulate extracellular matrix gene 

expression and to reduce MMP expression in meniscus cells obtained from end-stage OA 

and during catabolic factor treatment.  OA is hypothesized to be driven by metabolic 

changes which results in lost tissue homeostasis.  In healthy cells following microtrauma, 

inflammation leads to MMP release, which degrades the damaged part of the matrix.  

Growth factors stored in the matrix, such as OP1, are released and activated by enzyme 

cleavage.  They restore tissue integrity by enhancing matrix synthesis and contributing to 

inflammation resolution [10].  During OA, molecular inflammation is sustained and a 
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catabolic sensitization is created due to unresolved inflammatory factor and catabolic 

matrix fragment signaling.  Concurrently, inflammatory factors induce a refractory 

cellular response to anabolic factors.  Cellular anabolic resistance leads to failure of cells 

to turn off production of catabolic factors or to turn on matrix synthesis [10].  This 

suggests that early targeting of anabolic resistance may prevent loss of tissue 

homeostasis.   

 

We observed insensitivity to OP1 in meniscal cells but not chondrocytes during OA.  

This indicates that the meniscus may be more sensitive to disregulation than articular 

cartilage.  We were also able to induce insensitivity to OP1 in meniscal cells by treating 

normal cells with the catabolic factors IL1α, IL1β, and FnF, suggesting that catabolic 

factors associated with OA drive anabolic insensitivity.  Although research is limited, 

these observations are supported by other studies.  The meniscus has been found to be 

more sensitive to catabolic factors than articular cartilage [11], suggesting that the need to 

restore anabolic sensitivity is even more important in the meniscus.  Following dose 

dependent stimulation with several adipokines, cartilage explants were minimally 

affected, but menisci explants responded to multiple adipokines with GAG and nitrate 

release, significant GAG content loss, and supressed GAG synthesis [11].  This indicates 

a heightened sensitivity in meniscal cells to adipokines that result in a strong catabolic 

effect and dampened repair response.  Inflammatory factors have been shown to reduce 

or block meniscus repair.  Following stimulation with the inflammatory factors IL1α or 

TNFα, integrative repair was inhibited in a dose-dependent manner, where 10 ng/mL 

completely blocked repair in an in vitro model in which meniscal explant culture “plugs” 
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were made by taking a biopsy punch and replacing it back in the explant [12].  During 

TGFβ1 and IL1α cotreatment, TGFβ1 enhanced meniscal repair, but was not able to 

completely overcome the IL1α- mediated degradation alone.  The dose of IL1α was not 

described.  This study also pointed out that the mechanisms by which these mediators 

influence meniscal repair remain to be determined [12].   

 

The Smad1 Linker Region as a Mechanism of Anabolic Resistance to OP1 in Meniscus 

during OA and Inflammation 

Our work has gone farther than any identified meniscus literature, in that we studied 

anabolic inhibition and identified a potential mechanism in the OP1/BMP signaling 

pathway contributing to inhibition.  We discovered that BMP receptor expression was 

apparent in both normal and OA cells by qPCR and IHC.  There was no evidence of OP1-

mediated non-canonical signaling, and kinetics of canonical signaling were the same 

between normal and OA meniscus cells.  Hence, we chose to evaluate mechanisms of 

inflammation-induced OP1 inhibition downstream of canonical signaling activation.  The 

BMP signal is transduced from the cell surface to the nucleus by Smad 1/5/8 transcription 

factors.  Because the BMP pathway converges on Smad transcription factors, it is also 

tightly regulated by signaling cross talk.  The BMP signaling intensity and outcome is 

regulated by phosphorylation of the Smad transcription factors [13].  Smad1 linker region 

phosphorylation by MAPK reduces nuclear translocation and transcriptional activity, and 

enhances the rate of turnover. In our model, treatment with inflammatory mediators 

promoted the inhibition to OP1 and also resulted in Smad1 interdomain linker 

phosphorylation at a site known to inhibit Smad1 transcriptional activity [14-16].  This is 
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the most likely explanation for OP1 insensitivity in OA meniscus and cytokine treated 

normal meniscus.  However, the use of human subjects and associated variability may 

have resulted in failure to statistically identify differences in Smad1 phosphorylation 

between normal and OA tissues [14, 16-21]. 

 

It remains to be determined conclusively if the MAPK-induced phosphorylations in the 

Smad1 linker region cause meniscus cell insensitivity to OP1 during OA.  We have 

generated preliminary data which provides insight for the future research direction.  We 

transfected meniscus cells with a Smad1 mutant resistant to linker region phosphorylation 

at MAPK sites [22] and a wild-type Smad1 construct [23]  (Appendix 1 Figure 8).  Cells 

transfected with these constructs showed a trend of greater reduction of MMP1 secretion 

during OP1 and IL1β co-treatment as compared to IL1β alone, and there was slightly 

greater reduction from cells expressing the mutant construct as opposed to WT Smad1, 

although no statistically significant differences were found (Figure 8A, B). Despite a lack 

of statistical significance, we belive that additional experiments may be able to elucidate 

the role Smad1 linker region phosphorylation plays in OP1/IL1β response.  High rates of 

cell transfection and protein expression were successfully obtained (Figure 8C) although 

cell stress was apparent as assessed by cell death and altered shape.  While this may 

partially confound some results, it may point to a high dependence of Smad linker region 

phosphorylation as a key regulatory function in meniscus and OA development.  

 

We conducted experiments using MAPK and NFkB inhibitors during OP1 treatment of 

OA meniscus cells with the understanding that these pathways have multiple targets in 
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addition to Smad1 (Appendix 1 Figure 9).  In experiments of OA meniscus cells in 

monolayer culture with 24 hour chemical inhibition and/or OP1 treatment, use of MAPK 

and NFkB inhibitors did not restore meniscus cell sensitivity to OP1 as evaluated by 

anabolic gene transcription.  MMP expression was reduced, suggestion the inhibitors 

were active in meniscus cells.  The MEK/ERK inhibitor (PD98059) was the least 

deleterious on OP1 induced anabolic gene expression in OA cells, OP1 with p38 

inhibition (SB203580) decreased MMP1 expression more than OP1 alone, and OP1 with 

p38 or NFkB inhibition (hypoestoxide) reduced MMP13 gene expression more than OP1 

alone (Figure 9A).  Due to concern that MAPK inhibitor co-treatment for 24 hours could 

result in off target effects or create cell stress, we made evaluations of gene expression at 

6 hours (Figure 9B).  This was not long enough for OP1 to stimulate detectible anabolic 

matrix gene synthesis.  IL1β did have an effect on gene expression by 6 hours, decreasing 

COL2A1 and increasing MMP1 and MMP13 gene expression in meniscus cells from a 69 

year old female OA meniscus donor, consistent with a decreased anabolic response and 

sensitized catabolic response in the meniscus during OA (Figure 9B).   

 

The experiments shown in Figures 9A and 9B were done in OA cells without co-

stimulation of IL1β.  This method was chosen because initial findings of insensitivity to 

OP1 during OA were made in cells only stimulated with OP1.  We did include IL1β as a 

control to determine if cells were responding normally, but it was not used as part of a co-

treatment scheme in OA cells.  Limited evaluations were made in normal and OA cells in 

which IL1β co-treatment was included (Appendix 1Figure 9C).  A trend of suppressed 

MMP1 and MMP13 was identified during p38 inhibition or during use of all 3 MAPK 



87 
 

inhibitors.  ERK and JNK inhibition restored ACAN and COL2A1, but this was not 

maintained during the use of all 3 MAPK inhibitors (Appendix 1Figure 9C).  These 

experiments point to p38 inhibition (SB203580) as a consistent inhibitor of MMP 

expression in meniscus cells.  In chondrocytes, the p38 MAPK was important for linker 

region phosphorylation [24, 25] and inhibition restored OP1-mediated PG synthesis 

during IL1β co-treatment [24].  Histology has identified phosphorylated p38 MAPK in 

torn menisci [26].  From these limited experiments (n=1 normal donor and OA donor) 

and literature, the p38 MAPK may be important target in suppressing the catabolic 

response following meniscus tears and during OA.  Inhibition studies may need to be re-

designed in the light of Appendix 1 Figure 9C, where IL1β co-treatment was needed to 

detect an effect.   

 

Effects of OP1 on Meniscal Injury Recovery 

 While data on the effect of OP1 and inflammatory factors in OA development are scarce, 

there have been reports of in vivo evaluations of OP1 effect during meniscal healing, 

although there are limitations in design.  A rabbit study of inner zone meniscal hole 

defects filled with a hyaluronan collagen composite matrix and injected with 1 μg OP1 at 

the time of implantation failed to improve healing at 3 months.  Mixed tissue with scar 

and small-differentiated areas (collagen type II positive) were detectable in both the OP1 

treated meniscal defects and the control defects.  Similar failure of healing was evident in 

response to platelet rich plasma [27].  Single dose treatment or lack of growth factor 

controlled release may have influenced the outcome.  An in vivo sheep study of meniscal 

hole defects defect with OP1 putty containing matrix of bovine collagen and 
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carboxymethylcellulose or putty alone.  This study demonstrated improved cellular 

infiltration by 6 weeks and greater fibrous tissue formation at 25 weeks in OP1 putty 

treated groups [28].  A different study from the same group also reported improved 

healing of avascular zone tears treated with trephination, suture, and OP1 [29].  The final 

in vivo study injected rat Achilles tendon with OP1 which enhanced fibrocartilage-like 

tissue formation after 4 weeks.  When this was sutured to meniscal defects, improved 

repair of meniscal defects was identified histologically and the tendon-meniscus 

expressed higher levels of collagen type II [30].  The relevance of this model is 

questionable, but does indicate a non-deleterious effect on both meniscus and tendon.   

 

TGFB activation of Smad2/3 and Smad1/5/8  

A unique finding of our research demonstrated that, in contrast to chondrocyte literature, 

TGFβ induced significant increases in phosphorylation of Smad1/5/8 in cells isolated 

from normal and OA menisci, as well as significant increases in phosphorylation of 

Smad2/3 in both normal and OA meniscal cells.  TGFβ is required for normal articular 

cartilage maintenance, but also accelerates abnormal tissue remodeling during OA.  

TGFβ is associated with signaling through Smad2/3, but can also activate the BMP-

related Smad1/5/8 [31].  Work in articular cartilage attributes this to altered receptor 

preference, in which TGFβ binding to ALK5 initiates Smad2/3 signaling, while ALK1 

signaling activates Smad1/5/8 [32].  This study used multiple models to assess this.  A 

shift in receptor ratios was identified by histological assessment of total cell numbers 

staining positive for ALK1 and ALK5 in 3 mouse models, including aging, OA induced 

by DMM in 10 week old mice, and a model of spontaneous OA (SRT/ort mice).  By 
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histology, both ALK1 and ALK5 levels decrease, although ALK5 decreases to a greater 

extent, resulting in an increased ratio of ALK1/ALK5.  SRT/ort mice were also evaluated 

by histology for the downstream Smad2/3 marker, PAI-1, as well as the Smad1/5/8 

marker, Id-1.  Id-1 was less apparent with age, but not as much as PAI-1, consistent with 

the ALK1/ ALK5 ratio.  Access to human tissue was available and used for RNA 

evaluations.  A correlation was found between enhanced ALK1 receptor expression and 

MMP13 and ALK5 expression and matrix expression.  Finally, in immortalized murine 

chondrocytes, overexpression of Ad-caALK1 enhanced MMP13 gene expression and 

Smad1/5/8 phosphorylation, and knockdown of ALK1 by siRNA decreased MMP13 

expression, while ALK5 had opposite effects [32]. Taken together, we believe that these 

findings suggest an interesting role of ALK1 and ALK5 in the Smad response pathway, 

and are promising as an avenue for future inquiry.  

 

Smad1/5/8 Signaling  

The authors of these TGFβ-relevant articular cartilage data suggest that activation of the 

Smad1/5/8 pathway is deleterious in soft tissue and induces chondrocyte terminal 

differentiation [31].  We identified that OP1 specifically activates Smad1/5/8 and no 

other pathways, including Smad2.  We also identified that in meniscus cells stimulated 

with TGFβ and immunoblotted for phosphorylation of Smad2/3 and Smad1/5/8, there is a 

trend of increased P-Smad1/5/8 during OA, although no significant differences were 

detected between n=3 each normal and OA meniscus donors.  Enhanced Smad1/5/8 is 

thought to result in OA progression of articular cartilage through recapitulation of 

terminal differentiation [31], although this was identified in response to BMP2.  Not all 
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BMP members are truly osteogenic [33], and BMP-2, BMP-6, and BMP-9 were shown to 

be most potent in the induction of alkaline phosphatase activity and osteocalcin 

expression in C3H10T1/2 cells, and to induce differentiation of mesenchymal progenitor 

cells into osteoblasts [34], although BMP4, and BMP7 (OP1) display osteogenic 

potential, being expressed in dental epithelium with BMP2 [33].  The outcome of 

enhanced signaling through Smad1/5/8 stimulated by OP1 in the meniscus remains an 

interesting question. 

 

Progenitor cell signaling through Smad1/5/8 is thought to be osteogenic, while signaling 

through Smad2/3 is chondrogenic [35], but this does not seem to hold true during OP1 

use in the knee joint environment as suggested by in vivo cartilage studies.  Chondral 

defects created by cartilage trauma in sheep and treated with a continuous 50 ng/mL of 

OP1 for two weeks via osmotic pump demonstrated consistent filling of the defect with 

new cartilage while controls showed no evidence of new cartilage formation at 3 and 6 

months [36].  This study concluded that synovial mesenchymal cells are triggered by the 

injury and are then driven to a cartilage lineage by the presence of OP1.  A rabbit study 

of osteochondral defects which implanted salmon derived crosslinker atelocollagen 

sponge disc resulted in inhomogeneous tissues, including cartilage, fibrous, and bone 

tissues at 12 weeks.  Tissue from animals with the sponge containing OP1 resulted in 

tissue rich in proteoglycan and type-2 collagen [37].  Thus, bone formation occurred in 

the absense of OP1.  This further supports that OP1 may promote mesenchymal cell 

differentiation towards the articular chondrocyte lineage, as no cells were included in the 

sponges at the time of implant.  Interestingly, thyroid allografts soaked in OP1 and 
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covered with host perichondrium used to fill thyroid cartilage defects in dogs resulted in a 

"bone-cartilage-ligament continuum” in the defect and integrated with old existing 

cartilage at 4 months [38].  This raises the possibility that the knee joint 

microenvironment is less permissive to OP1-stimulated multiple cell lineages and OP1 

acts to promote chondrogenic differentiation in the specialized knee joint.  This may be 

of particular importance in the meniscus, for which stem cells from vascularised and 

synovial regions contribute to meniscal regeneration [39]. 

 

Terminal differentiation of chondrocytes towards endochondral ossification is 

characterized by chondrocyte hypertrophy, expression of collagen type I and X, and 

MMP expression.  During OA, articular chondrocytes and meniscal cells display related 

features as well as proliferate in chondrocyte clusters [7, 40-42].  A lack of induction of 

cell proliferation and type I and X collagen synthesis by OP1 was confirmed by a number 

of studies of articular chondrocytes [43-46].  In our studies, OP1 did not activate gene 

expression of COL1A1 or MMPs in normal or OA meniscus.  Our results exemplify 

differences in chondrocytes and meniscal cells and raise the question of whether the 

meniscus is protected from altered TGFβ signaling during OA.  Further study of the 

meniscus in comparison to articular cartilage may indicate signaling differences which 

can be targeted to assist knee joint homeostasis. 

 

Limitations  

While we demonstrate that healthy meniscus cells are sensitive to OP1 (and that in an 

inflamatory environment this response is abrogated) there remain some areas of our 
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research that limited our ability to draw strong conclusions from results. While these 

limitations do not negate the findings from these experiments they should be taken into 

consideration when interpreting results, and represent an avenue of future work to further 

solidify the work discussed.  

 

A key limitation of our studies is that many experiments were performed in vitro in 

cultured cells and lacked an appropriate in vivo counterpart. While this simplifies the 

experimental procedure, it also reduces the scope and the applicability of the findings. 

Removing cells from the joint in which they function and culturing those cells may result 

in altered gene expression and response to the factors of interest. Future studies should 

not only expand on the in vitro work described herein, but should also investigate the 

same pathways in vivo. In vivo OA models in animals in combination with data obtained 

from human donors will strengthen the results presented here.  The realities of obtaining 

human tissues for experimentation necessitates the use of animal models, however these 

models may vary from the human disease, requiring both types of experiments to be 

performed. 

 

Another possible limitation to some of our results is that we did not obtain protein 

expression data to confirm our qPCR results in OP1 response gene expression. While we 

were able to conclusively demonstrate that anabolic inhibition during OA occurs on a 

gene expression level, it remains unknown if this results in functional consequences to 

protein expression. 
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While using human tissue for experiments can yield some of the most relevant data, it 

also brings with it some limitations that must be considered. In our studies investigating 

Smad1 linker regions and inflammatory factors we utilized human donor tissues. We 

were unable to obtain statistical significance from our data.  The use of human subjects 

and associated variability may have resulted in failure to statistically identify differences 

in Smad1 phosphorylation between normal and OA tissues. In addition to high variability 

from human donors, the number of samples available for experimentation is also limited, 

which can also cause difficulties in obtaining significant results.  

 

Additional considerations should be made in the Smad1 liner region results as well. We 

attempted to develop a functional assay to study Smad1 interdomain linker 

phosphorylation, and how it contributes to insensitivity to OP1 stimulation in our gene 

expression data. In order to do so we sought to use electroporation-based transfection 

experiments in normal human meniscus cells using Smad1 [23] and Smad1 linker region 

mutants [22] to determine if the inhibitory site phosphorylation at serines of PXSP motifs 

in the Smad1 linker region was responsible for the reduced response to OP1 limitations of 

donor cell availability and an altered primary meniscus cell phenotype as observed by 

cell shape which changed from round or fibroblast-like to crescent shaped.  Multiple 

attempts to optimize the transfection technique to reduce cell stress were unsuccessful, 

and the primary meniscus cell phenotype was lost, as assessed by cell death and altered 

shape. We attempted to re-optimize the electroporation experiments and failed to 
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preserve cell numbers and shape.  We also attempted lipofectamine-mediated 

transfection, for which problems of cell numbers and shape continued, but rates of 

transfection were lower.  Cell stress may also have been induced in response to the 

amount of protein overexpressed or reflect the importance of Smad signaling in the 

meniscus. 

 

In regards to articular cartilage literature and our work investigating TGFβ and Smad 

signaling, there were limitations in the selected methods to address the questions at hand.   

The dutch group isolated RNA from human donor tissue for gene expression, which 

showed a correlation between ALK1 receptor, ALK5, and MMP13 [32]. These results 

were reciprocated in immortalized murine chondrocytes by over expression or knock 

down of ALK1 receptor.  Independently, each of these experiments has limitations.   

Histology is not considered a quantative measurement and total cell staining as a 

quantification method is not robust.  The data in the murine immortalized cells provides 

stronger evidence of the importance of the ALK1/ALK5 effect on Smad signaling and 

gene expression, but was conducted in a model which may not represent human cells.  It 

was noted that the immortalized cells responded similarly to bovine cells.  Finally, human 

tissue was used, but all experiments were conducted on a gene expression level and relied 

on correlations [24].  However, the total number of experiments conducted and use of 

multiple methods strengthen the findings and provide a compelling point for future 

studies.  Our results in meniscus cells were limited to evaluations of human meniscal 

cells from (n=3) normal and OA donors in monolayer culture.  The only evaluation we 

made was in regard to Smad2/3 and Smad1/5/8 phosphorylation in response to TGFβ.  
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Our study failed to make additional assessments, as this was an unexpected finding.  The 

downstream consequence of TGFB signaling in the meniscus through Smad2/3 or 

Smad1/5/8 and ALK5 or ALK1 is unknown. Regardless, our study raises the question if 

meniscal cells and articular chondrocytes respond differently to TGFβ. 

 

Future Directions 

Mechanism of Anabolic Resistance to OP1:  Smad1 Linker region 

It remains a top priority to address a function of the Smad1 linker phosphorylation in 

anabolic resistance.  It is likely important to continue using primary meniscus cells to 

determine cell type specific differences in vitro.  The experiments using the constructs 

have the potential to provide the most direct assessment of the Smad1 linker.  Due to cell 

stress of electroporation, it may be useful to change the transfection technique to deliver 

Smad1 constructs, such as through adenoviral infection.  We are currently initiating this 

process and adenoviral delivery experiments remain the next priority.  The experimental 

design regarding treatment groups of control, OP1, IL1β, and OP1+ IL1β should be 

maintained.  Arguably, it may be a more useful to compare GFP infected cells with the 

mutant construct as opposed to WT Smad1, as overexpression of Smad1 may have 

similar effects as the mutant construct by overwhelming the cellular mechanisms to 

inhibit Smad1.  This may explain the similar results we obtained between mutant and WT 

Smad1 (Appendix 1 Figure 9).   

 

Future studies will require in vivo approaches to determine if the linker region is 

important, with the acknowledged limitation of potential species differences. We have 
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previously proposed mice OA studies, using intra-articular adenoviral delivery of OP1 

and mutant Smad1 (4S/A) constructs following DMM surgery as a means to address 

limitations of previous in vivo studies.   A challenge of long-term in vivo studies of 

growth factors is rapid dilution and short half-life of the exogenous protein.  Previous 

studies of OP1 have addressed this by using weekly injections [47, 48], osmotic pumps 

[36], ex vivo transfection [49], or collagen containing putties [37, 50, 51].  Our proposed 

mice OA studies, using intra-articular adenoviral delivery of OP1 and mutant Smad1 

(4S/A) constructs following DMM surgery, avoids these challenges.  These experiments 

could be used for multiple evaluations.  The importance of OP1 to preventing meniscal 

damage or slowing OA progression could be assessed by evaluations of untreated 

controls vs ad-OP1 treated mice at different time points following the DMM surgery [52].  

According to our research, it is hypothesized that inflammation associated with the DMM 

surgery and OA would inhibit OP1 activity.  Use of the ad-Smad1 (4S/A) would be 

expected to improve OP1 effect vs. ad-GFP, although OP1 may need to be delivered by 

weekly injection to avoid excess cell stress and inhomogenous OP1 expression.  Outcome 

measures could include gate kinematics, posture, and OA histological scoring [53-55].  

Preliminary experiments to optimize the intra-articular delivery technique have been 

accomplished.   

 

Alternatively to the adenoviral mediated delivery method, a linker region mutant mouse 

is available through Jackson Labs.  This was designed by mutating the coding region in 

exon 3 for the linker region by homologous recombination [15].  These mice express 

mutated Smad1 which lacks sites for linker region phosphorylation from birth.  Gastric 
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abnormalities were identified in adult animals, but no gross morphology changes were 

present, suggesting that skeletal abnormalities were not present or minimal.  Hence, a 

body-wide defect may not interfere in mouse experiments of OA.  These mice would be 

of benefit following DMM surgery to assess the contribution of the linker region to OA 

incidence and progression.   

 

A second alternative to addressing Smad1 Linker Region contribution to anabolic 

resistance is a systemic inducible Smad1 mutant mouse model could be made through the 

use of the tetracycline (Tet) system.  The Tet system of gene expression allows for the 

temporal control of exogenous gene expresion [56].  This system functions by integrating 

a fusion protein of the tetracyclin response element (TetR) found in e. coli and a viral 

activation domain, VP16. This fusion protein is constitutively expressed, and serves as a 

promoter in response to tetracycline.  Additionally, the TetO operator followed by the 

gene of interest is also incorporated into the model of interest via plasmids.   In the case 

of tet-off systems, the fusion protein, tTA, cannot bind to the TetO operator in the 

presence of tetracycline.   Alternatively, a mutation of 4 amino acids in the tTA fusion 

protein results in a protein (rtTA) which binds to the TetO operator only in the presence 

of the antibiotic, resulting in gene expresion [56].  This has the advantage of being 

inducible, reversable, and quantitative through the dosing of doxycycline (dox), thus 

avoiding issues of embyronic development, skeletal growth plate abnormalities in early 

post natal development, options for recovery experiments, and optimization of 

experimental conditions [57].   
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Fertilized eggs of mice can be transfected with two plasmids, one containing the rtTA 

fusion protein, and one which contains the TetO operator and Smad1 which has been 

mutated in the linker region to prevent phosphorylation. Once embryos are injected with 

the genetic material they are implanted into the mother for gestation. Founder mice are 

identified from the litter by using PCR and bred for F1 mice which can be used for 

experiments.  This has the advantage of producing mice that express mutant Smad1 that 

lacks linker region phosphorylation sites in which expression is  inducible, reversable, 

and quantitative through the dosing of doxycycline (Dox) or tetracycline, thus avoiding 

issues of embyronic development and skeletal growth plate abnormalities in early post 

natal development.  It also provides options for recovery experiments and optimization of 

experimental conditions [57].  Potential experiments could include observing the 

protective effects of active Smad1 (through linker region mutation) on injury by 

providing Dox prior to the DMM model.  A biologically relevant experiment in which 

mutant Smad1 is induced post injury would provide information on the contribution of 

inflammation to Smad1 inhibition.  We would hypothesize that activation of mut Smad1 

through OP1 would result in matrix synthesis and restoration of homeostasis in spite of 

injury.  This could be evaluated by comparing histology of cartilage and meniscus from 

the induced Tet mice with controls lacking Dox exposure.  Following this experiment, 

optimization of initial timing and duration of needed treatment could provide information 

about the contribution of OP1 to inflammation resolution.  Tetracycline or Dox are easily 

dosed through water [58] and have a half-life of 6 hours [59], but the disadvantage of 

systemic expression of mutant Smad1 may be circumvented by disks to release Dox in a 
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localized environment [56, 58].  This may also prevent side effects associated with long 

term antibiotic use. 

 

Less specifically to the linker region but advantageous in knee joint tissue specificity, the 

role of total Smad1 in osteoarthritic mice may be explored by gene knockout.  A mouse 

with the Smad1 gene flanked by lox p sites would be crossed with a mouse expressing the 

Cre recombinase driven by a cartilage-specific promoter.  Col2a1 driven Cre is likely to 

be the most useful, as it is commonly used, not widely expressed in other tissues, and not 

subject to complex regulation as is ACAN [57].   Thus, offspring will lack the normal 

Smad1 gene specifically in their cartilage tissue.  Following induction of OA through 

DMM, the importance of the total Smad1 protein to anabolic resistance during OA and 

issues of Smad transcription factor redundancy would be addressed. 

 

The mouse meniscus calcifies as part of normal maturation.  This already indicates 

species specific differences in BMP signaling which may affect the relevance of the 

model.  Larger animal models such as sheep pig, cow, dog, sheep, rabbit and goat have 

been shown to be meniscus-relevant models [60-62].  The advantage of the adenoviral 

mediated delivery system is that it could be scaled up for larger animal studies, although 

the Tet system could theoretically be used also.  Studies of the effect of OP1 in sheep 

meniscus repair and articular cartilage defects have been completed [28, 29] and these 

animal models may be a useful and more relevant model to address the consequence of 

Smad1 linker region phosphorylation.  However, these studies have been completed in 
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the context of injury models and not OA.  A guinee pig, dog, or horse model may be 

prefered due to natural occurance of OA in these species [63]. 

 

Smad1 turnover targeted by the Smurf1 ubiquitin ligase  

Smurf1 ubiquitin ligase-mediated Smad1 degradation may be a major point of regulation 

following Smad1 phosphorylation by MAPK, as Smad1 protein turnover following 

Smurf1-induced ubiquitin is the final outcome of linker region phosphorylation [19, 64].  

We conducted a few preliminary experiments to begin addressing this possibility.  

Immunoblot comparing Smurf1 expression between normal and OA donors resulted, 

surprisingly, in greater Smurf1 expression in normal cells, although this was based on a 

single comparison (Appendix 1 Figure 10A).  A failure to detect Smurf1 occurred in 2 

additional experiments.  We also attempted to evaluate Smurf2 in these experiments, but 

failed to identify any bands remotely close to expected Smurf2 molecular weight.  We 

failed to further study Smurf2, but levels are high in OA articular cartilage and Smurf2 

overexpression leads to OA associated changes due to loss of TGFβ signaling through 

Smad3 transcription factor loss [65].  Studies of Smurf2 could be done in conjunction 

with Smurf1.  A gene expression study of basal expression between normal and OA 

meniscus cells (n=3 donors each) showed almost identical levels of Smurf1 expression 

(Figure 10B).  These studies were limited to evaluations of gene and protein expression, 

which does not indicate function.  Chemical inhibition of Smurf1 with A17 [66] failed to 

ameliorate IL1β suppression of OP1 regulated anabolic gene expression or reduce MMP 

expression in a normal donor (Figure 10C).  No differences were detected for COL1A1, 

COL3A1, and MMP13 (data not shown) although additional control treatment groups 
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such as OP1+IL1β, and more importantly A17 alone need to be included in further 

replicates.  Chemical inhibitor A17 was not characterized in regards to cell death, off 

target effects, and general efficacy in meniscus cells, which would be required prior to 

further study.   

 

Smurf1 is an E3 ubiquitin ligase which targets Smad1 for proteasome-dependent 

degradation through polyubiquitination [19].  In addition to the experiments described in 

our preliminary data, experiments such as pull-downs of Smad1 to evaluate Smad1-

Smurf1 complexes and Smad1 poly-ubiquitination could be compared following IL1β 

treatment or in comparison of normal vs OA donors to assess Smurf1 as a factor resulting 

in anabolic insensitivity,.  Such a method would likely require a large number of cells 

from normal donors, which is inherently a limiting factor.  Evaluations of Smad1 

turnover through a time course of proteosome chemical inhibition may be a relatively 

simple experiment and provide a starting point to evaluate proteosomal degradation of 

Smad1 following inflammatory factor treatment.  ELISA would be preferred to 

immunoblot to detect and quantify Smad1 levels in different treatment groups.  

Accumulation of the linker P-Smad1 (Ser206) and total Smad1 as compared to groups 

which were not treated with proteosomal accumulation would provide a compelling 

argument for continued study.  SiRNA mediated Smurf1 inhibition and ad-Smurf1 

overexpression studies would further elucidate Smurf1 as a factor resulting in anabolic 

insensitivity. 
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Consequence of Signaling through Smad1/5/8 

Articular cartilage data suggests that Smad1/5/8 signaling results in changes associated 

with terminal differentiation [31, 32]. 

Our research shows that in meniscus cells stimulated with TGFβ and immunoblotted for 

phosphorylation of Smad2/3 and Smad1/5/8, there is a trend of increased P-Smad1/5/8  in 

OA cells, although no significant differences were detected between n=3 each normal and 

OA meniscus donors.  We also showed that OP1 specifically activated Smad1/5/8.  

Consequence of signaling through Smad 1/5/8 remain to be determined. 

 

Terminal differentiation is thought to result from signaling through Smad1/5/8, although 

no evidence of this differentiation was found in our studies.  Markers of terminal 

differentiation of chondrocytes towards endochondral ossification include expression of 

collagen type I and X, and MMP expression, and cell proliferation and hypertrophy [7, 

40-42].  BMP2, 6, and 9 are osteoinductive factors [34].  Stimulation of meniscus and 

cartilage cells from normal and OA donors with OP1, BMP2, BMP9, and TGFβ 

comparisons of proliferation, hypertrophy, and gene expression studies of ACAN, 

COL1A1, COL2A1, COLXA1, and MMPs may begin to enlighten this question.  

According to literature, TGFβ should be chondrogenic in normal cells and osteogenic in 

OA, and the BMPs should be osteoinductive [31].  Evaluations of a time course by 

immunoblot are also needed to prove specific activation of Smad 1/5/8 or 2/3 by each 

factor.  Additionally, alginate bead culture for 21 days to look for markers of calcification 

would be helpful to assess effects during a longer stimulation period.   
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TGFβ Signaling through Smad1/5/8 vs. Smad2/3 

The ratio of the TGFβ receptors, ALK1 and ALK5, and the downstream consequence of 

TGFβ signaling through Smad2/3 (ALK5) or Smad1/5/8 (ALK1) in the meniscus are 

unknown.  From articular cartilage literature, the ALK1/ALK5 ratio increases during OA, 

leading to a predominance of TGFβ-mediated Smad1/5/8 signaling, and subsequent 

changes associated with terminal differentiation [31, 32].  As described in Appendix 1 

Figure 12, we conducted gene expression studies of receptors in unstimulated cells from 

both normal and OA donors (n=3 donors each).  In contrast to articular cartilage, ALK1 

gene expression was significantly decreased in meniscus cells from OA joints (Figure 

12B) and the ALK1/ALK5 ratio was significantly decreased in in OA meniscus cells 

(Figure 12C).  Our receptor data was generated on a gene expression level from cells in 

monolayer culture.  To dispute the articular cartilage data, evaluations need to be 

quantified on a protein level.  Our attempts to quantitatively evaluate this by flow 

cytometry were limited by cell harvest numbers from the meniscus.  Re-designed 

experiments may be simplified by comparing only ALK1 and ALK5 in unstimulated 

normal vs OA meniscus and cartilage cells by flow cytometry.  The methods of Blaney-

Davidson et al of adenoviral mediated overexpression of ALK1, or ALK5, and siRNA 

knockdowns could be used [32].  This, followed by immunoblot analysis in primary 

meniscus cells and chondrocytes, could elucidate the contribution of receptor preference 

to downstream Smad1/5/8 vs 2/3 following TGFβ stimulation.  Separate experiments of 

matrix gene expression and markers of terminal differentiation (ACAN, COL1A1, 

COL2A1, COLXA1, and MMPs) would provide an early indication of the potential 

differences in meniscus and articular cartilage signaling and determine if the 
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ALK1/ALK5 theory holds in our experiments [32].  Mouse models of cre-lox conditional 

knockout of ALK5, ALK5 conditional overexpression, and ALK1 conditional knockout 

[67, 68] could be used to alter receptor levels, determine if TGFβ induces p-Smad1/5/8 or 

2/3, and enhances osteogenic signaling in the knee joint environment following ALK5 

inhibition vs ALK1 inhibition.  These studies could be further enhanced by the DMM 

surgery to induce OA in conjunction with altered receptor levels.  It should be taken into 

consideration that cartilage likely has greater expression of ACAN; hence ACAN-cre use 

may limit the ability to make comparisons between articular cartilage and the meniscus.  

Further, mice menisci calcify as part of normal development, which may result in an 

implicit bias in signaling.  Larger animal models of descriptive changes in receptor levels 

during aging, OA, or injury could be used.  An in vivo chemical inhibitor of ALK5 was 

used in rat studies [69], and it may be possible to upscale the inhibitor for use in 

functional experiments in larger animal models with a more human-relevant meniscus.   

 

Conclusion 

Damage to the meniscus occurs frequently and leads to enhanced osteoarthritis (OA) risk 

and progression.  Treatment for meniscus damage would need to enhance normal 

anabolic synthesis, assist in inflammation resolution, and be non-deleterious to other 

tissues in the shared knee joint environment.  Studies of the impact of biological factors 

on the meniscus following injury and degenerative damage are limited.  Our study is one 

of the few to explore anabolic insensitivity in the meniscus.  Our finding of meniscal 

sensitivity to inflammation paired with anabolic insensitivity to OP1 may indicate an 

early point of loss of tissue homeostasis and drive OA progression.  We evaluated the 
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BMP signaling pathway to determine the point of anabolic resistance to OP1.  Inhibition 

of the Smad1 transcription factor by inflammatory cytokine activated MAPK is the most 

likely point of regulation.  Functional experiments are needed to confirm this possible 

mechanism of anabolic insensitivity.   Restoration of anabolic sensitivity to OP1 by 

blocking the effects of inflammatory factor cross talk at the level of Smad1, may aid in 

the resolution of catabolic factor production, and stimulate synthesis of new matrix at the 

high levels required to restore matrix homeostasis [70].  This, in turn, may preserve 

additional tissues of the shared knee joint environment from total joint OA progression.   
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APPENDIX 1: PRELIMINARY DATA 
 

Introduction 

The purpose of this appendix is to retain information from experiments which were 

conducted throughout the course of the PhD dissertation work that were inconclusive, 

incomplete, or served to support the development of research direction.  These data may 

inform the future direction or assist follow-up efforts to finalize possible mechanisms of 

OP1 insensitivity in the meniscus during inflammation and OA.  It should be recognized 

that all data presented here have limitations, and any conclusions are speculative.  

Follow-up experiments are suggested in “Future Direction” section of Chapter 4.  The 

data here are not intended to read as a manuscript or as part of a complete story.  Hence, 

each experiment is presented and discussed in a concise paragraph independently of other 

experiments.   

 

OP1 and GDF5 Comparisons 

Early experiments  of the Bone Morphogenetic Proteins (BMPs) effect on meniscus cells 

were motivated by Osteogenic Protein 1 (OP1/BMP7) and growth and differentiation 

factor 5 (GDF5).  Polymorphisms of the GDF5 gene associated with reduced activity and 

transcription of GDF5 have been linked to increased risk of knee OA with genome-wide 

statistical significance and have been identified to be expressed in both articular cartilage 

and meniscus tissue samples from OA patients [1-3].  Preliminary studies from our own 

lab compared the effects of OP1 and GDF5 (100 ng/mL) on gene expression of normal 

and OA human meniscus cells and articular chondrocytes in monolayer culture after 24 

hours of stimulation.  Results showed that OP1 induced greater gene expression of 
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Figure 2:  OP1 (100 ng/mL) and/or GDF5 (100 ng/mL) stimulation of inner, outer, and 

total meniscus from a healthy donor. “Healthy” defined as less than grade 2 by modified 

ICRS scale.  ACAN= aggrecan  

 

We also conducted screens of OP1 and GDF5 for their ability to activate canonical 

Smad1/5/8 phosphorylation.  In chondrocytes, OP1 was a more potent inducer of 

canonical Smad signaling than GDF5, and co-treatment of OP1 and GDF5 did not have 

any compensatory effects (Figure 3A).  In meniscus cells, stimulation with GDF5 failed 

to activate Smad1/5/8 phosphorylations above basal levels, while OP1 did stimulate 

canonical signaling (Figure 3B).  When a time course was conducted in cells from the 

same donor, OP1 induced a stronger canonical BMP signaling event (Figure 3C).  Of 

note, it was later discovered that our source of GDF5 (ProSpec, East Brunswick, NJ), as 

well as all commercial sources of GDF5, may be biologically inactive.  DePuy Synthes 

extensively characterized a recombinant protein by crystal structure and synthesized a 

biologically active protein, but has not maintained the source in over 6 years (William 

Parrish, PhD, DePuy Synthes, personal communication).  It is recognized that these blots 
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due to limited supplies, cell numbers derived from the meniscus matrix can be low, tissue 

costs are high, and tissue is of variable quality (Grade 0-2 by a modified ICRS scale [4]).  

We attempted experiments in healthy porcine cells as a possible way to address this.  In 

cells from 3 month olds gilts in monolayer culture, we found FnF, as well as IL1α 

induced linker region phosphorylation in both meniscus and cartilage cells (Figure 4).  

The results for IL1β likely reflect this species specific difference.  In additional studies, 

FnF induced more MMP release compared to other factors from porcine cells as 

determined by immunoblot of conditioned media following inflammatory factor with or 

without OP1 co-treatment (Figure 5).  We chose not to continue using porcine cells, as 

they failed to model the results which were consistently obtained using adult human 

meniscus cells from either normal or OA donors. 
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MAPK sites was inhibited in mutant (4S/A) vs wild type (WT) Smad1 overexpression 

(Figure 8).  However, we did not accomplish informative experiments regarding the 

contribution of the Smad1 linker region phosphorylation to anabolic insensitivity in 

human meniscus cells in gene expression experiments (data not shown), due to altered 

primary meniscus cell phenotype upon transfection and limitations of donor cell 

availability.  Multiple attempts to optimize the transfection technique to reduce cell stress 

were unsuccessful, and the primary meniscus cell phenotype was lost, although high rates 

of cell transfection and protein expression were successfully obtained (Figure 8C).  The 

inability to accomplish these experiments reliably may exemplify the importance of 

Smad1 to normal meniscus cell phenotype and stress regulation.  Alternative delivery of 

the constructs through adenoviral-mediated infection may reduce cell stress.  Additional 

approaches are described in the Discussion and Future Direction chapter.   
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Mechanism of Anabolic Resistance to OP1:  Chemical Inhibition of MAPKs and 

NFkB  

It remains to be determined conclusively if the MAPK-induced phosphorylations in the 

Smad1 linker region cause meniscus cell insensitivity to OP1 during OA.  We conducted 

experiments using MAPK and NFkB inhibitors during OP1 treatment of OA meniscus 

cells with the understanding that these pathways have multiple targets in addition to 

Smad1 (Figure 9).  In experiments of OA meniscus cells in monolayer culture with 24 

hour chemical inhibition and/or OP1 treatment, use of MAPK and NFkB inhibitors did 

not restore meniscus cell sensitivity to OP1 as evaluated by anabolic gene transcription.  

MMP expression was reduced, suggestion the inhibitors were active in meniscus cells.  

The MEK/ERK inhibitor (PD98059) was the least deleterious on OP1 induced anabolic 

gene expression in OA cells, OP1 with p38 inhibition (SB203580) decreased MMP1 

expression more than OP1 alone, and OP1 with p38 or NFkB inhibition (hypoestoxide) 

reduced MMP13 gene expression more than OP1 alone (Figure 9A).  Due to concern that 

MAPK inhibitor co-treatment for 24 hours could result in off target effects or create cell 

stress, we made evaluations of gene expression at 6 hours (Figure 9B).  This was not long 

enough for OP1 to stimulate detectible anabolic matrix gene synthesis.  IL1β did have an 

effect on gene expression by 6 hours, decreasing COL2A1 and increasing MMP1 and 

MMP13 gene expression in meniscus cells from a 69 year old female OA meniscus 

donor, consistent with a decreased anabolic response and sensitized catabolic response in 

the meniscus during OA (Figure 9B).   
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The experiments shown in Figures 9A and 9B were done in OA cells without co-

stimulation of IL1β.  This method was chosen because initial findings of insensitivity to 

OP1 during OA were made in cells only stimulated with OP1.  We did include IL1β as a 

control to determine if cells were responding normally, but it was not used as part of a co-

treatment scheme in OA cells.  Limited evaluations were made in normal and OA cells in 

which IL1β co-treatment was included (Figure 9C).  A trend of suppressed MMP1 and 

MMP13 was identified during p38 inhibition or during use of all 3 MAPK inhibitors.  

ERK and JNK inhibition restored ACAN and COL2A1, but this was not maintained 

during the use of all 3 MAPK inhibitors (Figure 9C).  These experiments point to p38 

inhibition (SB203580) as a consistent inhibitor of MMP expression in meniscus cells.  In 

chondrocytes, the p38 MAPK was important for linker region phosphorylation [9, 10] 

and inhibition restored OP1-mediated PG synthesis during IL1β co-treatment [9].  

Histology has identified phosphorylated p38 MAPK in torn menisci [15].  From these 

limited experiments (n=2) and literature, the p38 MAPK may be important target in 

suppressing the catabolic response following meniscus tears and during OA. 
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(Figure 7).  Smurf1 ubiquitin ligase-mediated Smad1 degradation may be a major point 

of regulation following Smad1 phosphorylation by MAPK instead of nuclear 

accumulation.  We conducted a few preliminary experiments to begin addressing this 

possibility.  Immunoblot comparing Smurf1 expression between normal and OA donors 

resulted, surprisingly, in greater Smurf1 expression in normal cells, although this was 

based on a single comparison (Figure 10A).  A failure to detect Smurf1 occurred in 2 

additional experiments.  We also attempted to evaluate Smurf2 in these experiments, but 

failed to identify any bands remotely close to expected Smurf2 molecular weight.  A gene 

expression study of basal expression between normal and OA meniscus cells (n=3 donors 

each) showed almost identical levels of Smurf1 expression (Figure 10B).  These studies 

were limited to evaluations of gene and protein expression, which does not indicate 

function.  Chemical inhibition of Smurf1 with A17 [18] failed to ameliorate IL1β 

suppression of OP1 regulated anabolic gene expression or reduce MMP expression in a 

normal donor (Figure 10C).  No differences were detected for COL1A1, COL3A1, and 

MMP13 (data not shown) although additional control treatment groups such as 

OP1+IL1β, and more importantly A17 alone need to be included in further replicates.  

Chemical inhibitor A17 was not characterized in regards to cell death, off target effects, 

and general efficacy in meniscus cells, which would be required prior to further study.   
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Signaling through Smad1/5/8 vs. Smad2/3 

According to the TGFβ literature, a change in prominence from Smad2/3 to the BMP-

related Smad1/5/8 signaling contributes to OA [20].  TGFβ can bind both receptors 

ALK5 and ALK1, the latter of which activates Smad1/5/8 [21].  Hence, decreased 

expression of ALK5 during aging leads to a prominence of ALK1, Smad1/5/8 activation, 

and OA [20-22].  A surprising finding of our research was that, in contrast to 

chondrocytes, TGFβ induced significant increases in phosphorylation of Smad1/5/8 in 

cells isolated from normal and OA menisci, as well as significant increases in 

phosphorylation of Smad2/3 in both normal and OA meniscal cells.  In preliminary data, 

we conducted gene expression studies of unstimulated cells from both normal and OA 

donors (n=3 donors each) via the RT² Profiler™ PCR Array Human TGFß / BMP 

Signaling Pathway (SABiosciences).  In our experiments, gene expression of the TGFβ 

associated ALK1 and ALK5 was lower or in accordance with the BMP-associated type I 

receptors ALK2, ALK3, and ALK6 (Figure 12A).  ALK1 gene expression was significantly 

decreased in meniscus cells from OA joints (Figure 12B).  When ALK1/ALK5 was 

expressed as a ratio, a significant decrease was identified in OA meniscus cells (Figure 

12C), in contrast to articular chondrocyte literature [21].  Our receptor data was generated 

on a gene expression level and not quantified on a protein level.  Further, these results 

were derived from cultured cells following 5 days in media containing 10% FBS, 

followed by 48 hours of serum free conditions.  To dispute TGFβ articular cartilage data, 

evaluations need to be confirmed on a protein level.  
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The kinetics of Phospho-Smad1 at Ser206 appears unchanged by OP1 stimulation.  Our 

results from “Reduced Response of Human Meniscal Cells to Osteogenic Protein 1 

during Osteoarthritis and Pro-inflammatory Stimulation” demonstrated significant 

anabolic resistance following inflammatory factor treatment and during OA.  We also 

showed Smad1 linker region phosphorylation at MAPK sites in response to inflammatory 

factor treatment.  To explore the mechanism of anabolic resistance to OP1, our attempts 

at overexpressing mutant Smad1 and chemical inhibition of kinases resulted in cell stress.  

Adenoviral mediated delivery of Smad1 constructs may be an alternative method to 

address the involvement of Smad1 linker region phosphorylation by MAPK.  We began 

evaluating alternatives to the MAPK phosphorylation, such as Smurf1 targeting of Smad1 

for proteosomal degradation and Smad1 inhibition by I-Smads.  Functional experiments 

need to be completed as expression levels may not be relevant to Smurf1 and I-Smad 

activity.  We show similar levels of TGFβ-activated Smad2/3 and Smad1/5/8 in both 

normal and OA meniscus cells in our work: “Reduced Response of Human Meniscal 

Cells to Osteogenic Protein 1 during Osteoarthritis and Pro-inflammatory Stimulation”.  

Signaling through Smad2/3 is thought to maintain homeostasis, while Smad1/5/8 results 

in OA in articular cartilage [20-22].  We evaluated gene expression of the TGFβ-

associated receptors ALK1 and ALK5, for which levels are thought to change and result 

in altered downstream signaling.  Further evaluations of receptor levels may show cell-

type specific differences.  In conclusion, many of the experiments discussed in this 

Appendix provide preliminary insights into possible mechanisms of anabolic resistance to 

OP1, but further work is required to define the importance of each of these possibilities.   
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Objective: Meniscus injury increases osteoarthritis risk but its pathobiology in osteoarthritis is unclear.
We hypothesized that older adult vervet monkeys would exhibit knee osteoarthritic changes and the
degenerative menisci from these animals would secrete matrix metalloproteinases (MMPs) and pro-
inflammatory cytokines that contribute to the development of osteoarthritis.
Design: In a cross sectional analysis of healthy young adult (9e12 years) and old (19e26 years) adult
female vervet monkeys, knees were evaluated in vivowith computed tomography (CT) imaging, and joint
tissues were morphologically graded at necropsy. Meniscus explants were subsequently cultured to
evaluate meniscal MMP and cytokine secretion.
Results: CT images revealed significant bony osteoarthritic changes in 80% of older monkeys which
included increases in osteophyte number and meniscal calcification. Meniscus and cartilage degradation
scores were greater in the older monkeys and were positively correlated (r > 0.7). Menisci from older
animals exhibiting osteoarthritic changes secreted significantly more MMP-1, MMP-3, and MMP-8 than
healthy menisci from younger monkeys. Older menisci without significant osteoarthritic changes
secreted more IL-7 than healthy young menisci while older osteoarthritic menisci secreted more IL-7 and
granulocyte-macrophage colony-stimulating factor than healthy older menisci.
Conclusions: Aged vervets develop naturally occurring knee osteoarthritis that includes involvement of
the meniscus. Degenerative menisci secreted markedly increased amounts of matrix-degrading enzymes
and inflammatory cytokines. These factors would be expected to act on the meniscus tissue and local
joint tissues and may ultimately promote osteoarthritis development. These finding also suggest vervet
monkeys are a useful animal model for studying the progression of osteoarthritis.

© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Osteoarthritis is the most common type of arthritis affecting
older adult humans and is widely prevalent in several species of
non-human primates, including baboons, rhesus and cynomolgus
macaques, chimpanzees and gorillas1e5. Several studies identified
an increased prevalence of knee osteoarthritis associated with
increased age in nonhuman primates6e10. The gross and radio-
graphic appearance of osteoarthritis in these nonhumanprimates is
td. All rights reserved.
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similar to humans in that they progress through mild to severe
osteoarthritis with symptomatic activity limitation and the devel-
opment of osteophytes and joint space narrowing3,11e14.
Nonhuman primates offer a unique but established opportunity to
model human disease processes15 and detailed examination of
osteoarthritis in nonhuman primates may elucidate new insights
into biomolecular processes underlying human disease.

Osteoarthritis is increasingly recognized as a disease of the
whole joint with a shared environment comprised of cartilage,
synovium, ligaments and the meniscus2,16e19. The impact of cyto-
kine stimulation on articular cartilage and subsequent extracellular
matrix degradation is well documented18,20e22; however, the role
of the meniscus in this process is unclear. Meniscus injury is a
known predisposing factor for osteoarthritis11,17, and meniscus
biology is likely impacted by exposure to inflammatory factors
produced by knee tissues secondary to acute or chronic injury, such
as age-associated repetitive microtrauma12,21,23. Certain aspects of
meniscus biology are pathologically altered in meniscus injury, in
aging and in the development of osteoarthritis, including increased
release of matrix-degrading enzymes and pro-inflammatory cyto-
kines and chemokines24e27. 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. In this cross-sectional analysis, we evaluated knee joints
from young adult and older adult vervets for the presence of
osteoarthritis pathology and tested the hypothesis that aged and
damagedmenisci would produce catabolic factors, including MMPs
and pro-inflammatory cytokines, which may contribute to the
development of osteoarthritis in vervet monkeys.

Methods

All animal procedures were approved and in accordance with
federal and institutional animal care and use guidelines. Five young
adult (9.4e11.8 years) and five old (19.8e26.4 years) otherwise
healthy (lacking clinically significant disease conditions) adult fe-
male African green vervet (Chlorocebus aethiops sabaeus) monkeys
were included in each of the first two analysis groups. These
monkeys were part of a unique vervet colony established from
animals captured on St. Kitts Island in the 1970s28,29 and raised in
social groups to study relationships between behavior, genetics,
and metabolic parameters with aging. The vervet ages roughly
correspond to young adult and older adults3,13,22,30. These animals
underwent detailed assessments of physical functioning and de-
terminants of immune system function and physiologic parameters
of relevance to human health as a part of a multi-investigator pilot
study. Prior to 2008 animals were housed in octagonal outdoor
enclosures, ~15 m across, with access to shelter, and a grassy floor,
at the Sepulveda Veterans Administration Medical Center Non-
human Primate Laboratory in California29. Since 2008, animals
were housed at Wake Forest School of Medicine in social groups of
approximately 15e40 animals, allowed to roam freely in large in-
side/outside pens (30 m2) which contain perches, platforms,
elevated climbing structures and a base composed of smooth
stones. Animals were fed a Chow based diet and water ad libitum.

Although females in this colony are fertile into their late teens,
animals above 20 years of age are generally reproductively senes-
cent and are likely peri- or post-menopausal. As part of colony
management animals are given annual physicals with collection
blood CBC and chemistries on animals >10 years old. Vervets are
tested for tuberculosis three times per year. During tuberculosis
testing, animals were weighed and tested for pregnancy via trans-
abdominal ultrasound with additional blood collection. Two older
animals were identified as having osteoarthritis and two had
Please cite this article in press as: Stone AV, et al., Osteoarthritic change
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elevated fasting glucoses during regular health exams, though this
was not part of the selection criteria for the study. It is not possible
to determine if prior trauma may have led to knee osteoarthritis, as
animals were active during their time in the colony and had almost
unlimited opportunities for leaping, jumping, climbing with the
potential for falls and trauma. Non-human primates are generally
stoic and do not exhibit behaviors reflecting pain unless signifi-
cantly injured. The assessment of animal mobility and physical
function was previously described30.

Whole body computed tomography (CT) scans were obtained
with anesthetized animals using a Toshiba Aquilon 32 Slice CT
(0.5 mm slice thickness) and analyzed with HU thresholding and
3D reconstructions using AquariusNet Viewer v.4.4.8.85 (TeraR-
econ, Inc.). Qualitative subjective evaluation of the CT scans
demonstrated a high incidence of significant bony osteoarthritic
changes in the older animals.

Vervets were euthanized as a part of the parent protocol in order
to harvest an array of tissues for detailed histologic and molecular
evaluations. Knees from these vervet monkeys were obtained
opportunistically as the vervets were undergoing euthanasia for
other studies. Vervets were euthanized with IV sodium pentobar-
bital (60e100 mg/kg) to attain deep surgical anesthesia and
exsanguination in accordance with guidelines established by the
Panel on Euthanasia of the American Veterinary Medical Associa-
tion. Tissues were then harvested from the euthanized vervets in
the necropsy suite by a skilled surgical team who rapidly deliver
them on ice to the respective study groups. Knees fromyoung adult
and old vervets were analyzed for knee osteoarthritis on macro-
scopic examination and meniscus tissue was harvested for MMP
and cytokine analysis. A third group of knees from old animals
(n ¼ 6, 17.4e25.0 years) was opportunistically acquired and these
specimens were graded and tissue harvested in the same fashion.
All knee ligaments were intact at the time of specimen acquisition
and no gross evidence of fracture or malalignment was present.

Quantitative analysis of CT images was completed using the
AquariusNet software. The tibial osteophyte and calcified meniscal
volume were quantified from both knees of each vervet. Knee re-
constructions were repositioned to acquire a coronal plane relative
to the tibia aligned with the intercondylar eminence. The 10 mm-
long region of interest (ROI) extended 5 mm anterior and posterior
to this landmark. Tibial osteophyte and calcified meniscus volume
were calculated from measures collected at 1 mm increments
throughout the ROI with a threshold set for bone at Window
Width ¼ 2200 and Window Length ¼ 200.

All vervet knees were disarticulated andmacroscopically graded
for cartilage degradation using the International Cartilage Repair
Society scoring system (http://www.cartilage.org/index.php?
pid¼223) and with a meniscus adaption as previously pub-
lished23: Grade 0, normal meniscus; Grade 1, near-normal with
minor fibrillations; Grade 2, small, scattered cracks or fissures,
some fibrillations; Grade 3, small tear, excessive fibrillations; Grade
4, large tear, extensive fibrillations. The first eight knees (totaling 48
measurements) were individually graded by two authors and
demonstrated an interobserver reliability to be
Kappa ¼ 0.90 ± (P < 0.001, 95% CI 0.84e0.97). The remainder of
specimens were graded by one of the two initial raters since the
pilot assessment demonstrated significant agreement. Osteoar-
thritis scoring was calculated through the summation of cartilage
and meniscus severity scores. Meniscus weights were obtained
immediately ex vivo to avoid any confounding factors, such as
swelling in culture (Supplementary Fig. 1). Meniscus specimens
were individually cultured as whole explants in twelve-well culture
plates in DMEM/F12 media (Gibco) with 10% fetal bovine serum
(FBS; Gibco). After overnight acclimation, explants were changed to
serum-freemedia to eliminate growth factors and cultured for 48 h.
s in vervet monkey knees correlate with meniscus degradation and
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Conditioned explant media was then collected and target proteins
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 antibodies
[anti-MMP1 (PAB12708, Abnova); anti-MMP3 (AB2963, Millipore);
anti-MMP8 (MAB3316, Millipore); anti-MMP13 (AB84594, Abcam);
anti-GM-CSF (AP10690c, Abgent); anti-IL7 (MAB207, R&D Sys-
tems)] and secondary antibody (CellSignal). Immunoblots were
visualized with chemiluminesence (Amersham ECL, GE Life Sci-
ences). Conditioned media was also analyzed with a cytokine array
(#AAH-CYT-1; RayBiotech) according to the manufacturer's pro-
tocol. A total of 23 cytokines were tested in duplicatewith the array.
Processed films were imported into Photoshop v7.0 (Adobe).
Densitometry measurements were completed with ImageJ 1.44p
(NIH) and normalized to explant wet weight.

Statistical analysis was performed with SigmaPlot v10.0 (Systat
Software) and Prism v5.02 (GraphPad Software). An inter-observer
reliability analysis for vervet knee morphology scores was analyzed
using linear weighted Cohen's Kappa statistic. Vervet knee
morphology scores were analyzed using Pearson product moment
correlation while meniscal MMP protein secretion data was
analyzed using analysis of variance (ANOVA), and post-hoc ana-
lyses. Significance was set at P < 0.05 for main effects and where
appropriate, Bonferroni corrections were applied for multiple
comparisons (for 3 comparisons, P < 0.017). Each vervet monkey
was counted as a unique individual (n ¼ 1).

Results

Older adult vervets exhibited typical morphological features of
osteoarthritis evident on gross pathology that included cartilage
degradation with bony eburnation, osteophyte formation and
meniscal degradation. Radiographic analysis demonstrated bony
hypertrophy with osteophyte formation, subchondral sclerosis, and
bone cyst formation (Figs. 1 and 2). These changes were seen in 4 of
the 5 older adult animals studied but not in any of the young adult
animals. The changes on CT correlated with changes noted in the
knee joint tissues removed from these same animals. Tabulated
Fig. 1. CT scans and accompanying morphologic scores from young adult and older adu
years) vervet knees. Morphology scores were tabulated for each limb as a measure of disea

Please cite this article in press as: Stone AV, et al., Osteoarthritic change
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vervet knee morphologic scores are presented in Fig. 1 (complete
data set in Table I). Older vervets demonstrated gross evidence of
osteophyte formation in 80% of knee specimens (Table I). In vervets
with osteoarthritic changes, medial compartment morphologic
scores were consistently high, but lateral compartment scores were
more variable (see Table 1).

Cartilage and medial meniscus scores (Table I) correlated with
age (right knee r ¼ 0.77, P ¼ 0.007; left knee r ¼ 0.73 P ¼ 0.013).
Meniscus degradation correlated with femoral and tibial cartilage
degradation in the respective medial compartments (right femoral
r ¼ 0.93, P < 0.001; right tibial r ¼ 0.85, P < 0.001; left femoral
r ¼ 0.89, P < 0.001; left tibial r ¼ 0.79, P ¼ 0.005) and lateral
compartments (right femoral r ¼ 0.73, P ¼ 0.013; right tibial
r ¼ 0.63 P ¼ 0.048; left femoral r ¼ 0.72, P ¼ 0.016; left tibial
r ¼ 0.072, P ¼ 0.013). Meniscus degradation scores were signifi-
cantly greater in old vs young adult vervets in both compartments
(P ¼ 0.002). Medial and lateral compartment cartilage degradation
was significantly greater in old vervets (P< 0.001). Medial meniscus
degradation scores correlated with the lateral cartilage scores
(r ¼ 0.858, P < 0.001), but medial and lateral meniscus scores were
not significantly different within an age group. Osteophyte analysis
of the vervet tibial plateaus demonstrated significantly greater
mean osteophyte volume in old vervets compared to young adult
vervets (Fig. 2, P ¼ 0.009) and the left medial tibial plateau
demonstrated significantly greater osteophyte volume than the
other compartments (P ¼ 0.01). Menisci from older vervets con-
tained more calcific changes than young adult vervets (P < 0.001)
and medial menisci had greater calcific changes than lateral
menisci (P ¼ 0.01).

Vervet activity was assessed as previously described30 and
evaluated in relation to knee morphology. Increased total knee
osteoarthritis degradation scores were significantly correlated with
increased time spent moving [Fig. 3(A); R2 ¼ 0.78, P ¼ 0.008]. Time
spent moving was also individually correlated with medial
meniscus degradation scores (right, R2 ¼ 0.70, P ¼ 0.023; left
R2¼ 0.69, P¼ 0.027) and lateral meniscus degradation scores (right,
R2 ¼ 0.73, P ¼ 0.018; left R2 ¼ 0.89, P < 0.001). Increased right
medial tibial plateau degradation scores negatively and signifi-
cantly correlated with average walking speed (R2 ¼ �0.65,
lt vervets. CT reconstructions from young adult (9.3e11.6 years) and older (19.7e26.2
se severity. Tabulated scores are reported above the CT scans.

s in vervet monkey knees correlate with meniscus degradation and
s and Cartilage (2015), http://dx.doi.org/10.1016/j.joca.2015.05.020



Fig. 2. CT analysis and with osteophyte and calcified meniscal volume in young adult and old vervets. Coronal (A), Sagittal (B) and three dimensional (C) CT reconstructions
demonstrating radiographic differences between young adult and old vervet knees. Old vervet knees demonstrated subchondral sclerosis (A, white arrow), subchondral cysts (B,
black arrow) and osteophyte formation (B, white arrow). Osteophyte (D) and calcific meniscus volume (E) measured using CT reconstructions from young adult (n ¼ 5; 9.3e11.6
years) and older (n ¼ 5; 19.7e26.2 years) vervet knees. Young adult vervets did not demonstrate calficied meniscal voulume in right MTP, right LTP or left LTP osteophytes. Older
vervets demonstrated significantly greater mean osteophyte volume (P ¼ 0.009) and the left medial tibial plateau demonstrated significantly greater osteophyte volume than the
other compartments (P ¼ 0.01). Menisci from older vervets contained more calcific changes than young adult vervets (P < 0.001) and medial menisci had greater calcific changes
than lateral menisci (P ¼ 0.01). R-Right; L-Left; MTP-medial tibial plateau; LTP-lateral tibial plateau; MM-medial meniscus; LM lateral meniscus.

Table I
Vervet knee cartilage and meniscus scores

Right knee Left knee

Morphologic scores Osteophytes Meniscal
calcifications

Morphologic scores Osteophytes Meniscal
calcifications

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 None None 1 2 1 2 0 0 None None
10.4 7.12 1 0 0 0 0 0 None None 0 0 1 0 1 0 None None
11.4 6.42 2 1 2 1 1 1 None None 1 1 2 1 1 0 None None
11.5 5.63 0 0 0 0 0 0 None None 0 0 0 0 0 0 None None
11.6 6.62 2 0 0 0 0 0 None None 1 0 0 0 0 0 None None

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 None None 1 0 0 0 0 0 None None
21.3 5.85 3 1 3 1 2 1 Moderate Moderate 3 3 3 4 2 1 Moderate Moderate
23.6 6.03 3 1 4 1 3 2 Moderate Moderate 2 1 4 1 2 0 Moderate Moderate
25.6 4.13 3 4 3 4 4 4 Severe Severe 3 4 3 4 3 4 Severe Severe
26.2 4.92 4 2 3 3 2 0 Severe Severe 4 2 3 2 3 0 Severe Severe

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

MTP, medial tibial plateau; LTP, lateral tibial plateau; MFC, medial femoral condyle; LFC, lateral femoral condyle; MM, medial meniscus; LM, lateral meniscus.
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Fig. 3. Vervet activity versus total knee osteoarthritis morphologic scores. (A) Percent of time spent moving was significantly positively correlated with knee osteoarthritis
scores (**R2 ¼ 0.6095, P ¼ 0.008). (B) Walking speed was significantly negatively correlated with right medial tibial plateau degradation scores (R2 ¼ �0.65, P ¼ 0.04) and negatively,
but not significantly, correlated with left medial tibial plateau (R2 ¼ �0.52, P ¼ 0.13) and total knee osteoarthritis degradation scores (R2 ¼ �0.26, P ¼ 0.47). The dotted line
represents the 95% confidence interval.
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P ¼ 0.04). Left medial tibial plateau scores demonstrated a trend to
negatively correlate with walking speed (R2 ¼ �0.52, P ¼ 0.13).
Walking speed was negatively but not significantly associated with
increased total knee osteoarthritis degradation scores [Fig. 3(B),
R2 ¼ �0.26, P ¼ 0.47].

Vervet menisci were cultured as explants to assess MMP and
cytokine secretion. Compared to explants from young adult ani-
mals, osteoarthritic meniscus explants from older animals
demonstrated increased secretion of MMP-1, -3, and -8 (respec-
tively P ¼ 0.019, P ¼ 0.048, P ¼ 0.049; Fig. 4). Medial menisci pro-
duced greater amounts of MMP-1 and -8 than the lateral meniscus,
which paralleled the higher grade degenerative changes in the
medial compartments (Table I).
Fig. 4. MMP protein secretion in meniscal explant cultures from young adult and old ve
MMP-1 and MMP-8 and MMP-3. [Right (R) or left (L) modified with medial (M) or lateral (L
menisci from each compartment of n ¼ 3 animals (right medial, left medial or right latera
partments. Densitometry units were normalized to explant tissue wet weight. MMP-1: P ¼
mean. Meniscus specimens obtained young adult (9.3e11.6 years) and older (19.7e26.2 yea
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Inflammatory cytokine production in meniscal explant media
was also analyzed. Explants from both young adult and old animals
produced IL-8, and GRO family chemokines (GRO antibody binds
CXCL1(GROa), CXCL2(GROb), CXCL3(GROg); Fig. 5). Six of the 23
cytokines were above the limit of detection. Older menisci
demonstrated a slight increase in IL-6 production but a substantial
increase in IL-7. The higher morphologic grade medial meniscus
also secreted granulocyte-macrophage colony-stimulating factor
(GM-CSF).

A third set of knees from old vervets was analyzed to assess the
differences between osteoarthritic and normal menisci and to
confirm the secretion of IL-7 and GM-CSF identified on the cytokine
array. The cartilage andmeniscus scores are shown in Table II. These
rvets. A) Representative immunoblots of conditioned media from meniscus explant culture.
)]. B) Densitometric analysis of MMP blots. Each data point is the mean response of the
l, left lateral compartments) and the line is the mean for all young or old knee com-
0.0192; MMP-3:P ¼ 0.0483; MMP-8: P ¼ 0.0495. Error bars are standard error of the
rs) vervet knees.
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Fig. 5. Cytokine protein array from young adult and old monkey menisci. Conditioned media from meniscal explant cultures was incubated with cytokine protein array
membranes. (n ¼ 1 medial and lateral meniscus from a young and old vervet; þ positive control; G0: grade 0; G3: grade 3).
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monkeys were identified to have an approximately 50% prevalence
of osteoarthritic changes based on gross analysis of knee specimen
pathology. Osteoarthritic menisci secreted increased IL-7
(P ¼ 0.002) and GMeCSF (P ¼ 0.004) compared to healthy
menisci (Fig. 6). Aged vervet menisci secreted IL-7 which was
significantly increased with worsening disease of the meniscus.
GM-CSF appeared to be secreted by only diseased meniscus. A
higher meniscus osteoarthritis grade positively and significantly
correlated with increased secretion of IL-7 (R ¼ 0.774, P < 0.001)
and GM-CSF (R¼ 0.655, P < 0.001). IL-7 and GM-CSF secretionwere
also positively and significantly correlated (R ¼ 0.698, P < 0.001).

Discussion

Older adult vervet knees demonstrated pathologic changes
consistent with the well-documented relationship between age
and osteoarthritis development. CT scans demonstrated the typical
pathology of osteoarthritis which was accompanied by cartilage
and meniscus degeneration subsequently observed during
Table II
Vervet knee cartilage and meniscus scores from old monkeys (second cohort)

Right knee

Morphologic scores Osteophytes Menisc
calcific

Age (yr) MFC LFC MTP LTP MM LM

18.1 2 1 2 1 2 1 None None
17.4 2 2 2 2 2 2 None None
21.5 1 1 1 1 1 1 None None

Mean 19.0 1.7 1.3 1.7 1.3 1.7 1.3
21.4 4 2 4 3 4 2 Moderate Moder
21.4 4 4 4 4 4 4 Severe Severe
25 4 3 4 4 4 3 Severe Severe

Mean 22.6 4.0 3.0 4.0 3.7 4.0 3.0

MTP, medial tibial plateau; LTP, lateral tibial plateau; MFC, medial femoral condyle; LFC
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examination of the knee joint tissues. These changes were similar
to human osteoarthritis, and consistent with established reports of
idiopathic and surgically induced osteoarthritis in non-human
primates2e5,31.

Age-related increases in knee osteoarthritis was identified in
Rhesus macaques10,32,33 and Cynomolgus macaques6 and noted to
be more severe in older baboons compared to younger baboons
with osteoarthritis changes31. Knee arthritis and the development
of osteophytes were found to increase with age in nonhuman pri-
mates6,8,31,32,34. Radiographic evidence of osteoarthritis was found
in both baboons and rhesus macaques. In our vervet population,
osteophytes were associated with greater meniscus and cartilage
degradation, which differs from the lack of reliable association re-
ported in baboons31. One additional reason why our analysis
identified a correlation of osteophytes and disease progression
more similar to those found in humans, may be from our gross
analysis of both the femur and the tibia, rather than exclusive
analysis of the distal femur as previously reported31. Osteoarthritic
changes, including glenoid retroversion and joint space narrowing,
Left knee

al
ations

Morphologic scores Osteophytes Meniscal
calcifications

MFC LFC MTP LTP MM LM

2 1 2 1 2 1 None None
2 2 2 2 2 1 None None
2 1 1 1 2 1 None None
2.0 1.3 1.7 1.3 2.0 1.0

ate 4 3 4 3 4 2 Moderate Moderate
4 3 4 4 4 3 Severe Severe
4 2 4 2 4 2 Severe Severe
4.0 2.7 4.0 3.0 4.0 2.3

, lateral femoral condyle; MM, medial meniscus; LM, lateral meniscus.
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Fig. 6. Cytokine protein secretion in meniscal explant cultures from osteoarthritic and healthy knees. A) Representative immunoblots of conditioned media from meniscus explant
culture. Interleukin-7 (IL-7) and Granulocyte Macrophage Colony Stimulating Factor (GM-CSF). [Right (R) or left (L) modified with medial (M) or lateral (L)]. B) Densitometric analysis
of IL-7 and GM-CSF blots. Each data point is the mean response of the menisci from each compartment of n ¼ 3 animals (right medial, left medial or right lateral, left lateral
compartments) and the line is the mean for all osteoarthritic (OA) or healthy knee compartments. Densitometry units were normalized to explant tissue wet weight. Error bars are
the 95% confidence interval. IL-7 (P ¼ 0.002) and GMeCSF (P ¼ 0.004). Vervet ages 17.4e25.0 years.
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were previously identified in the vervet shoulder3. In our vervet
population, weight did not correlate with increasing severity of
osteoarthritis, which is consistent with reports of cartilage degra-
dation in cynomolgus macaques6, but differs from the association
seen in female (but not male) baboons31. We did see a high prev-
alence of osteoarthritis in the older, post-menopausal vervets in our
study (64%, 7/11), which is consistent with the high reported rate of
post-menopausal knee osteoarthritis in baboons31. In our study,
osteoarthritis changes were associated with increased vervet
movement. Pain responses are difficult to quantify in non-human
primates; however, since walking speed was negatively correlated
with increased osteoarthritic scores, the increased rate of move-
ment may be secondary to pain35. These factors in the develop-
ment, pathologic presentation and radiographic markers a great
deal of similarity to the progression of osteoarthritis in humans.

The clinical importance of the meniscus in osteoarthritis
development is well documented11,36; however, meniscus pathol-
ogy in osteoarthritis is largely attributed to mechanically mediated
loss of structural integrity37. 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 osteoarthritis37. Recent evidence suggests the
meniscus may play an active role in the whole joint pathology of
osteoarthritis25,26. Our data support previous gene expression re-
ports and identifies biologic contributions from the meniscus
implicated in osteoarthritis pathogenesis17,23e25.

Our cross sectional analysis suggested that pathologic degra-
dation of the meniscus corresponded to more severe bony changes
and cartilage degradation. Meniscus degenerative changes have
been previously correlated with osteoarthritic changes in cartilage
and articular cartilage loss7,12,36,38,39. In a magnetic resonance im-
aging (MRI) evaluation of human knees, meniscus degeneration
preceded or accompanied severe articular cartilage loss39. A larger
MRI study identified an increased risk of cartilage loss that was
associated with an increase in meniscus abnormalities38. We
identified similar correlations in meniscus and cartilage pathology
Please cite this article in press as: Stone AV, et al., Osteoarthritic change
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and found that higher degeneration scores were associated with
increased secretion of matrix metalloproteinases (MMPs) and
cytokines.

Increased production of MMPs, cytokines and chemokines are
believed to be responsible for propagating the catabolic responses
in joint tissues that ultimately lead to osteoarthritis16,18e20,24,27,40,41.
In our study, we identified increased secretion of MMP-1, MMP-3
and MMP-8 by osteoarthritic vervet meniscus that is consistent
with elevated catabolic activity in stimulated humanmeniscus cells
and human osteoarthritic meniscus cells23. The observed increase
in MMP-1 secretion by diseased menisci may be partially respon-
sible for the structural compromise of osteoarthritic menisci since
MMP-1 degrades collagen type I, the primary constituent of the
meniscus42. MMP3 (stromelysin-1) was identified in early osteo-
arthritis pathology and was observed in diseased meniscus tissue
acquired during partial meniscectomy20,26,27. MMP-8 activity in
osteoarthritis pathogenesis is less well studied, but was identified
as increased in expression and secretion in human osteoarthritis
meniscus cells and can be stimulated to increase by pro-
inflammatory stimulation23. MMP-8 degrades collagen, is associ-
ated with neutrophil infiltration, and co-localizes with IL-1b and
type II collagen cleavage in osteoarthritic cartilage20. Similar in-
flammatory pathway activation has also been identified in pig
meniscus explants with increased MMP1 activity, proteoglycan
release and nitric oxide release in response with IL-1 stimulation21.
MMP-1 and MMP-3 were also previously demonstrated to be
upregulated in pig and human meniscus in response to pro-
inflammatory stimulation, which supports an active biologic role
for the meniscus disease process19.

Diseased meniscus explants secreted matrix-degrading en-
zymes which may 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
that paralleled behaviors seen in human meniscus cell culture
studies23. Chemokines CXCL1, CXCL2, CXCL3 (identified by the GRO
antibody) and IL-8 were secreted by both young and old menisci
s in vervet monkey knees correlate with meniscus degradation and
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which may not independently initiate osteoarthritic changes but
may contribute to the propagation of inappropriate inflammatory
cycles after injury16,20,43. These genes were recently identified as
part of the meniscus pathology following injury and were up-
regulated in pro-inflammatory stimulated human meniscus23e25.
In mouse articular chondrocytes, alterations in the CXCR1/2
signaling pathway (which binds CXCL1, -2 and -3 ligands) were
associated with a disruptions of articular cartilage phenotype and
the development of osteoarthritic changes, including decreased
matrix production and the development of more severe osteoar-
thritis in the destabilized medial meniscus mouse model43.

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 stimulates catabolic responses in carti-
lage tissue, but as we recently demonstrated, also increases cata-
bolic activity in human meniscus cells16,20. The elevated vervet IL-6
secretion in young vervet menisci was unexpected, but could be
evidence of early stage inflammatory processes.

GM-CSF was increased in more degenerated menisci. GM-CSF is
linked to the inflammatory process in rheumatoid arthritis and has
been observed in human osteoarthritic synovium14. Future in-
vestigations may link GM-CSF production to the more fibroblastic
cell phenotype in themeniscus. IL-7was also shown to be produced
by aged and degenerative vervet menisci. IL-7 stimulates human
chondrocyteMMP-13 production, extracellular matrix degradation,
and proteoglycan release from human cartilage explants18. Chon-
drocytes not only respond to IL-7 with increased MMP-13 pro-
duction, but they may also 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 patients with
synovitis and older patients with osteoarthritis16,44. Increased
secretion of IL-7 may be more detrimental to joint tissues since IL-7
receptor expression is significantly increased in human menisci
associated with chondrosis17. Increases in IL-8 secretion, such as
those observed in aged vervet knees, are thought to contribute to
chondrocyte hypertrophy, calcification and crystals in the joint, and
the development of subchondral bone sclerosis16.

Our results confirm many of the trends recently reported in an
analysis of gene expression in meniscus tears in patients under-
going partial meniscectomy25. Patients younger than 40 years with
a meniscus tear demonstrated increased expression of IL-1b and
the matrix-degrading enzymes MMP-1, MMP-9, MMP-13, and
ADAMTS-5 compared to older patients with meniscus tears. Gene
expression of cytokines (IL-1b and TNF-a), chemokines (CCL3 and
CCL3L1) and MMP-13 were increased in patients with a meniscus
tear and concomitant anterior cruciate ligament tear compared to a
meniscus tear alone. These findings support the concept that
meniscus tears that are of a traumatic etiology may be more prone
to inflammatory changes and a biologic rationale for the increased
risk of development of osteoarthritis after meniscal injury. Our
findings in the vervet are also congruent with the increased matrix
degrading enzyme and cytokine secretion observed in human
meniscus cells treated with pro-inflammatory stimulation23. Hu-
man meniscus cells treated with pro-inflammatory stimulants,
including interleukin and fibronectin fragments, increased their
secretion of cytokines, chemokines, andmatrix degrading enzymes,
while also increasing their cellular catabolic activity through the
NF-kB pathway45. Older, more degenerative menisci in our vervet
analysis produced greater basal amounts of matrix-degrading en-
zymes and pro-inflammatory factors than younger vervets. It is
possible that degenerative menisci contribute to the pro-
inflammatory environment of idiopathic osteoarthritis in a
similar fashion to the acutely injured meniscus. We observed age
related increases in meniscal inflammatory cytokine release and
MMP production; and menisci from osteoarthritic older vervets
Please cite this article in press as: Stone AV, et al., Osteoarthritic change
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produced greater amounts of cytokines than their age matched
counterparts with less severe osteoarthritis. Meniscal secretion of
enzymes and cytokines likely stimulate catabolic activity in both
cartilage and synovium, potentially contributing to osteoarthritis
development, especially after meniscal injury. Inhibition of MMPs
stimulated by cytokines improved in vitro meniscal repairs, which
suggests a critical role for MMPs in connective tissue degradation46.
Increased catabolic secretion in aged individuals may better explain
high rates of failure for meniscus repair in older patients25,47e49.

Our findings are additionally supported by a recent study
examining the transcriptome alterations in injured and degenera-
tive human menisci17. Inflammatory and matrix-degrading re-
sponses were elevated in injured menisci and associated with
chondrosis, and degenerative menisci demonstrated decreased
expression of matrix proteins with an age associated increase in
inflammatory pathway expression17. In a whole joint analysis in
mice, age associated alterations in gene expression demonstrated a
decrease in matrix-associated genes with a concomitant increase in
inflammatory gene expression which would support a predomi-
nately catabolic environment in the aged and diseased joint45.
Menisci in older patients with a previous meniscus injury likely
produce increased matrix degrading enzymes as a function of both
the initial injury and age.

Our study has advantages as well as common limitations of
laboratory and animal models. While quadrupedal non-human
primate skeletal anatomy and biomechanics are not identical to
humans, the vervet biomechanics and disease progression aremore
similar to humans than those of rodent models50. Our study is
limited by the ability only to analyze female vervet monkeys, since
no male vervets were available to study; however, osteoarthritis is
highly prevalent in women. Osteoarthritis is more prevalent in fe-
male macaques10 and progresses more rapidly in female baboons31.
While certain nonhuman primate models do not demonstrate
gender-related differences in the prevalence in osteoarthritis6, we
believe that we have selected an appropriate model for evaluation
of the meniscus in osteoarthritis pathobiology. Despite these limi-
tations, the animals exhibit many similar morbidities associated
with human aging and decline, including physiologic and patho-
logic alterations in skeletal muscle and physical function13,22,30,
despite a lifelong consumption of a healthy, low-fat ‘chow’ diet.

Knee joints were analyzed usingmacroscopic and CT evaluation.
The explant culture and handling precluded histologic analysis of
the specimens; however, previous examination of knee osteoar-
thritis in rhesus macaques demonstrated significant correlation
betweenmacroscopic and histologic examination of knee arthritis8.
Whole meniscal explants were used to assess the contributions of
both the inner and outer meniscus zones to protein secretion that
would be expected in the intact 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.

A final, but important consideration is that we cannot exclude a
contribution from post-traumatic arthritis. While all ligamentous
structures were intact at the time of specimen acquisition and no
gross evidence of previous fracture or joint malalignment was
present, it is not possible to confirm that all vervets remained un-
injured during their lifetime. Post-traumatic arthritis would be
expected to occur after significant ligamentous injury or fracture,
since these mechanisms are associated with chondral damage. Our
observational data and detailed physicals did not demonstrate ev-
idence of severe injuries, but non-human primates are known to be
stoic despite pain35. In consideration of these factors, we favor an
idiopathic etiology for the development of osteoarthritis, but a
portion may be attributable to post-traumatic arthritis; regardless
of the precise etiology, all vervet arthritis was naturally occurring
and not intentionally induced.
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The role of the meniscus in osteoarthritis pathogenesis remains
to be defined, and this cross sectional analysis sought to better
understand the biologic activity of the meniscus in osteoarthritis.
The production of matrix degrading enzymeswas clearly associated
with morphologic changes in naturally occurring vervet knee
arthritis. While the detailed cellular and molecular mechanisms
cannot be elucidated from these in vitro studies, the data suggest
that increased meniscal secretion of MMPs and inflammatory cy-
tokines likely play a significant role in osteoarthritis pathogenesis
in the meniscus and articular cartilage of the knee joint. Further
exploration of molecular events associated with the progression of
osteoarthritis in the aging nonhuman primate model has great
potential to identify key factors involved in early osteoarthritis
pathology, and hopefully lead to new approaches to prevent, or at
least attenuate, the development of osteoarthritis.
Author contributions

Stone: Conception and design, analysis and interpretation of the
data, drafting of the article, critical revision of the article for
important intellectual content, final approval of the article,
obtaining of funding, collection and assembly of data.

Willey: Conception and design, analysis and interpretation of
the data, critical revision of the article for important intellectual
content, final approval of the article, collection and assembly of
data.

Vanderman: Critical revision of the article for important intel-
lectual content, final approval of the article, collection and assem-
bly of data.

Long: Conception and design, analysis and interpretation of the
data, critical revision of the article for important intellectual con-
tent, final approval of the article.

Register: Conception and design, in vivo imaging, analysis and
interpretation of the data, critical revision of the article for
important intellectual content, final approval of the article,
obtaining of funding.

Shively: Conception and design, physical function assessments,
analysis and interpretation of the data, critical revision of the article
for important intellectual content, final approval of the article,
obtaining of funding.

Stehle: Conception and design, critical revision of the article for
important intellectual content, final approval of the article,
obtaining of funding.

Loeser: Conception and design, analysis and interpretation of
the data, critical revision of the article for important intellectual
content, final approval of the article, obtaining of funding.

Ferguson: Conception and design, analysis and interpretation of
the data, critical revision of the article for important intellectual
content, final approval of the article, obtaining of funding.
Funding sources
This workwas funded by grants from the Orthopaedic Research and
Education Foundation, the American Orthopaedic Society for Sports
Medicine, and the Wake Forest University Claude D. Pepper Older
Americans Independence Center (P30 AG021332). Support was also
received from NIH/NIAMS (K08AR059172), and NIH/NIA
(AG044034). The Vervet Research Colony fromwhich these animals
were derived was supported by NIH/NCRR (P40 RR019963/
OD010965), Department of Veterans Affairs (VA 247-P-0447).
Conflict of interest
The authors do not have competing interests directly or indirectly
related to the publication of this work.
Please cite this article in press as: Stone AV, et al., Osteoarthritic change
increased matrix metalloproteinase and cytokine secretion, Osteoarthriti
Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.joca.2015.05.020.
References

1. Stecher RM. Osteoarthritis in the gorilla; description of a
skeleton with involvement of the knee and the spine. Lab
Invest 1958;7(4):445e57.

2. Stecher RM. Osteoarthritis of the hip in a gorilla; report of a
third case. Clin Orthop 1958:12307e14.

3. Plate JF, Bates CM, Mannava S, Smith TL, Jorgensen MJ,
Register TC, et al. Age-related degenerative functional, radio-
graphic, and histological changes of the shoulder in nonhuman
primates. J Shoulder Elb Surg 2013;22(8):1019e29.

4. Jurmain R. Degenerative joint disease in African great apes: an
evolutionary perspective. J Hum Evol 2000;39(2):185e203.

5. Ham KD, Loeser RF, Lindgren BR, Carlson CS. Effects of long-
term estrogen replacement therapy on osteoarthritis severity
in cynomolgus monkeys. Arthritis Rheum 2002;46(7):
1956e64.

6. Carlson CS, Loeser RF, Purser CB, Gardin JF, Jerome CP. Osteo-
arthritis in cynomolgus macaques. III: effects of age, gender,
and subchondral bone thickness on the severity of disease.
J Bone Miner Res 1996;11(9):1209e17.

7. Crema MD, Guermazi A, Li L, Nogueira-Barbosa MH, Marra MD,
Roemer FW, et al. The association of prevalent medial meniscal
pathology with cartilage loss in the medial tibiofemoral
compartment over a 2-year period. Osteoarthritis Cartilage
2010;18(3):336e43.

8. Gahunia HK, Babyn P, Lemaire C, Kessler MJ, Pritzker KP.
Osteoarthritis staging: comparison between magnetic reso-
nance imaging, gross pathology and histopathology in the
rhesus macaque. Osteoarthritis Cartilage 1995;3(3):169e80.

9. DeRousseau CJ. Aging in the musculoskeletal system of rhesus
monkeys: II. Degenerative joint disease. Am J Phys Anthropol
1985;67(3):177e84.

10. DeRousseau CJ, Rawlins RG, Denlinger JL. Aging in the
musculoskeletal system of rhesus monkeys: I. Passive joint
excursion. Am J Phys Anthropol 1983;61(4):483e94.

11. Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term
consequence of anterior cruciate ligament and meniscus in-
juries: osteoarthritis. Am J Sports Med 2007;35(10):1756e69.

12. Englund M, Guermazi A, Lohmander SL. The role of the
meniscus in knee osteoarthritis: a cause or consequence?
Radiol Clin North Am 2009;47(4):703e12.

13. Feng X, Zhang T, Xu Z, Choi SJ, Qian J, Furdui CM, et al. Myosin
heavy chain isoform expression in the Vastus Lateralis muscle
of aging African green vervet monkeys. Exp Gerontol
2012;47(8):601e7.

14. Farahat MN, Yanni G, Poston R, Panayi GS. Cytokine expression
in synovial membranes of patients with rheumatoid arthritis
and osteoarthritis. Ann Rheum Dis 1993;52(12):870e5.

15. Carlsson H-E, Schapiro SJ, Farah I, Hau J. Use of primates in
research: a global overview. Am J Primatol 2004;63(4):
225e37.

16. Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteoar-
thritis: a disease of the joint as an organ. Arthritis Rheum
2012;64(6):1697e707.

17. Rai MF, Patra D, Sandell LJ, Brophy RH. Transcriptome analysis
of injured human meniscus reveals a distinct phenotype of
meniscus degeneration with aging. Arthritis Rheum
2013;65(8):2090e101.
s in vervet monkey knees correlate with meniscus degradation and
s and Cartilage (2015), http://dx.doi.org/10.1016/j.joca.2015.05.020

http://dx.doi.org/10.1016/j.joca.2015.05.020
http://dx.doi.org/10.1016/j.joca.2015.05.020
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref1
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref1
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref1
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref1
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref2
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref2
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref2
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref3
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref3
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref3
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref3
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref3
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref4
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref4
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref4
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref5
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref5
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref5
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref5
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref5
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref6
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref6
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref6
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref6
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref6
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref7
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref7
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref7
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref7
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref7
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref7
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref8
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref8
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref8
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref8
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref8
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref9
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref9
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref9
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref9
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref10
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref10
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref10
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref10
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref11
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref11
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref11
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref11
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref12
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref12
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref12
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref12
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref13
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref13
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref13
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref13
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref13
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref14
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref14
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref14
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref14
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref15
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref15
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref15
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref15
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref16
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref16
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref16
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref16
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref17
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref17
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref17
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref17
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref17


A.V. Stone et al. / Osteoarthritis and Cartilage xxx (2015) 1e1010
18. Long D, Blake S, Song XY, Lark M, Loeser RF. Human articular
chondrocytes produce IL-7 and respond to IL-7 with increased
production of matrix metalloproteinase-13. Arthritis Res Ther
2008;10(1):R23.

19. Fuller ES, Smith MM, Little CB, Melrose J. Zonal differences in
meniscus matrix turnover and cytokine response. Osteoar-
thritis Cartilage 2012;20(1):49e59.

20. Goldring MB, Otero M. Inflammation in osteoarthritis. Curr
Opin Rheumatol 2011;23(5):471e8.

21. McNulty AL, Miller MR, O'Connor SK, Guilak F. The effects of
adipokines on cartilage and meniscus catabolism. Connect
Tissue Res 2011;52(6):523e33.

22. Choi SJ, Shively CA, Register TC, Feng X, Stehle J, High K, et al.
Force-generation capacity of single vastus lateralis muscle fi-
bers and physical function decline with age in African green
vervet monkeys. J Gerontol A Biol Sci Med Sci 2013;68(3):
258e67.

23. Stone AV, Loeser RF, Vanderman KS, Long DL, Clark SC,
Ferguson CM. Pro-inflammatory stimulation of meniscus cells
increases production of matrix metalloproteinases and addi-
tional catabolic factors involved in osteoarthritis pathogenesis.
Osteoarthritis Cartilage 2014;22(2):264e74.

24. Sun Y, Mauerhan D, Honeycutt P, Kneisl J, Norton J, Hanley E,
et al. Analysis of meniscal degeneration and meniscal gene
expression. BMC Musculoskelet Disord 2010;11(1):19.

25. Brophy RH, Farooq Rai M, Zhang Z, Torgomyan A, Sandell LJ.
Molecular analysis of age and sex-related gene expression in
meniscal tears with and without a concomitant anterior cru-
ciate ligament tear. J Bone Joint Surg Am 2012;94(5):385e93.

26. Ishihara G, Kojima T, Saito Y, Ishiguro N. Roles of
metalloproteinase-3 and aggrecanase 1 and 2 in aggrecan
cleavage during human meniscus degeneration. Orthop Rev
(Pavia) 2009;1(2):e14.

27. Troeberg L, Nagase H. Proteases involved in cartilage matrix
degradation in osteoarthritis. Biochim Biophys Acta
2012;1824(1):133e45.

28. McGuire MT. Behavioral Sciences F, The St. Kitts Vervet [by]
Michael T. McGuire and Members of the Behavioral Sciences
Foundation, Neuropsychiatric Institute, UCLA, Los Angeles,
Calif. Basel, New York: Karger; 1974.

29. Fairbanks LA, McGuire MT. Age, reproductive value, and
dominance-related behaviour in vervet monkey females:
cross-generational influences on social relationships and
reproduction. Anim Behav 1986;34(6):1710e21.

30. Shively CA, Willard SL, Register TC, Bennett AJ, Pierre PJ,
Laudenslager ML, et al. Aging and physical mobility in group-
housed old world monkeys. Age (Dordr) 2012;34(5):1123e31.

31. Macrini TE, Coan HB, Levine SM, Lerma T, Saks CD, Araujo DJ,
et al. Reproductive status and sex show strong effects on knee
OA in a baboon model. Osteoarthritis Cartilage 2013;21(6):
839e48.

32. Chateauvert JM, Grynpas MD, Kessler MJ, Pritzker KP. Spon-
taneous osteoarthritis in rhesus macaques. II. Characterization
of disease and morphometric studies. J Rheumatol 1990;17(1):
73e83.

33. Pritzker KP, Chateauvert J, Grynpas MD, Renlund RC,
Turnquist J, Kessler MJ. Rhesus macaques as an experimental
model for degenerative arthritis. P R health Sci J 1989;8(1):
99e102.

34. Chateauvert J, Pritzker KP, Kessler MJ, Grynpas MD. Sponta-
neous osteoarthritis in rhesus macaques. I. Chemical and
biochemical studies. J Rheumatol 1989;16(8):1098e104.
Please cite this article in press as: Stone AV, et al., Osteoarthritic change
increased matrix metalloproteinase and cytokine secretion, Osteoarthriti
35. Landa L. Pain in domestic animals and how to assess it: a re-
view. Veterinarni Med 2012;57(4):185e92.

36. Englund M, Guermazi A, Roemer FW, Aliabadi P, Yang M,
Lewis CE, et al. Meniscal tear in knees without surgery and the
development of radiographic osteoarthritis among middle-
aged and elderly persons: the Multicenter Osteoarthritis
Study. Arthritis Rheum 2009;60(3):831e9.

37. Englund M, Felson DT, Guermazi A, Roemer FW, Wang K,
Crema MD, et al. Risk factors for medial meniscal pathology on
knee MRI in older US adults: a multicentre prospective cohort
study. Ann Rheum Dis 2011;70(10):133e9.

38. Hunter D, Zhang Y, Niu J, Tu X, Amin S, Clancy M, et al. The
association of meniscal pathologic changes with cartilage loss
in symptomatic knee osteoarthritis. Arthritis Rheum 2006:
54795e801.

39. McAlindon TE, Watt I, McCrae F, Goddard P, Dieppe PA. Mag-
netic resonance imaging in osteoarthritis of the knee: corre-
lation with radiographic and scintigraphic findings. Ann
Rheum Dis 1991;50(1):14e9.

40. Sandell LJ, Xing X, Franz C, Davies S, Chang LW, Patra D.
Exuberant expression of chemokine genes by adult human
articular chondrocytes in response to IL-1b. Osteoarthritis
Cartilage 2008;16(12):1560e71.

41. Benito MJ, Veale DJ, FitzGerald O, van den Berg WB,
Bresnihan B. Synovial tissue inflammation in early and late
osteoarthritis. Ann Rheum Dis 2005;64(9):1263e7.

42. Makris EA, Hadidi P, Athanasiou KA. The knee meniscus:
structure-function, pathophysiology, current repair tech-
niques, and prospects for regeneration. Biomaterials
2011;32(30):7411e31.

43. Sherwood J, Bertrand J, Nalesso G, Poulet B, Pitsillides A,
Brandolini L, et al. A homeostatic function of CXCR2 signalling
in articular cartilage. Ann Rheum Dis 2014 Aug 18, http://
dx.doi.org/10.1136/annrheumdis-2014-205546. pii: annr-
heumdis-2014-205546. [Epub ahead of print].

44. Rubenhagen R, Schuttrumpf JP, Sturmer KM, Frosch KH.
Interleukin-7 levels in synovial fluid increase with age and
MMP-1 levels decrease with progression of osteoarthritis. Acta
Orthop 2012;83(1):59e64.

45. Loeser RF, Olex AL, McNulty MA, Carlson CS, Callahan MF,
Ferguson CM, et al. Microarray analysis reveals age-related
differences in gene expression during the development of
osteoarthritis in mice. Arthritis Rheum 2012;64(3):705e17.

46. McNulty AL, Weinberg JB, Guilak F. Inhibition of matrix met-
alloproteinases enhances in vitro repair of the meniscus. Clin
Orthop Relat Res 2009;467(6):1557e67.

47. Eggli S, Wegmuller H, Kosina J, Huckell C, Jakob RP. Long-term
results of arthroscopic meniscal repair. An analysis of isolated
tears. Am J Sports Med 1995;23(6):715e20.

48. Stein T, Mehling AP, Welsch F, von Eisenhart-Rothe R, J€ager A.
Long-Term outcome after arthroscopic meniscal repair versus
arthroscopic partial meniscectomy for traumatic meniscal
tears. Am J Sports Med 2010;38(8):1542e8.

49. McNulty AL, Rothfusz NE, Leddy HA, Guilak F. Synovial fluid
concentrations and relative potency of Interleukin-1 alpha and
beta in cartilage and meniscus degradation. J Orthop Res
2013;31(7):1039e45.

50. Shively CA, Clarkson TB. The unique value of primate models
in translational research. Nonhuman primate models of
women's health: introduction and overview. Am J Primatol
2009;71(9):715e21.
s in vervet monkey knees correlate with meniscus degradation and
s and Cartilage (2015), http://dx.doi.org/10.1016/j.joca.2015.05.020

http://refhub.elsevier.com/S1063-4584(15)01177-2/sref18
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref18
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref18
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref18
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref19
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref19
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref19
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref19
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref20
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref20
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref20
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref21
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref21
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref21
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref21
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref22
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref22
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref22
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref22
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref22
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref22
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref23
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref23
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref23
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref23
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref23
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref23
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref24
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref24
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref24
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref25
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref25
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref25
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref25
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref25
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref26
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref26
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref26
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref26
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref27
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref27
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref27
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref27
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref28
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref28
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref28
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref28
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref29
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref29
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref29
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref29
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref29
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref30
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref30
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref30
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref30
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref31
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref31
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref31
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref31
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref31
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref32
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref32
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref32
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref32
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref32
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref33
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref33
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref33
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref33
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref33
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref34
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref34
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref34
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref34
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref35
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref35
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref35
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref36
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref36
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref36
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref36
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref36
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref36
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref37
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref37
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref37
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref37
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref37
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref38
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref38
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref38
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref38
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref38
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref39
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref39
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref39
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref39
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref39
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref40
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref40
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref40
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref40
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref40
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref41
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref41
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref41
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref41
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref42
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref42
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref42
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref42
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref42
http://dx.doi.org/10.1136/annrheumdis-2014-205546
http://dx.doi.org/10.1136/annrheumdis-2014-205546
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref44
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref44
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref44
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref44
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref44
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref45
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref45
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref45
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref45
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref45
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref46
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref46
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref46
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref46
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref47
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref47
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref47
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref47
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref48
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref48
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref48
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref48
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref48
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref48
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref49
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref49
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref49
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref49
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref49
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref50
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref50
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref50
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref50
http://refhub.elsevier.com/S1063-4584(15)01177-2/sref50


Osteoarthritis and Cartilage 22 (2014) 264e274
Pro-inflammatory stimulation of meniscus cells increases production
of matrix metalloproteinases and additional catabolic factors involved
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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 (TKAs)
was cultured. Primary cell cultures were stimulated with pro-inflammatory factors [IL-1b, IL-6, or
fibronectin fragments (FnF)] and cellular responses were analyzed by real-time PCR, protein arrays and
immunoblots. To determine if NF-kB was required for MMP production, meniscus cultures were treated
with inflammatory factors with and without the NF-kB inhibitor, hypoestoxide.
Results: Normal and osteoarthritic meniscus cells increased their MMP secretion in response to stimu-
lation, 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 (CTGF) gene
expression was reduced. Expression of cytokines (IL-1a, IL-1b, IL-6), chemokines (IL-8, CXCL1, CXCL2,
CSF1) and components of the NF-kB 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 conjunction with pro-inflammatory stimulation, p65 acti-
vation was reduced as were MMP-1 and MMP-3 production.
Conclusions: Pro-inflammatory stimulation of meniscus cells increased matrix metalloproteinase pro-
duction 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.

� 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Meniscus injury is known to increase the risk of osteoarthritis.
Untreated meniscus tears have an odds ratio of 5.7 for the devel-
opment of radiographic osteoarthritis1. Even after partial menis-
cectomy, 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
.M. Ferguson, Department of
e, Medical Center Boulevard,
.
Stone), rloeser@wakehealth.
K.S. Vanderman), dllong@
u (C.M. Ferguson).

s Research Society International. P
amenable to repair secondary to the tissue’s minimal vasculature.
This increased risk is historically attributed to changes in knee
biomechanics due to meniscus deficiency3,5,6.

The impact of cytokine stimulation on articular cartilage and
subsequent extracellular matrix degradation is well documented7e

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 pro-
duced 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 osteoarthritis10e18. Thus, the meniscus likely
also has a biologic role in osteoarthritis development through the
production of matrix-degrading enzymes and inflammatory
ublished by Elsevier Ltd. All rights reserved.
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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 devel-
opment of osteoarthritis.

Materials and methods

Knee tissue acquisition

Our institutional review board approved this protocol. Normal
human meniscus specimens (n ¼ 18 menisci from n ¼ 18 donors
25e65 years old) were procured through the National Disease and
Research Interchange (NDRI, Philadelphia, PA) or the Gift of Hope
Organ and Tissue Donor Network (Elmhurst, IL) while osteoar-
thritic menisci were obtained from patients undergoing total knee
arthroplasty (TKA) for osteoarthritis (n ¼ 36 menisci from n ¼ 36
donors 44e83 years old). Synovial tissue was removed. Meniscus
tissue was macroscopically graded according to a modified Inter-
national Cartilage Research Society Cartilage Morphology Score
(Table SI). 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 previously
described7. 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 described7. Prior to stimulation, primary cultures were incubated
overnight in serum-free media (DMEM/F12) and then treated for
either 6 or 24 h with one of the following: 10 ng/ml IL-1b; 10 ng/ml
IL-6 with 25 ng/ml soluble IL-6 receptor; or TGF-a 20 ng/ml (all
from R and D Systems) or fibronectin fragments (FnF), a recombi-
nant fragment of fibronectin protein containing domains 7e10 of
full length fibronectin (at 1 mM; gift from Harold Erickson, Duke
University). For the NF-kB time course study, cells were stimulated
with FnF (1 mM) for 15, 30, 45, 60, or 90 min with and without
30 min pretreatment with the NF-kB inhibitor, hypoestoxide
(25 mM, Sigma). Cell lysates of nuclear and cytoplasmic fractions
collected. Nuclear preparations were processed using the NE-PER
fraction kit (Pierce Scientific) according to the manufacturer’s in-
structions. For additional NF-kB studies, cell cultures were stimu-
lated with cytokines at the aforementioned concentrationwith and
without hypoestoxide (25 mM, Sigma) and cell lysates were
collected and analyzed using immunoblot. 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 Bio-
systems 7900HT thermocycler with TaqMan Universal PCR Mas-
terMix and TaqMan Gene Assay (Applied Biosystems: mmp1
Hs00899658_m1; mmp3 Hs00968305_m1; GAPDH
Hs02758991_g1). Data was analyzed using the DDCT 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-kB
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 mediawas loaded in equal volumes (1:1
in Lamelli Sample Buffer, 5% b-mercaptoethanol; BioRad), separated
by SDS-PAGE (BioRad), transferred to nitrocellulose (Odyssey, Invi-
trogen) and probed with the primary antibody [anti-MMP1
(PAB12708, Abnova); anti-MMP3 (AB2963, Millipore); anti-MMP8
(MAB3316, Millipore); anti-MMP13 (AB84594, Abcam)] and sec-
ondary antibody (CellSignal). Blots were visualized with chem-
iluminescence (Amersham ECL, GE Life Sciences). Since no known
control exists formeniscus secreted proteins, loadingwas controlled
by loading an equal volume of media fromwells 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-kB experi-
ments, immunoblots were probed for phosphorylated-p65, then
stripped and probed for total-p65, and then finally b-actin as the
loading control. For nuclear preparations, blots were also probed for
Lamin B (a nuclear protein) and lactate dehydrogenase (a cyto-
plasmic protein) to demonstrate the integrity of the fractions. Pro-
cessed 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 Prismv5.02 (GraphPad Software, Inc.). Real-time PCR
arrays were analyzed in Microsoft Excel (Microsoft) using the
standard DDCt method normalized to endogenous housekeeping
genes in array-specific analysis templates (SABiosciences, http://
www.sabiosciences.com/pcrarraydataanalysis.php). The template
employed the Student’s t test for replicates of four individual do-
nors with significance of P � 0.05. We accepted this analysis
method with the understanding that we did not account for mul-
tiple comparisons. A small number of genes may have been found
to be significantly different because of the total number of genes
analyzed; however, this limitation was accepted because we chose
to analyze related genes of either extracellular matrix proteins or
the NF-kB family and the arrays were used for hypothesis genera-
tion within targeted gene families rather than hypothesis testing
for any individual gene.

The effects of cytokine stimulation on MMP-1 and MMP-3 gene
expression in normal and osteoarthritic menisci were compared
using a multivariate analysis of variance (MANOVA). Post-hoc tests
were performed when group effects were found to be significant. A
post-hoc two-tailed Dunnett’s test was performed when appro-
priate to compare cytokine treatments to the unstimulated control,
since we did not attempt to rank cell response to the different
cytokine treatments.

Immunoblot densitometrywas reportedwith the 95% confidence
intervals and analyzed using ANOVAs. We reported Bonferroni cor-
rections for multiple comparisons. 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
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gene expression. Meniscus cells were stimulated with IL-1b, IL-6, or
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 meniscus19e22. The pro-inflammatory
stimuli significantly increased expression of multiple matrix-
degrading enzymes, including many of the primary MMPs respon-
sible for degradation of both meniscus and cartilage matrix; how-
ever, the specific MMPs expressed varied according to the stimulus
(Table I). All three stimuli increased expression of MMP-1, while IL-
1b also stimulated MMP-2 and MMP-10 expression and IL-6 stim-
ulated 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 also stimulated expression of the cell
adhesion molecules VCAM-1 and a1- and a2-integrins, while IL-1b
stimulated a1- and b1-integrin expression (Table I). IL-6 uniquely
stimulated b2-integrin expression. Matrix proteins decreased by FnF
include collagen VIa1, versican, thrombospondins-1 and -3 and
connective tissue growth factor (CTGF; Table I) while collagen VIIa1
and lamininb3 were increased. In contrast, IL-1b increased expres-
sion of catenins including a1, b1, and d2 as well as hyaluronan
synthase-1 which was also increased by FnF. IL-6 uniquely down-
regulated collagen XVIa1 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 SII.

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 stimula-
tion with TGF-a. TGF-a is a less well studied cytokine in osteoar-
thritis pathogenesis, but is implicated in articular cartilage
degradation23,24. We compared the effects of cytokine stimulation
on MMP-1 and MMP-3 expression in normal and osteoarthritic
meniscus cell cultures. Cytokine stimulation significantly increased
meanMMP-1 (P< 0.001) andMMP-3 (P¼ 0.006) gene expression in
meniscus cultures [Fig. 1(A)]. MMP-1 and MMP-3 gene expression
was significantly greater at 24 h than 6 h (respectively P¼ 0.014 and
P¼ 0.005), and for clarity, the 24 h time points are shown [Fig. 1(A)].
Table I
Quantitative real-time PCR array for selected extracellular matrix related genes

Gene Gene product

ADAMTS1 ADAM metallopeptidase with thrombospondin type 1 motif, 1
COL16A1 Collagen, type XVI, alpha 1
COL6A1 Collagen, type VI, alpha 1
COL7A1 Collagen, type VII, alpha 1
VCAN Versican
CTGF Connective tissue growth factor
CTNNA1 Catenin (cadherin-associated protein), alpha 1, 102 kDa
CTNNB1 Catenin (cadherin-associated protein), beta 1, 88 kDa
CTNND2 Catenin (cadherin-associated protein), delta 2 (neural plakophilin-related
HAS1 Hyaluronan synthase-1
ITGA1 Integrin, alpha 1
ITGA2 Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor)
ITGB1 Integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CD29 inc
ITGB2 Integrin, beta 2 (complement component 3 receptor 3 and 4 subunit)
LAMB3 Laminin, beta 3
MMP-1 Matrix metallopeptidase 1 (interstitial collagenase)
MMP-10 Matrix metallopeptidase 10 (stromelysin 2)
MMP-13 Matrix metallopeptidase 13 (collagenase 3)
MMP-2 Matrix metallopeptidase 2 (gelatinase A, 72 kDa gelatinase, 72 kDa type I
MMP-3 Matrix metallopeptidase 3 (stromelysin-1, progelatinase)
MMP-8 Matrix metallopeptidase 8 (neutrophil collagenase)
THBS1 Thrombospondin-1
THBS3 Thrombospondin 3
VCAM-1 Vascular cell adhesion molecule 1

Highlighted cells indicate P < 0.05.
MMP-1 expression was significantly increased by IL-1b (P ¼ 0.020),
IL-6 (P ¼ 0.044), and FnF (P < 0.001). FnF (P ¼ 0.001) significantly
increased MMP-3 expression, while the effects of IL-1b trended
toward significance (P ¼ 0.061). At the concentration tested, TGF-a
did not significantly increase MMP-1 (P ¼ 0.998) or MMP-3
(P ¼ 0.992) gene expression. Normal meniscus cells demonstrated
a greater increase in mean MMP-1 expression than osteoarthritic
cells (P ¼ 0.007). The increase in MMP-3 expression did not differ
significantly between the two groups (P ¼ 0.135). Osteoarthritic cell
cultures secreted more MMP-1, MMP-2, and MMP-3 than normal
meniscus cell cultures [Fig. 1(B)].

Matrix-degrading protein production in normal and osteoarthritic
meniscus cells

Protein production of selected MMPs was evaluated by immu-
noblotting. The first set of normal primary meniscus cell cultures
were stimulated with IL-1b, IL-6, or TGF-a (Fig. 2). Meniscus cells
significantly increased MMP-1 production following stimulation by
IL-1b [18.3 fold (�8.65 to 45.2)], IL-6 [24.1 fold (�8.61 to 56.7)], and
TGF-a [5.78 fold (1.71e9.86)] (Fig. 2, P ¼ 0.0091). MMP-3 was also
significantly increased by stimulation with IL-1b [5.24 fold (�2.56
to 13.0)], IL-6 [3.70 fold (�0.47 to 7.86)], and TGF-a [2.46 fold
(�0.59 to 5.52)] [Fig. 1(B), P ¼ 0.021]; MMP-2 was used as a gel
loading control since its levels in conditionedmediawere not found
to change with stimulation.

Similar to the first set of experiments, FnF treated meniscus
cultures exhibited increased MMP-1 and MMP-3 [Fig. 1(B)]. MMP-1
production significantly increased in response to IL-1b, IL-6 and FnF
stimulation with respective fold increases of 17.1 (�21.7 to 55.9),
21.4 (�10.7 to 53.5), and 21.9 (�5.58 to 49.4) [Fig. 1(B), P ¼ 0.013].
Stimulation increased MMP-3 as well: IL-1b, 2.76 fold (0.96e4.56);
IL-6, 3.41 fold (0.52e6.31); and FnF, 3.45 fold (0.66e5.30) (Fig. 2,
P¼ 0.027). Normal meniscus cells also producedMMP-13; however,
the response only trended to statistical significance (P ¼ 0.095).

Immunoblot analysis of osteoarthritis meniscus cell MMP pro-
duction demonstrated significant responses to cytokine
Fragmin IL-1b IL-6

P value Fold
change

P value Fold
change

P value Fold
change

0.7073 1.06 0.7195 �1.13 0.0152 2.81
0.0654 �1.61 0.9925 �1.04 0.0450 �2.06
0.0398 �2.84 0.4808 �1.99 0.2551 �2.51
0.0355 20.90 0.0686 19.37 0.2131 6.80
0.0002 �5.35 0.4973 �1.28 0.0421 �1.89
0.0239 �12.85 0.2830 �5.55 0.1364 �5.31
0.2049 1.18 0.0044 1.49 0.1672 1.36
0.8528 �1.01 0.0335 1.64 0.7983 �1.27

arm-repeat protein) 0.1555 2.87 0.0441 �2.44 0.9589 �1.38
0.0283 4.58 0.0374 7.64 0.2945 1.78
0.0033 1.86 0.0309 2.12 0.9016 �1.30
0.0452 4.90 0.0547 3.11 0.3196 1.46

ludes MDF2, MSK12) 0.1927 1.36 0.0452 1.86 0.3471 1.27
0.2652 4.34 0.0839 5.92 0.0196 7.27
0.0279 4.98 0.0910 9.54 0.1558 2.39
0.0000 27.56 0.0204 11.95 0.0064 15.42
0.0077 36.91 0.0234 18.83 0.0917 4.96
0.0058 3.53 0.0856 4.08 0.1497 2.65

V collagenase) 0.0055 3.30 0.0290 3.09 0.0965 1.75
0.0000 11.92 0.0805 3.75 0.0344 4.84
0.0068 8.19 0.1595 3.46 0.3536 10.27
0.0104 �4.14 0.1186 �2.89 0.0474 �2.70
0.0021 �6.29 0.2002 �1.77 0.1384 �2.20
0.0131 2.23 0.4385 1.50 0.3202 1.95



Fig. 1. Response of normal and osteoarthritic meniscus cells to pro-inflammatory stimulation. (A) MMP-1 and MMP-3 gene expression in meniscus cells. Primary normal and osteo-
arthritic cell cultures were stimulated with IL-1b (10 ng/ml), IL-6 (10 ng/ml plus 25 ng/ml sIL6R), TGF-a (20 ng/ml) or FnF (1 mM) and cells were harvested 24 h after stimulation (MMP-
1, n ¼ 6 normal and osteoarthritic unique donors; MMP-3, n¼ 4 normal and n¼ 5 osteoarthritic unique donors) [MMP-1: *P ¼ 0.020 (IL-1b), P ¼ 0.044 (IL-6), ***P < 0.001 (FnF); MMP-
3: ***P < 0.001 (FnF) significant increases vs unstimulated control]. All real-time PCR data was normalized to internal control (unstimulated) for accurate full change comparisons.
Error bars represent 95% confidence intervals. (B) MMP-1 and MMP-3 immunoblots from normal and osteoarthritic meniscus primary cultures (representative blots from n ¼ 4 unique
donors). Conditioned media from unstimulated control samples from normal and osteoarthritic meniscus cultures was probed for MMP-1, MMP-2, and MMP-3.
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stimulation. Densitometry measurements demonstrated signifi-
cant MMP-1 increases of 1.43 (0.72e2.14), 1.65 (1.00e2.29), 1.40
(0.59e2.22) and 4.54 (�5.85 to 14.9) for IL-1b, IL-6, TGF-a and FnF
stimulation, respectively (P ¼ 0.007, n ¼ 5 unique donors). MMP-3
increased significantly with 2.67 (0.42e4.93) change for IL-6 and
1.58 (1.03e2.14) for IL-1b, and increases of and 1.86 (0.81e2.91) for
TGF-a and 1.13 (1.01e1.25) for FnF (P ¼ 0.001, n¼ 5 unique donors).
Subgroup analysis identified IL-6 as a more potent stimulus for
MMP-1 and MMP-3 at the concentration tested (P < 0.05). MMP-8
production responded to cytokine stimulation but was more vari-
able (P ¼ 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 stimu-
lated to increase MMP production and were not included in the
densitometry analysis (n ¼ 3, grade 4; data not shown). Normal
menisci increased their MMP-1 production in response to cytokine
stimulation more than osteoarthritic menisci (P ¼ 0.003), but
MMP-3 production did not reach statistical significance (P¼ 0.068).
Unlike normalmenisci, cytokine stimulation did not increaseMMP-
13 production in osteoarthritic meniscus cells (Fig. 3).

Osteoarthritic meniscus cells were also compared to osteoar-
thritic 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 [Fig. 3(A)], human osteoar-
thritic meniscus cultures responded to cytokine stimulation with
qualitative increases in secretion of MMP-1, MMP-3 and MMP-8.
Osteoarthritic chondrocytes demonstrated a different MMP pro-
file with greater MMP-13 production [Fig. 3(A)]. The array results
were confirmed with immunoblots, which demonstrated that
osteoarthritic menisci responded to IL-1b, IL-6 and TGF-a with
increased MMP-1 and MMP-3 secretion [Fig. 3(B)]. While both
osteoarthritic chondrocytes and menisci produced MMP-1 and
MMP-3, chondrocytes qualitatively secreted more MMP-13 and
ADAMTS-5 than osteoarthritic meniscus cells [Fig. 3(B)].

NF-kB pathway associated expression in normal meniscus cells

Since FnF increased the greatest number of genes in the
extracellular-matrix array (Table I) and we previously
demonstrated that FnF stimulated NF-kB pathway genes in chon-
drocytes21, we selected FnF stimulation to evaluate the NF-kB
family in meniscal cells. Twenty-six genes out of 84 on the NF-kB
family array were significantly increased by FnF and only one, AGT,
was decreased (Table II). FnF stimulation increased expression of
NF-kB components (NFkB1, NFkB1A, and Rel) and many target
genes, including cytokines (IL-1a and -1b, IL-6, and IL-8) and che-
mokines (CSF1, CXCL1, and CXCL2). FnF additionally increased the
expression of both receptors and ligands in the tumor necrosis
factor (TNF)-a family (CD40, Fas, LTB, TNFSF10 and TRAF2) as well
as CD80 and CD83.

Treatment with FnF in the presence of the NF-kB inhibitor
hypoestoxide significantly altered the expression of a number of
genes. The chemokines C4A and CCL2 were decreased as were 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 statisti-
cally significant may be found in Table SIII.

Since FnF increased cytokine and chemokine gene expression in
the NF-kB 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 (Fig. 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-3a. FnF and IL-1b increased IL-6 and
CCL2 production. FnF and IL-6 increased IL-1b, and MIP-1b. FnF
increased IL-1awhile IL-1b uniquely increased MIF, and finally IL-6
increased IL-7. Since the arrays contained antibodies to detect IL-1b
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-kB pathway, we
assessed p65 phosphorylation following stimulation by FN-F as
well as IL-1b þ IL-6. Phosphorylation of p65 increased following
treatment with the pro-inflammatory factors and the addition of
the NF-kB inhibitor hypoestoxide reduced p65 phosphorylation
following stimulation with FnF [Fig. 5(A)]. The overall level of



Fig. 2. MMP secretion from normal meniscus cells in response to cytokine stimulation. Normal meniscus primary cell cultures were stimulated with IL-1b (10 ng/ml), IL-6 (10 ng/ml
plus 25 ng/ml sIL6R), TGF-a (20 ng/ml) or FnF (1 mM) (n ¼ 4 unique donors) [mean increase in MMP-1 (P ¼ 0.013); MMP-3 (P ¼ 0.013)]. Cells were harvested 24 h after stimulation.
Conditioned media was collected at 24 h after stimulation and immunoblotted for MMP-1, -3, or -13. MMP-2 levels did not change and served as an additional loading control.
Densitometry analysis is shown at the right. Error bars represent 95% confidence intervals.
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phosphorylated-p65 was statistically significant (P ¼ 0.007), but
hypoestoxide’s effect on IL-1b in combinationwith 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 ¼ 0.001) expression
[Fig. 5(B)]. Within the group, treatment with FnF or IL-1b þ 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
protein production [Fig. 5(C)].

The effect of pro-inflammatory mediators on stimulation of p65
was further characterized by performing a nuclear translocation
analysis (Fig. 6). A time course experiment demonstrated a time
dependent increase in FnF stimulated p65 phosphorylation in the
cytosol and nucleus (Fig. 6). Importantly, the amount of
phosphorylated-p65 in the nucleus increased over control cells
peaking at 30 min and declining to basal levels by 90 min.
Pretreatment with hypoestoxide reduced p65 phosphorylation and
nuclear translocation (Fig. 6).

Discussion

The clinical importance of the meniscus in osteoarthritis
development is well documented1e6; however, meniscus pathol-
ogy in osteoarthritis is largely attributed to mechanically mediated
loss of structural integrity5,12,17,25,26. These biomechanical stress
factors may lead to “osteoarthritis in the meniscus” which is pro-
posed to be responsible for meniscus MRI changes observed during
the early osteoarthritis development27. Recent evidence suggests
that the meniscus may have a more biologically active role in the
complicated whole joint pathology of osteoarthritis11,15,18,28,29.
Many of these studies use animal meniscus specimens and are
limited in their translation to human osteoarthritis pathogenesis30.
Our data using cultured human meniscal tissue expands upon
previous gene expression reports10,11,18 using RNA isolated from



Fig. 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 h stimulation with IL-1b (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 ¼ 1, þ 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 (Ctl) vs with IL-1b (10 ng/ml), IL-6 (10 ng/ml plus 25 ng/ml sIL6R), TGF-a
(20 ng/ml) stimulated cultures (n ¼ 4 matched donors).
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normal and osteoarthritic human meniscus and further support 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 cytokine signaling
are believed to be responsible for propagating the reactive and
degradative responses in joint tissues that ultimately lead to oste-
oarthritis7e10,18,28,31,32. 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-1b and IL-6, while osteoarthritic menisci were more
responsive to IL-6 then IL-1b at the concentrations tested. Normal
meniscus cells also responded more quickly to stimulation than
osteoarthritic meniscus cells, as evidenced by significantly greater
increases in MMP expression at 6 h after stimulation 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 pro-
duction 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 matrix33.
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
osteoarthritis9,31. MMP-3 cleaves multiple matrix proteins and



Table II
Quantitative real-time PCR array for NF-kB family genes and targets

Gene Gene product FnF FnF þ HE FnF vs FnF þ HE

P value Fold change P value Fold change P value Fold change

AGT Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) 0.0106 �3.12 0.0015 �5.16 0.2088 �1.65
BCL2A1 BCL2-related protein A1 0.0142 11.18 0.3721 1.40 0.0289 �7.99
BIRC3 Baculoviral IAP repeat containing 3 0.0364 38.12 0.4267 1.65 0.0393 �23.12
C4A Complement component 4A (Rodgers blood group) 0.1233 �1.56 0.0006 �3.03 0.1131 �1.95
CCL2 Chemokine (CeC motif) ligand 2 0.6597 1.27 0.0097 �23.34 0.0002 �29.67
CCND1 Cyclin D1 0.0050 2.25 0.3924 �1.58 0.0024 �3.56
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
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
CXCL2 Chemokine (C-X-C motif) ligand 2 0.0295 13.10 0.0636 �17.20 0.0260 �225.32
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
FAS Fas (TNF receptor superfamily, member 6) 0.0136 2.64 0.9615 1.04 0.0120 �2.53
ICAM-1 Intercellular adhesion molecule 1 0.0015 8.72 0.0004 2.67 0.0052 �3.26
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
IL2RA Interleukin 2 receptor, alpha 0.1029 3.26 0.0250 2.44 0.3611 �1.34
IL-6 Interleukin 6 (interferon, beta 2) 0.0140 9.58 0.1011 �19.62 0.0095 �188.06
IL-8 Interleukin 8 0.0180 58.84 0.2360 4.10 0.0262 �14.38
IRF1 Interferon regulatory factor 1 0.0513 12.02 0.0067 2.51 0.0740 �4.80
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
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
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
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
SOD2 Superoxide dismutase 2, mitochondrial 0.0034 2.92 0.4788 1.16 0.0144 �2.51
STAT3 Signal transducer and activator of transcription 3 (acute-phase response factor) 0.8243 �1.13 0.0346 �2.20 0.1204 �1.94
TNFSF10 TNF (ligand) superfamily, member 10 0.0274 1.70 0.0013 �2.95 0.0024 �5.00
TRAF2 TNF receptor-associated factor 2 0.0201 3.73 0.0913 2.39 0.3195 �1.56

Highlighted cells indicate P < 0.05.

A.V. Stone et al. / Osteoarthritis and Cartilage 22 (2014) 264e274270
activates other MMPs, including MMP-131. 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 pro-
duction in immunohistochemical analysis of partial menisectomy
specimens15, increased MMP-1 activity, proteoglycan release and
nitric oxide release following IL-1b treatment in healthy pig
meniscus explants34, and increased expression of ADAMTS and
MMPs in ovine meniscus following cytokine stimulation18. Addi-
tional 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 re-
ported in the fibrocartilaginous nucleus pulposus and was associ-
ated with increased gross and histological degeneration, pain, and
increased IL-1 and substance P35.

Pro-inflammatory stimulation also increased MMP-13 gene
expression and production in normal meniscus cells. Our findings
are consistent with a report of increased MMP-13 following IL-1a
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 specimens11, 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, avascular, region is likely the first section to deteriorate
during the development of osteoarthritis and may explain in part
why we did not see significant increases in MMP-13 production in
our osteoarthritic meniscus cells which would likely be mainly
from the outer region where MMP-1 predominates over MMP-13.

Pro-inflammatory factors also altered expression of cell adhe-
sion proteins. Alterations in the meniscus integrin receptor
expression would be expected to alter cellematrix interactions as
previously shown for chondrocytes37 and is implicated in osteoar-
thritis pathogenesis10. 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 is involved in inflammatory cell recruitment to the syno-
vium32,38. 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 function40.

Lymphotoxin b and GM-CSF were both increased and although
they are primarily linked to rheumatoid arthritis, they have also
been noted in the osteoarthritic synovium41e43. Future investigation



Fig. 4. Protein array of conditioned media from normal meniscus following pro-inflammatory stimulation. Conditioned media from normal meniscus cells 24 h after stimulation
with either FnF (1 mM), IL-1b (10 ng/ml) or IL-6 (10 ng/ml plus 25 ng/ml sIL6R). The first donor is shownwith shorter (A) exposure and the second donor with a longer exposure (B)
to detect less abundant cytokines.
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may link these cytokines to the more fibroblastic cell phenotype in
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
defects44. 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 could impact neighboring 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
chondrocytes22. Multiple interleukins, including IL-1b and IL-6 that
were used in our stimulation experiments, were increased in both
expression and production. IL-1b was recently reported to be
increased in osteoarthritic synovial fluid45. Additionally, treatment
of articular chondrocytes and meniscus explants with IL-1a and IL-
1b was found to increase cartilage and meniscus catabolic activity
through increased MMP activity and nitric oxide release45. Che-
mokines CXCL1, CXCL2, CXCL3, CCL8 (MCP-2), CCL7 (MCP-3), and
CXCL6 (GCP-2) were increased and may contribute to the devel-
opment of inappropriate inflammatory cycles after injury9,28. Our
results support recently reported findings in an analysis of gene
expression in meniscus tears, which found increased expression of
IL-1b, ADAMTS-5, MMP-1, MMP-9, MMP-13, and NFkB2 in patients
with meniscus tears younger than 4011. Cytokine and chemokine
expression (including IL-1b, TNF-a, MMP-13, CCL3, and CCL3L1)
were greater in patients with a meniscus tear and concomitant ACL
tear which indicates a more severe injury11. Furthermore, we
identified a more expansive list of cytokine and chemokine alter-
ations and proposed that these alterations are at least in part
mediated by the NF-kB pathway.

The NF-kB pathway is well studied in osteoarthritic chon-
drocytes. FnF stimulation of NF-kB increases chondrocyte cytokine
and chemokine production9,22,28,46. In meniscus cells, FnF and
cytokine directed p65 phosphorylation suggests that the NF-kB
pathwaymay be responsible for increased cytokine and chemokine
production. Injured meniscus previously demonstrated elevated
NF-kB phosphorylation identified by immunohistochemistry16.

Increased production of inflammatory factors may act in both
autocrine and paracrine fashion, but these may also act on sur-
rounding 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 synovium9,28,32,
which would likely suppress reparative cell functions and propa-
gate a loss of matrix integrity. Additionally, these findings may
better explain the higher failures in meniscus repair in older pa-
tients4,11,47. Older patients with a previous meniscus injury are
likely producing increasedmatrix-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,



Fig. 5. Response of normal meniscus cells to pro-inflammatory factors with and
without the NF-kB inhibitor hypoestoxide. Cells were stimulated for 30 minwith either
FnF (1 mM) or IL-1b (10 ng/ml) and IL-6 (10 ng/ml plus 25 ng/ml sIL6R) with or without
hypoestoxide (HE, 25 mM), and cell lysates prepared. Lysates were then probed for
phosphorylated-p65 (active form). Immunoblots were then probed for total-p65 and
followed by b-actin as the loading control (n ¼ 5 individual donors). Densitometric
analysis identified significant increases in p65 phosphorylation (P ¼ 0.007). The blots
were stripped and re-probed for total-p65 and b-actin. Total-p65 was present in lanes
with minimal phospho-p65. (B) Cells were harvested for RNA collection 24 h after
stimulation with either with IL-1b (10 ng/ml) and IL-6 (10 ng/ml plus 25 ng/ml sIL6R)
or FnF (1 mM) with and without the inhibitor hypoestoxide (HE, 25 mM). 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 ¼ 0.01; MMP-3 overall P ¼ 0.001; *P ¼ 0.04].
Error bars represent 95% confidence intervals (n ¼ 5 unique donors). (C) The condi-
tioned media was also probed for MMP production (n ¼ 5 unique donors).

Fig. 6. Effect of fibronectin fragment stimulation on nuclear translocation of p65 in
normal meniscus cell culture. Time course analysis at 15, 30, 45, 60, and
90 min demonstrating nuclear (N) and cytoplasmic (C) fractions of FnF (1 mM) treated
cells with and without hypoestoxide (HE) pretreatment. Nuclear and cytoplasmic cell
fractions were immunoblotted for phosphorylated-p65 (active form), total-p65, Lamin
B (nuclear protein marker), lactate dehydrogenase (LDH, cytosolic marker) and b-actin
(total protein marker found in both fractions). Blots shown are representative of n ¼ 4
unique donors.
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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-kB pathway as well as the role of MAP ki-
nases 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 osteoar-
thritis, but the indication encompasses a range of tissue destruction
ranging frommoderate to severe cartilage eburnation andmeniscus
degradation. The larger standard deviation in MMP expression and
production in osteoarthritic tissue relative to normal 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 type18,30, so we believe our characterization of normal
and osteoarthritis human meniscus may add to a better under-
standing of osteoarthritis pathogenesis following meniscal injury.

The role of the meniscus in osteoarthritis likely extends beyond
the mechanical compromise of the meniscus structure to encom-
pass 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
factors contributing to early pathology in an effort to prevent, or at
least attenuate, the development of osteoarthritis.
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 Ionizing radiation causes active degradation and reduces matrix 
synthesis in articular cartilage      

    Jeff rey S.     Willey  1,2  ,       David L.     Long  2  ,       Kadie S.     Vanderman  2,3     &         Richard F.     Loeser  2    

  Departments of   1 Radiation Oncology,  2 Internal Medicine Section of Molecular Medicine, and  3  Orthopaedic Surgery ,  
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  Introduction 

 Ionizing radiation can induce a severe acute and persistent 

reduction in the structural integrity of exposed skeletal tis-

sue (Baxter et   al. 2005, Willey et   al. 2010). During the course 

of radiation therapy (RT) for tumor treatment, the inciden-

tal irradiation of non-cancerous (normal) skeletal tissue in 

joints can be fairly substantial (Konski and Sowers 1996, 

Luxton et   al. 2004). While various reports demonstrate the 

extent and nature of bone and growth plate cartilage damage 

following exposure (Damron et   al. 2008, Kwon et   al. 2008, 

Pritchard et   al. 2010, Willey et   al. 2010, Jia et   al. 2011, Alwood 

et   al. 2012), radiation eff ects on articular cartilage within the 

joint structure are undefi ned and relatively unstudied. Pro-

gressive degeneration and arthritis have been reported in 

various joints exposed to radiation (Kolar et   al. 1967). Specifi -

cally, cartilage thinning, pain, swelling, and ultimately erosion 

of subchondral bone have been described from hips following 

pelvic RT and from joints within the hand following occupa-

tional exposures (Kolar et   al. 1967). Th e eff ects of radiation on 

cartilage may be masked by both the considerable delay exist-

ing between RT and joint symptoms, and the increased inci-

dence of hip fractures following RT with subsequent alteration 

of joint loading (Kolar et   al. 1967). Th us little research has 

investigated the contribution of radiation eff ects on articular 

cartilage to arthropathy. 

 Studies of radiation eff ects on articular, embryonic, or 

physeal cartilage have focused on radiation-induced changes 

in functional matrix production and metabolism (Hugenberg 

et   al. 1989, Jikko et   al. 1996). Mature articular cartilage is gen-

erally considered radiation resistant in terms of cell viability, 

especially relative to other tissues with higher proliferative 

capacity (Cornelissen et   al. 1996, Jikko et   al. 1996) or when 

comparing articular versus physeal cartilage within a single 

irradiated rodent model (Baserga et   al. 1961). Direct radia-

tion eff ects on matrix production or breakdown are therefore 

of primary interest in studies that use articular cartilage to 

model the functional and cellular consequences of direct 

articular cartilage irradiation for therapeutic purposes (e.g., 

radiation synovectomy, [Hugenberg et   al. 1989]). Identify-

ing radiation eff ects on matrix metabolism also provides 

insight into the mechanisms behind bone growth defi cits 

observed in pediatric patients who receive RT (Cornelissen 

et   al. 1996, Hiranuma et   al. 1996, Margulies et   al. 2006, Dam-

ron et   al. 2008, 2009). While published results on cartilage 

matrix response to irradiation are inconsistent when using 

tissues or cells from embryonic or rapidly growing animals 

(Matsumoto et   al. 1994, Jikko et   al. 1996), limited data sug-

gests radiation can negatively impact matrix metabolism in 

                            

  Abstract 

  Purpose : Little is known regarding radiation eff ects on adult artic-

ular (joint) cartilage, though joint damage has been reported 

following cancer treatment or occupational exposures. The aim 

of this study was to determine if radiation can reduce cartilage 

matrix production, induce cartilage degradation, or interfere 

with the anabolic eff ects of IGF-1. 

  Materials and methods : Isolated chondrocytes cultured in mono-

layers and whole explants harvested from ankles of human 

donors and knees of pigs were irradiated with 2 or 10 Gy  γ -rays, 

with or without IGF-1 stimulation. Proteoglycan synthesis and 

IGF-1 signaling were examined at Day 1; cartilage degradation 

throughout the fi rst 96 hours. 

  Results : Human and pig cartilage responded similarly to radiation. 

Cell viability was unchanged. Basal and IGF-1 stimulated proteo-

glycan synthesis was reduced following exposure, particularly 

following 10 Gy. Both doses decreased IGF-induced Akt activa-

tion and IGF-1 receptor phosphorylation. Matrix metalloprotei-

nases (ADAMTS5, MMP-1, and MMP-13) and proteoglycans were 

released into media after 2 and 10 Gy. 

  Conclusions : Radiation induced an active degradation of 

cartilage, reduced proteoglycan synthesis, and impaired IGF-1 

signaling in human and pig chondrocytes. Lowered Akt activa-

tion could account for decreased matrix synthesis. Radiation 

may cause a functional decline of cartilage health in joints after 

exposure, contributing to arthropathy.  

  Keywords:    Radiation  ,   chondrocyte  ,   cartilage  ,   IGF-1  ,   arthritis   
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adult animal models (Hugenberg et   al. 1989). Overall, radia-

tion eff ects on matrix metabolism remain unclear. 

 A clear understanding of radiation eff ects on articular 

cartilage is necessary in order to determine how radiation 

can contribute to arthropathy in humans following expo-

sure. Cartilage matrix consists primarily of proteoglycan 

(PG) polymers (particularly aggrecan) and type-II collagen 

(Leong et   al. 2010), which determine the mechanical prop-

erties of the tissue. Th e fi xed negative charges of the highly 

sulfated glycosaminoglycans (GAG) covalently linked to 

the core protein of the PG imparts compressive stiff ness by 

attracting water (Torzilli et   al. 1997, Yoo et   al. 2011). Reduc-

ing PG content in cartilage matrix can thus lower compres-

sive stiff ness. Progressive destruction and loss of matrix 

contributes to arthropathies such as osteoarthritis (Goldring 

and Marcu 2009). Osteoarthritic or aged chondrocytes can 

exhibit both an increased production of matrix metallopro-

teinases (MMP) capable of eroding matrix and resistance to 

insulin-like growth factor (IGF)-1 signaling, which is critical 

for new matrix production via activation of the PI-3-Kinase/

Akt pathway (Goldring and Marcu 2009, Loeser 2009, Yin 

et   al. 2009). While few studies have investigated radiation as 

a cause for arthropathy, direct measurement of articular car-

tilage mechanical properties following exposure are absent 

from the literature. However, recent preclinical evidence 

published in preliminary form has shown that radiation can 

induce an acute reduction in the surface mechanical proper-

ties of mouse and pig articular cartilage, specifi cally lower-

ing compressive stiff ness (Lindburg et   al. 2011). A weakening 

of cartilage at articular surfaces in response to irradiation, 

specifi cally by altering matrix metabolism, could contribute 

to overall joint erosion. Clinical evidence may support this 

notion: though not directly linked with radiation exposure, 

the incidence of total joint replacement is substantially 

increased in adults who were treated for cancer as children 

(Oeffi  nger et   al. 2006). 

 Our aim was to identify if irradiating mature articular car-

tilage and chondrocytes harvested from adult human donors 

could both cause degradation of matrix as well as reduce 

matrix formation. We examined GAG release from irradi-

ated explants, as well as new PG synthesis from cultured 

monolayers of diff erentiated adult articular chondrocytes. 

As IGF-1 responsiveness is critical for cartilage PG synthesis, 

we also investigated the response of irradiated cells to this 

growth factor. Finally, as primary human cultures and tissues 

are often unfeasible for use in normal tissue injury studies, we 

document the response of large animal (porcine) cartilage to 

irradiation as a model for human tissue.   

 Methods  

 Reagents and antibodies 
 Collagenase-P was purchased from Roche Diagnostics (Man-

heim, Germany). Pronase was from Calbiochem (San Diego, 

CA, USA). Dulbecco ’ s modifi ed Eagle ’ s medium (DMEM)/

Ham ’ s F-12 (1:1), antibiotics, and fetal bovine serum were 

from Invitrogen (Grand Island, NY, USA). IGF-I was from 

Austral Biologicals (San Ramon, CA, USA). [35S]sulfate was 

from Amersham Biosciences (Piscataway NJ, USA), and 

PicoGreen double-stranded DNA assay reagent was from 

Invitrogen. Antibodies and their sources were as follows: Akt, 

Akt phospho (p)-Akt (S473), p-Akt (T308), IGF-1 receptor (R) 

beta, p-IGF-1R (Y1135/1136), from Cell Signaling Technol-

ogy (Beverly, MA, USA); MMP-1 and MMP-13, and  β -actin 

from Abcam (Cambridge, MA, USA); and ADAMTS 5 from 

Chemicon (Billerica, MA, USA).   

 Chondrocyte and cartilage explant preparation 
and culture 
 Normal, non-osteoarthritic human ankle cartilage was 

obtained from tissue donors within 48 h of death, through 

the National Disease Research Interchange (Philadelphia, 

PA, USA) and Gift of Hope Organ and Tissue Donor Network 

(Elmhurst, IL, USA). Cartilage was aseptically removed from 

the talotibial articular surface of the ankle. Articular carti-

lage was also harvested from the medial and lateral femoral 

condyles of 3-month-old pigs, donated by the Departments 

of Cardiothoracic Surgery, and Plastic and Reconstructive 

Surgery at Wake Forest School of Medicine. For cell mono-

layer studies, cartilage was digested with 0.2% Pronase (Cal-

biochem, San Diego, CA, USA) for 1 h and then with 0.025% 

Collagenase-P (Roche Diagnostics, Manheim, Germany) 

overnight. Monolayer cultures were then established by 

plating cells in six-well plates at a density of 1    �    10 6  cells/ml 

(2 ml/well) in DMEM/Ham ’ s F-12 medium supplemented 

with 10% fetal bovine serum. Cells were cultured for 6 days 

to ensure confl uence prior to irradiation. For explant studies, 

full-thickness cartilage discs were harvested using a 4-mm 

biopsy punch. Prior to irradiation, disks were cultured for 

3 days in serum-free DMEM/Ham ’ s F-12 supplemented with 

1% mini- ITS plus ascorbate (5 nM insulin, 2 g/ml transferrin, 

2 ng/ml selenous acid, 25 g/ml L-ascorbic acid phosphate 

magnesium salt n-hydrate (Wako, Richmond, VA, USA), 

420 g/ml bovine serum albumin, and 2.1 g/ml linoleic acid) 

for recovery before experimental treatments. Media was 

changed the day of exposure.   

 Stimulation and irradiation procedure 
 Chondrocytes were switched to serum-free DMEM/Ham ’ s 

F-12 medium overnight before being irradiated. Serum-free 

conditions are well tolerated by chondrocytes and allow for 

the evaluation of IGF-1 signaling and proteoglycan synthesis 

without the eff ects of serum (Starkman et   al. 2005, Yin et   al. 

2009). Cell monolayers and disks were transferred to a  137 Cs 

irradiator, and exposed to a 2 Gy or a 10 Gy dose at 364 rad/min. 

One hour after exposure, select groups of cells were stimulated 

with IGF-1 (100 ng/ml) for 24 h until lysates were prepared or 

[35S] sulfate was added to measure proteoglycan synthesis 

(details below).   

 Chondrocyte viability and signaling 
 Th e eff ects of radiation and IGF-1 stimulation on chondro-

cyte survival were assessed using the LIVE/DEAD cell assay 

(Molecular Probes, Eugene, OR, USA), as described previ-

ously (Del Carlo and Loeser 2002). To serve as a positive 

control for cell death, 70% methanol was added to select con-

trol and irradiated cells for a half hour prior to performing 

the LIVE/DEAD assay. To assess radiation ’ s eff ect on IGF-1 
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270 J. S. Willey et al. 

signaling, immunoblotting was performed, as previously 

described (Yin et   al. 2009). Cellular protein was prepared 

using cell lysis buff er (Cell Signaling Technology, Beverly, 

MA, USA) supplemented with Phosphatase Inhibitor Mixture 

2 (Sigma-Aldrich, St Louis, MO, USA) and 1 mM phenylm-

ethylsulfonyl fl uoride (PMSF, Sigma-Aldrich). Lysates were 

then centrifuged to remove insoluble fractions, and the sol-

uble protein concentration was quantifi ed with BCA reagent 

(Pierce Biotechnology, Rockford, IL, USA). Loaded samples 

containing equal amounts of total protein were separated by 

sodium dodecyl sulfatepolyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred to polyvinylidene difl uoride 

membrane (Bio-Rad, Hercules, CA, USA). Th e ECL detection 

kit (Amersham Biosciences, Piscataway NJ, USA) was used for 

blot visualization. Band densitometry analysis was performed 

using Eastman Kodak Co. 1D 3.6 image analysis software.   

 Glycosaminoglycan release assay 
 Th e release of sulfated GAGs from explants into conditioned 

media was assessed using the dimethylmethylene blue (DMB) 

assay (Blyscan Analysis, Bicolor Ltd, Newtownabbey, Ireland) 

per the manufacturers protocol, but using 100  μ l of media for 

human tissues and 20  μ l from pig tissues. Bovine nasal carti-

lage (Sigma-Aldrich) was used to generate a standard curve.   

 Examination of secreted MMPs and ADAMTS5 
 Immunoblotting was performed on conditioned media 

samples harvested from monolayer studies to assess the 

presence of MMP-1, MMP-13 (as indicated by the secreted 

proenzyme), and ADAMTS 5. 50  μ l of media collected 24 h 

after irradiation was loaded from each condition and immu-

noblotted as described above. Th e concentration of MMP-13 

was also measured via ELISA (R & D Systems, Minneapolis, 

MN, USA) from the conditioned media collected from human 

chondrocytes).   

 Proteoglycan synthesis assay 
 Th e [35S] sulfate incorporation assay was performed to 

measure synthesis of newly formed GAGS within the matrix. 

Chondrocytes were cultured in serum-free medium in mono-

layer with or without overnight stimulation using 100 ng/ml 

IGF-I. Th e following day, media was replaced with fresh 

serum-free media for 1 h, followed by 4-h incubation with 

[35S] sulfate. Media was collected from wells. Following the 

addition of 1 ml serum-free media, wells were scraped and 

suspensions were centrifuged at 10,000  g  for 10 min to iso-

late cell pellets. Pellets were digested overnight at 56 ° C with 

500  μ g/ml of papain (Sigma-Aldrich) digestion. Incorporation 

of radiolabeled GAGs into newly formed PG was quantifi ed 

from both media and digested pellet (cell and cell-associated 

PG) using the Alcian blue precipitation method (Starkman 

et   al. 2005) and then normalized to DNA content of the sam-

ples. DNA was quantifi ed by the PicoGreen double-stranded 

DNA assay (Invitrogen, Grand Island, NY, USA), as per the 

manufacturer ’ s protocol.  

 Statistics 
 Data were analyzed using SigmaPlot version 12.0 (Systat 

Software Inc., Richmond, CA, USA). All statistical comparisons 

utilized a two-way ANOVA with a Tukey ’ s post-hoc test to 

account for treatment eff ects and variance attributed to cells 

and tissues harvested from diff erent donors; for all tests,  α  

 �    0.05. Statistics were performed using raw data, and distin-

guished between the variance associated with treatment and 

donor eff ects in order to correctly assess if radiation treat-

ment was altering cartilage metabolism or cell signaling. 

Graphs are presented as percentage of control. A signifi cant 

donor eff ect was identifi ed for all tests, indicating that base-

line levels for tested parameters diff ered between individuals 

(data not shown). Likewise, a signifi cant interaction eff ect 

(treatment  �  donor) was identifi ed for most tests, indicating 

that high variability between donors aff ected the magnitude 

(but not direction) of the response to treatment.     

 Results  

 Cell viability and DNA content 
 Th e chondrocytes were plated at high density and 

experiments performed at confl uency using unpassaged 

cultures in order to ensure cells were diff erentiated and non-

proliferative and thus characteristic of mature chondrocytes 

within adult articular cartilage. Cell viability at 1 day after 

exposure was unchanged regardless of treatments (2 Gy or 

10 Gy of radiation with and without IGF-1) for both isolated 

monolayer human chondrocytes (Figure 1A and B) and for 

isolated monolayer porcine chondrocytes (Figure 1C). In 

an additional experiment, we cultured chondrocytes out to 

21 days and observed no change in viability after a 10 Gy 

dose (data not shown). 

 DNA content of the cell lysates was quantifi ed for use as 

a referent for PG synthesis (at Day 1) and GAG release, and 

as an indirect measure of viability. At Day 1, DNA content 

(ng/ml) from cells following 2 Gy (2.90    �    0.8) and 10 Gy 

(2.63    �    0.4) exposure without IGF-1 stimulation, and from 

2 Gy (2.92    �    0.2) and 10 Gy (2.64    �    1.4) groups with IGF-1 

treatment, was not diff erent from non-irradiated controls 

without IGF-1 simulation (2.99    �    0.6) and with IGF-1 stimu-

lation (2.40    �    0.5). As treatments did not alter these values, 

DNA content of cell monolayers or digested explants were 

used as a referent for data obtained from other assays for the 

purpose of normalization to cell number.   

 Cartilage breakdown 
 As high individual variation for GAG release and PG synthe-

sis values between individuals was observed, we present the 

average raw values from all individuals within each group 

(Table I and II, respectively) and the average fold change rela-

tive to control for each measure (Figure 2 and 4, respectively), 

plotting the fold change for each individual and determin-

ing the average with error; statistics were performed on raw 

data. While the magnitude of the GAG release scores varied, 

the response within and between individuals was similar: 

GAG content increased in media following irradiation. Th e 

released GAG content was determined from media collected 

48 h after exposure, and then again at 96 h from cultures with 

fresh media applied at 48 h in order to examine for delayed 

GAG release. Th us the data indicate GAG release during Day 1 

and 2 after exposure (48 h), and Days 3 and 4 after irradiation 
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  Figure 1.      Cell viability of human and pig chondrocytes following irradiation with 2 or 10 Gy  γ -rays.  ‘ NR ’  represents  ‘ non-irradiated ’ . (A). Live (green) 
versus dead (red) human chondrocytes at 1 day following exposure to 2 and 10 Gy of radiation using a LIVE/DEAD assay, with and without IGF-1 
stimulation (100    �    magnifi cation). 70% MeOH was used as a control for dead cell imaging. (B) and (C). Counts are from  n     �    2 independent studies of 
irradiated human (B) and pig (C) chondrocytes.   

  Table I. Proteoglycan release from human and pig cartilage as 
determined from sulfated GAG content in media surrounding explants 
at 48 and 96 hours after irradiation.  

Non-irradiated 2 Gy 10 Gy

 Human 

48 hours    μ g 
GAG/(ng DNA/ml)

3.38    �    0.71 5.52    �    0.8 5.04    �    1.35 a 

96 hours    μ g 
GAG/(ng DNA/ml)

3.53    �    0.98 4.62    �    1.55 5.19    �    1.01 a 

 Pig 
48 hours    μ g 
GAG/(ng DNA/ml)

0.71    �    0.12 1.20    �    0.54 1.90    �    0.49 b 

96 hours    μ g 
GAG/(ng DNA/ml)

0.77    �    0.21 0.77    �    0.31 0.89    �    0.22

    All values shown as mean  �  SD for  n     �    3 independent experiments and using 
a two-way ANOVA accounting for individual variation and dose (main eff ects) 
within each time point. For humans, 10 Gy resulted in a signifi cantly greater 
release of GAGs regardless of time point ( a  P     �    0.05), with 2 Gy at both time points 
being marginally greater than control ( P     �    0.053). A 10 Gy dose increased GAG 
release after 48 hours in pigs ( b  P     �    0.05).   

(96 h). Th e GAG released into the media (normalized to DNA 

content of corresponding culture) from human explants was 

signifi cantly greater following 10 Gy exposure (main dose 

eff ect), regardless of when assays were performed ( P     �    0.05; 

Table I). GAG release following 2 Gy exposure regardless of 

when media was collected (main dose eff ect) was margin-

ally greater ( P     �    0.053). Overall, at 48 h following irradiation, 

GAG presence in the media was elevated by 68% at 2 Gy, and 

48% at 10 Gy (Figure 2A). From media collected at 96 h, GAG 

content was 34% and 50% greater after 2 and 10 Gy, respec-

tively. From pigs, radiation resulted in a 65% increase in GAG 

content released into media at 48 h after 2 Gy, and a signifi -

cant 119% increase in GAGs present after 10 Gy ( P     �    0.05; 

Figure 2B). GAG content in media harvested at 96 h (fi nal 48 

h of culture) was unchanged between groups. 

 MMP-1, MMP-13, and ADAMTS 5 were all increased in 

conditioned media from isolated human chondrocytes fol-

lowing exposure to both 2 and 10 Gy (Figure 3A). ADAMTS 

5 is also produced by pig chondrocytes following exposure 

(Figure 3C). IGF-1 stimulation did not prevent any increase 

in ADAMTS 5 production. As radiation appeared to alter the 

presence of several standard loading controls as determined 
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  Table II. Proteoglycan synthesis values from human and pig chondrocytes at one day following irradiation.  

Non-irradiated 2 Gy 10 Gy

 -  IGF-1  -  IGF-1  -  IGF-1 

Human chondrocytes   CPM/(ng/ml DNA) 1382    �    85 3480    �    71 a 1081    �    68 b 2771    �    86 a 1113    �    175 b 1722    �    65 a 
Pig chondrocytes   CPM/(ng/ml DNA) 297    �    70 549    �    5 a 204    �    48 417    �    9 b 74    �    10 a 119    �    9

    CPM represents  ‘ counts per minute ’ . All values are shown as mean  �  SD for  n     �    2 (human) and 3 (pig) independent experiments. 
(a)  P     �    0.01 and (b)  P     �    0.05 versus non-irradiated control without IGF-1 stimulation, following two-way ANOVA (main eff ects are 
Treatment and Individual) with Tukey ’ s Post-Hoc test.   

  Figure 2.      Glycosaminoglycans (GAG) released into the media from 
explants of human (A) and pig (B) cartilage. GAG content was quantifi ed 
after exposing explants to 2 and 10 Gy of radiation. Media was harvested 
at 48 hours after exposure or at 96 hours (48 hours after an exchange of 
fresh media). Plots represent fold change versus control (0 Gy). Data 
are  n     �    3 independent experiments from both humans and pigs, each 
using data from two explants per treatment. Error bars indicate SEM. 
Th e asterisk ( * ) indicates a signifi cant main radiation eff ect of 10 Gy 
regardless of time relative to 0 Gy control following a two-way ANOVA 
of raw data and a Tukey ’ s Post Hoc Test ( α     �    0.05). Th e (#) indicates a 
signifi cant diff erence relative to control at 48 hours after exposure.  

from immunoblotting media (data not shown), we performed 

ELISA of the conditioned media from human samples exam-

ining MMP-13 levels at 1 Day. ELISA confi rms MMP-13 is 

elevated after exposure, statistically greater at 10 Gy with 

 ~ 135% increase ( P     �    0.05). Th e 80% increase at 2 Gy did not 

reach statistical signifi cance (Figure 3B).   

 Matrix synthesis 
 Th e presence of newly formed proteoglycans at 1 day follow-

ing irradiation was quantifi ed with and without overnight 

IGF-1 stimulation. In general, from humans and from pigs, 

radiation decreased PG synthesis (Figure 4). Similar to GAG 

release, the individual variation for PG synthesis was substan-

tial enough to necessitate presenting both raw values (Table 

II) and the average fold change relative to control within 

groups (Figure 4). Again, the high variation did not aff ect 

the response within and between individuals: PG synthesis 

was lowered with radiation. From humans, counts relative 

to DNA content were signifi cantly lower from combined 

media and pellet samples (and from both individually, data 

not shown) relative to control at 2 Gy ( �    13%;  P     �    0.01) and 

10 Gy ( �    16%) (Figure 4A;  P     �    0.05). IGF-1 stimulation caused 

a marked increase in PG synthesis of approximately 123% 

relative to control ( P     �    0.001). Th e IGF-1 mediated increase 

in new PG synthesis was impaired with radiation, with counts 

signifi cantly lower than non-irradiated  �  IGF-1 stimulation 

at both 2 and 10 Gy ( P     �    0.001). Relative to non-irradiated 

controls without IGF-1 stimulation, IGF-1 stimulation only 

increased PG synthesis by 78% at 2 Gy ( P     �    0.001), and 35% 

at 10 Gy ( P     �    0.01). 

 A very similar pattern was seen from pig chondrocytes fol-

lowing exposure as for human cells: Radiation signifi cantly 

impaired PG synthesis at 10 Gy ( �   48%, Figure 4B;  P     �    0.001). 

IGF-1 stimulation increased PG production following expo-

sure ( �    92% at 2 Gy,  P     �    0.001; and    �    87% at 10 Gy,  P     �    0.05) 

over non-irradiated control without IGF-1 stimulation. 

However, radiation impaired this response, with a signifi cant 

reduction in counts relative to non-irradiated controls with 

IGF-1 stimulation at 2 and 10 Gy ( P     �    0.001).   

 IGF-1 signaling 
 Since Akt activation promotes PG and collagen synthesis, and 

as OA chondrocytes exhibit reduced sensitivity to IGF-1 medi-

ated Akt activity, we examined the eff ect of radiation on IGF-1 

signaling. Phosphorylation of Akt at both the serine (473) and 

threonine (308) activation sites was observed 1 day after irra-

diation in human (Figure 5A) and pig (Figure 5C) cells stimu-

lated with IGF-1. However, from both human and pig cells, 

Akt phosphorylation with IGF-1 stimulation was impaired at 

both 2 and 10 Gy (Figure 5A and 5C). While radiation induced 

a marked reduction in IGF-1 mediated Akt phosphorylation, 

a modest reduction following irradiation was observed in 

both phosphorylation of IGF-1R with IGF-1 stimulation from 

human cells (Figure 5A) and basal IGF-1R phosphorylation 

without IGF-1 stimulation (Figure 5B). Additionally, a slight 

overall reduction in total IGF-1R both with and without IGF-1 

stimulation was observed (Figure 5A).    

 Discussion 

 Th e radiation dose provided to synovial joints during 

the course of RT is minimized in an attempt to reduce the 

incidence of bone damage and growth abnormalities. Little 
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  Figure 3.      Eff ect of radiation on MMP production in human and pig chondrocytes from media collected at one day after irradiation with 2 or 10 Gy 
 γ -rays.  ‘ NR ’  represents  ‘ non-irradiated ’ . (A). Representative blots from human chondrocytes for ADAMTS 5 (aggrecanase-2), MMP-1, and MMP-
13. Results are representative of  n     �    3 independent experiments. (B). Results from an ELISA for MMP-13 concentration in conditioned media of 
human chondrocytes one day after irradiation ( n     �    2 independent experiments). Error bars indicate SEM. Statistics were performed on raw data. 
Th e asterisk ( * ) indicates signifi cant diff erence from 0 Gy following a two-way ANOVA (main eff ects were individual and dose) and a Tukey ’ s Post 
Hoc Test indicating diff erence between groups ( α     �    0.05). (C). ADAMTS 5 concentration from the conditioned media of pig explants irradiated with 
either 2 or 10 Gy doses. Data represent  n     �    3 studies.  

consideration is given to radiation eff ects on articular 

cartilage, as radiation-induced bone damage, including 

spontaneous hip fracture, is the most obvious (with growth 

defi ciency) and potentially catastrophic skeletal disorder 

following irradiation (Baxter et   al. 2005). Joint deterioration 

in the irradiated hip is generally attributed to the altered 

loading associated with hip fracture. However, degenera-

tive arthropathy and arthritis have been described in irra-

diated hips in the absence of fracture, or in joints of the 

hand following occupational exposures (Kolar et   al. 1967). 

Th e incidence of arthropathy can be fairly substantial: In 

the most extensive study to date, which was reported 40 

years ago,  ̃   23% of those who received occupational expo-

sure to hands developed arthropathy over the course of a 

10-year follow-up (Kolar et   al. 1967). Th e overall incidence 

of arthropathy of the hip was  ~ 8% at 10 years. No defi nitive 

or well supported mechanism has been established as to 

how radiation can contribute to arthropathy (Cornelissen 

et   al. 1996). 

 In this study, exposure of primary human and porcine 

chondrocytes and explants to ionizing radiation lowered 

PG synthesis, increased matrix degradation, and was asso-

ciated with elevated MMP and ADAMTS 5 production, 

and impaired IGF-1 signaling. Th ough these changes were 

observed early after exposure (within the fi rst week) from 

cultured explants and cells, they could negatively aff ect 

the functional and mechanical properties of the tissue if 

the fi ndings are translated in vivo. Cell viability was not 

aff ected by radiation exposure from these confl uent, non-

proliferating cell cultures, in agreement with other studies 

(Hong et   al. 2010). As these tissues were removed from the 

joint prior to exposure, radiation likely had a direct eff ect 

on cartilage and chondrocyte metabolism. Th e lowered 

sensitivity to IGF-1 signaling (with lowered Akt activation 

when stimulated with IGF-1) could account for a reduced PG 

production. Th e rapidity over which these changes occurred 

largely supports a published abstract describing the quick 

reduction in surface compressive modulus from animal models 

of irradiated articular cartilage, including from pigs (Lindburg 

et   al. 2011). Th us from human and porcine tissue, radiation 

can induce early defi cits in cartilage, though our observations 

are from early time points following exposure and changes in 

cartilage following irradiation can be time-dependent (Mosier 

et   al. 1983). 

 Th e reduction in PG synthesis following irradiation from our 

pig and human tissue largely agrees with the dose-dependent 

reduction in PG synthesis observed following irradiation of 

articular cartilage in an adult canine model (Hugenberg et   al. 

1989). Th e majority of the other published accounts have 

reported radiation eff ects on cartilage matrix synthesis from 

embryonic, rapidly growing, or physeal tissue, most com-

monly from rabbits, in order to identify mechanisms for bone 

growth defi ciency following irradiation within pediatric RT 

patients. Th ese studies yielded confl icting results. In irradiated 

monolayers or 3-D cultures generated from digested articular 

cartilage of 21-day-old rabbits (Matsumoto et   al. 1994), no 

reduction in PG synthesis was observed at doses of 10 Gy in 

cells that had been plated 5 days before exposure. However, 

from another study of 28-day-old rabbits, cells exposed to 10 

Gy did exhibit reduced PG production, despite being cultured 

in similar conditions (Jikko et   al. 1996). Likewise, studies exam-

ining irradiated embryonic cartilage reported a dose-dependent 

decline in matrix production following doses greater than 20 Gy 

(Cornelissen et   al. 1990), and substantially reduced following 

doses  	    100 Gy (de Ridder et   al. 1988, Cornelissen et   al. 1990). As 

the results between our adult human and large animal model 
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  Figure 4.      Proteoglycan synthesis from human (A) and pig (B) 
chondrocytes at one day after irradiation with 2 or 10 Gy and IGF-1 
stimulation.  ‘ NR ’  represents  ‘ non-irradiated ’ . Data are representative 
of  n     �    2 (human) and  n     �    3 (pig) independent studies per treatment 
condition. Error bars indicate SEM. Th ese data are determined from 
[35S] incorporation into newly formed proteoglycans, and calculated 
as counts per minute relative to DNA content of the cells. Data are 
plotted as the average fold change for individuals relative to NR, No IGF. 
Statistics were performed on raw data. Th e symbols above horizontal 
lines indicates signifi cant diff erence between groups following a two-
way ANOVA (main eff ects were individual and dose) and a Tukey ’ s Post 
Hoc Test indicating diff erence between groups ( α     �    0.05). Th e topmost 
lines indicate diff erences between IGF-1 and non-IGF-1 treated groups. 
( *  P     �    0.01; # P     �    0.05).  

compare favorably with the adult canine model and some 

inconsistency exists among studies using rapidly growing 

and immature animal models, the larger and more mature 

animal models may be more appropriate to model the eff ects 

of radiation on articular cartilage health than tissue from 

growing or smaller animals. 

 Degradation of the type II collagen and proteoglycans 

present within the matrix of articular cartilage involves sev-

eral enzymes (Leong et   al. 2010). In this study, we document 

an increase in ADAMTS 5 and the collagenases MMP-1 and 

MMP-13 in conditioned media from human and pig cells 

following 2 and 10 Gy exposure. Of particular note, MMP-13 

plays a major role in cleavage of type II collagen during 

osteoarthritis (Mitchell et   al. 1996, Long and Loeser 2010). 

Additionally ADAMTS 5 (aggrecanase-2) is a key proteolytic 

enzyme for aggrecans in the cartilage matrix and is a primary 

enzyme leading to matrix dysfunction during OA (Verma and 

Dalal 2011). Th e expression of matrix metalloproteinases 

and aggrecanases in human chondrocytes has been linked 

with activation of mitogen activating protein (MAP) kinases 

(Beier and Loeser 2010). Th ough causality cannot be deter-

mined, radiation has previously been shown to increase the 

activation of the MAP kinases ERK, JNK, and p38 from rabbit 

chondrocytes within the fi rst day of exposure to 10 Gy (Hong 

et   al. 2010). 

 Th e increased presence of ADAMTS 5 and matrix metal-

loproteinases in the conditioned media of irradiated human 

and pig cells was associated with a release of GAG from 

explants. Th is degradation of cartilage matrix is in agreement 

with observed GAG release from cartilage explants harvested 

from the knees of adult dogs (Hugenberg et   al. 1989), though 

concentration or activity of MMPs were not measured. In 

contrast, MMP activity (MMP-1, 2, 3, and 9) in conditioned 

media of articular and growth plate chondrocytes cultured 

from 28-day-old rabbits was unchanged after a 10 Gy dose 

(Jikko et   al. 1996). Moreover, unlike the present study, irra-

diation of cartilage explants did not aff ect PG degradation, 

indicated by GAG release into the media (Jikko et   al. 1996). 

Similar to the PG synthesis response, degradation of car-

tilage following exposure may be dependent on the radia-

tion model (in vitro vs. in vivo vs. ex vivo), age of animal at 

exposure, developmental maturity of the model, and dose 

(Hugenberg et   al. 1989, Jikko et   al. 1996). Th ese data also sug-

gest that articular chondrocytes from pigs could prove to be a 

useful model for radiation-induced arthropathy in humans. 

While we may assume the GAG release was mediated by the 

MMP and ADAMTS 5 concentration in the cultured media 

following exposure, we did not test blocking function using 

an inhibitor of these proteolytic enzymes following exposure 

(Lin and Liu 2010). 

 Th e nature of both the impaired proteoglycan produc-

tion and increase in PG degradation from human and pig 

chondrocytes following irradiation is unclear. Other reports 

identifying reduction of proteoglycan synthesis from embry-

onic cartilage note evidence of apoptosis coincident with 

reduced matrix production following doses greater than 

100 Gy (de Ridder et   al. 1988, Cornelissen and de Ridder 

1990). We observed no diff erences in cell death using the 

LIVE-DEAD assay, and no drop in DNA content. Likewise, at 

doses of 10 Gy or less, others have observed no diff erences 

in chondrocyte viability (Jikko et   al. 1996, Hong et   al. 2010). 

One potential explanation for our observed reduction in PG 

synthesis is a potential imbalance between IGF-1 activation 

of the PI-3-Kinase/Akt pathway and MAP kinase activation 

following exposure. IGF-1 signaling and Akt activation are 

necessary for proteoglycan synthesis in cultured human 

chondrocytes (Starkman et   al. 2005, Yin et   al. 2009). Spe-

cifi cally, we identify reduced Akt phosphorylation (S473 and 

T308) following irradiation at both 2 and 10 Gy in humans 

when stimulated with IGF-1, with a marginal reduction in 

total and phosphorylated IGF-1R. And as noted, activation 

of MAP kinases can both cause cartilage destruction through 

increased MMP and aggrecanase production, and impaired 

PG synthesis (Yin et   al. 2009). An imbalance between PI-3-

Kinase/Akt activation and MAP kinase activity after irradiation 

could contribute to cartilage deterioration. As endogenous 
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  Figure 5.      Eff ects of radiation on IGF-1 activation of Akt and IGF-1R in human (A and B) and pig (C) chondrocytes.  ‘ NR ’  represents  ‘ non-irradiated ’ . 
One hour after irradiation using 2 or 10 Gy  γ -rays, groups of cells were treated with IGF-1 overnight (100 ng/ml). Immunoblots are representative 
results from a minimum of  n     �    3 independent experiments. Error bars indicate SEM. Lysates were immunoblotted for: (A) p-Akt (S473 and T308), 
total Akt, p-IGF-1R, total IGF-1R, and  β  actin. Densitometry for each protein is identifi ed by the fi gures on the right. For p-Akt blots, total Akt 
was used as the referent. For IGF-1R blots,  β  actin density was used as the referent. (B) Immunoblots for pIGF-1R were overexposed to identify 
diff erences in the 2 and 10 Gy lanes versus non-irradiated (NR) lanes. Densitometry is not presented for overexposed blots. (C). P-Akt (S473) and 
total Akt blots from pig lysates. Densitometry of the blot is identifi ed by a graph on the right.  

Akt phosphorylation without IGF-1 stimulation is diffi  cult 

to visualize via immunoblotting, we cannot draw robust 

conclusions regarding radiation eff ects on Akt activation in 

the absence of IGF-1 stimulation. However, we did note that 

activation of the IGF-1 receptor was lower after irradiation 

with overexposed blots (Figure 5B), and the downstream 

eff ects could decrease Akt phosphorylation, resulting in the 

lowered PG synthesis observed following 2 and 10 Gy with-

out IGF-1. 

 Acquisition of a senescence-associated secretory pheno-

type following irradiation could be one possible explanation 

for the observed alteration in matrix metabolism. Th is 

phenotype is characterized by an increase in MMP, 

cytokine, and chemokine production (Loeser 2009). 

Increased intracellular concentration of reactive oxygen 

species (ROS) may contribute to this phenotype and to 

impaired IGF-1 signaling (Yin et   al. 2009). Radiation has 

recently been shown to induce senescence among young 

rabbit articular chondrocytes early after exposure (Hong 

et   al. 2010). Activation of MAP kinases contributed to this 

phenotype, specifi cally p38, and was mediated by elevated 

oxidative stress (Hong et   al. 2010). Th us it is possible that a 
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    Del Carlo   M ,  Loeser   RF  .  2002 .  Nitric oxide-mediated chondrocyte cell 
death requires the generation of additional reactive oxygen species . 
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    Lin   EA ,  Liu   CJ  .  2010 .  Th e role of ADAMTSs in arthritis .  Protein Cell  
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    Lindburg   AB ,    Willey   JS ,  DesJardins   DJ ,  Dean   D  .  2011 .  Eff ect of X-ray 
irradiation on porcine and murine cartilage modulus .  Society for 
Biomaterials 2011 Annual Meeting and Exposition .  Pp 84 .  

    Loeser   RF  .  2009 .  Aging and osteoarthritis: Th e role of chondrocyte 
senescence and aging changes in the cartilage matrix .  Osteoarthritis 
Cartilage   17 : 971 – 979 .  

    Long   DL ,  Loeser   RF  .  2010.   p38gamma mitogen-activated protein kinase 
suppresses chondrocyte production of MMP-13 in response to 
catabolic stimulation .  Osteoarthritis Cartilage   18 : 1203 – 1210 .  

    Luxton   G ,  Hancock   SL ,  Boyer   AL  .  2004 .  Dosimetry and radiobiologic 
model comparison of IMRT and 3D conformal radiotherapy in treat-
ment of carcinoma of the prostate .  International Journal of Radia-
tion Oncology Biology Physics   59 : 267 – 284 .  

    Margulies   BS ,  Horton   JA ,  Wang   Y ,  Damron   TA ,  Allen   MJ  .  2006 .  Eff ects 
of radiation therapy on chondrocytes in vitro .  Calcifi ed Tissue Inter-
national   78 : 302 – 313 .  

    Matsumoto   T ,  Iwasaki   K ,  Sugihara   H  .  1994 .  Eff ects of radiation on 
chondrocytes in culture .  Bone   15 : 97 – 100 .  

    Mitchell   PG ,  Magna   HA ,  Reeves   LM ,  LoprestiMorrow   LL ,  Yocum   SA , 
 Rosner   PJ ,  Geoghegan   KF ,  Hambor   JE  .  1996 .  Cloning, expression, 
and type II collagenolytic activity of matrix metalloproteinase-13 
from human osteoarthritic cartilage .  Journal of Clinical Investiga-
tion   97 : 761 – 768 .  

    Mosier   HD  Jr,  Sondhaus   CA ,  Dearden   LC ,  Zuniga   OF ,  Jansons   RA ,  
Good   CB ,  Roberts   RC  .  1983 .  Cartilage metabolism during growth 
retardation following irradiation of the head of the neonatal rat . 
 Proceedings of the Society for Experimental Biology and Medicine  
 172 : 99 – 106 .  

    Oeffinger   KC ,  Mertens   AC ,  Sklar   CA ,  Kawashima   T ,  Hudson   MM , 
 Meadows   AT ,  Friedman   DL ,  Marina   N ,  Hobbie   W ,  Kadan- Lottick  
 NS , et   al .  2006 .  Chronic health conditions in adult survivors 
of childhood cancer .  New England Journal of Medicine   355 :
 1572 – 1582 .  

radiation-induced senescent phenotype contributed to the 

observed functional defi cits. 

 In summary, exposure to 2 and 10 Gy doses of ionizing 

radiation lowered proteoglycan synthesis, induced active 

degradation of matrix, and impaired IGF-1 signaling in 

human and pig cartilage and chondrocytes. IGF-1 mediated 

phosphorylation of Akt at multiple activation sites was low-

ered following irradiation, and could account for the lowered 

PG production. An imbalance may exist between the PI-3 

kinase/Akt pathway and MAP kinase pathways following 

irradiation of chondrocytes, resulting in both active matrix 

degradation and lowered formation, though our observa-

tions remain speculative. A weakening of articular cartilage 

through persistent radiation-induced changes in matrix 

metabolism or permanent deterioration of mechanical 

properties could contribute to arthropathy following direct 

irradiation.   
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