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THE IDENTIFICATION OF A DIAGNOSTIC BIOMARKER PANEL 

FOR CANINE OSTEOARTHRITIS 
 
 
 

Bridget C. Garner 

Charles E. Wiedmeyer, Dissertation Supervisor 

ABSTRACT 

 A novel biomarker panel for the diagnosis of early osteoarthritis (OA) in 

canines has been identified.  This panel consists of monocyte chemoattractant 

protein 1 (MCP1), interleukin 8 (IL8), keratinocyte-derived chemoattractant (KC), 

matrix metalloproteinase 2 (MMP2), matrix metalloproteinase 3 (MMP3) and 

matrix metalloproteinase 13 (MMP13). 

 In dogs with induced knee osteoarthritis, alterations in synovial fluid 

MCP1, IL8 and KC were identified.  Receiver operating curve analysis revealed 

this combination of three chemokines could strongly distinguish between normal 

and osteoarthritic canine knees.   This panel demonstrated a similar diagnostic 

performance in dogs with spontaneous osteoarthritis, and the incorporation of 

MMP2 and MMP3 increased the panel’s utility for diagnosis and treatment 

monitoring.   

 Culture models were used to ascertain tissue source(s) of these markers.  

Canine femoral heads and isolated femoral head articular cartilage were studied. 

Femoral heads were responsible for altered production of MCP1, IL8, MMP2, 
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MMP3 and MMP13 when osteoarthritis was present, whereas altered production 

of KC, MMP2 and MMP13 was attributed to the isolated articular cartilage.  

Proteomics methods were utilized to investigate differences in protein 

profiles from the culture studies, as well as from the dogs with naturally-occurring 

OA, and several potential biomarker candidates were recognized.  Many were 

extracellular matrix proteins or proteins associated with the inflammatory 

cascade. 

In vitro study assessed the levels of MCP1, IL8, KC, MMP2, MMP3 and 

MMP13 in normal canine tissues and tissues stimulated by IL1β alone and in 

combination with TNF-α and Oncostatin M.  All six markers were significantly 

higher in the super severe co-culture group compared to normal, mild and severe 

after 6 days in culture.  These changes, as well as the patterns noted throughout 

the remaining 15 days in culture, confirmed these six markers fluctuate in OA-like 

environments and may be useful components of a diagnostic biomarker panel. 

A novel biomarker panel that shows promise in the diagnosis of early OA 

has been discovered.  It is currently being tested in the shoulder and elbow of 

dogs and in dogs with other joint diseases.  Similar markers are under 

investigation in humans.  
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CHAPTER 1: Introduction 
 
 
 

Osteoarthritis (OA) is a common, debilitating and degenerative disease of 

human and veterinary patients that is characterized by pathologic changes in the 

articular tissues.  These changes are accompanied by pain and disability.  It was 

recently estimated that over 27 million adult humans and 20% of canines more 

than one year old in the United States are affected by OA; therefore it is the most 

common form of arthritis.  OA is responsible for nearly half of the non-steroidal 

anti-inflammatory drug (NSAID) prescriptions each year, and it is the leading 

cause of chronic disability in humans.   In addition to affecting quality of life, OA 

is an expensive disease.  Annual health care expenditures are much higher for 

those with OA (and those insuring OA patients) than those without.  Pet owners 

spend over one billion dollars annually for surgical and medical interventions.  

Osteoarthritis is a complex disease that can be primary (idiopathic) or 

secondary to mechanical stressors (traumatic injury, developmental 

abnormalities or obesity) or biochemical abnormalities.  These initiating events 

lead to a pathological imbalance of degradative and reparative processes 

involving the whole joint and are later manifested by morphologic, molecular, 

biochemical and biomechanical changes of cells and the surrounding 

extracellular matrix (ECM).  Insults to the articular cartilage often play a central 

role in the development and progression of OA, but it is now known the 
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subchondral bone, synovium, ligaments and meniscus likely contribute by 

communicating with each other (cross-talking) at the cellular level.  This 

interaction between the tissues supports the concept of the “joint as an organ”.   

Much remains unknown about the underlying mechanisms and 

pathophysiology of OA.  It is not diagnosed early enough to allow clinical 

progression of disease to be prevented.  While many disease-altering therapies 

are available for other joint diseases such as rheumatoid arthritis, physicians and 

veterinarians treating OA are limited to medical and surgical interventions that 

only provide palliative relief instead of an absolute cure.  Historically, plain 

radiographs were used for diagnosis, but this technique is quite insensitive to 

early pathology and bone changes are often present before a radiographic 

diagnosis can be made.  Furthermore, radiographic features are usually poorly 

correlated with joint function.  Preliminary studies suggest magnetic resonance 

imaging (MRI) measurements are more sensitive to soft tissue changes, but the 

expense and somewhat limited availability of this test to patients not living near 

referral centers limits its utility.  To date, no imaging method has been able to 

definitively diagnose early OA so more sensitive techniques, including synovial 

fluid, serum and urine biomarkers for early diagnosis are currently being 

investigated.  The identification of a biomarker panel that can be used in 

conjunction with, or instead of, other diagnostics could provide significant 

ramifications for the treatment and prevention of OA.  The development process 
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alone will likely prove beneficial as it will enrich our understanding of the 

pathogenesis of OA. 
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CHAPTER 2:  Literature Review 
 
 
 

Synovial Fluid and Hyaluronan 
 The classic diarthrodial joint is composed of two bones covered by hyaline 

articular cartilage and enclosed by a joint capsule that contains synovial fluid.  

The joint capsule can be divided into three layers:  the inner synovial membrane, 

a subsynovial layer and the outer fibrous joint capsule.  Two types of 

synoviocytes are found in the thin, one-to-two cell-layer thick synovial membrane.  

Type A synoviocytes are macrophage-like cells that assist with debris removal 

and antigen processing.1-3 Type B cells are fibroblast-like cells with long 

cytoplasmic processes, and they have abundant rough endoplasmic reticulum 

and a well-developed Golgi apparatus; therefore, they are presumed to be 

involved in the secretion and control of the protein composition of the synovial 

fluid.4  The fibroblast-like cells can be present at various depths when the 

synovial lining contains more than one cell layer5, but their processes form an 

interconnected meshwork on the synovial surface.6  Components of synovial fluid 

such as hyaluronan and other proteoglycans may be released into the joint 

capsule by these cells as well.7  

Synovial fluid contains electrolytes and small molecules such as glucose, 

lactate and oxygen in similar proportions to plasma; therefore, it is often 

considered to be a filtrate of the blood flowing through sub-intimal vascular beds.  

Fluid moves regularly across the synovial lining layer, which allows for the 
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replenishment of small molecules within the synovial fluid pool.  The 

concentrations of lower molecular weight proteins are relatively increased in the 

synovial fluid compared to plasma, thus it has been speculated the synovial 

membrane (the blood-joint barrier) and the network of cellular processes from 

type B cells may provide resistance to free exchange of larger molecules.8, 9 

Injury to the synovium or the articular cartilage chondrocytes can lead to the 

release of inflammatory mediators such as prostaglandins and cytokines and a 

subsequent increase in the permeability of the synovial vasculature.  This 

ultimately increases the protein content of the synovial fluid and may lead to fluid 

influx and joint distention.   

Normal synovial fluid possesses viscoelastic10 and lubricating11-13 

properties which are primarily attributed to hyaluronan (HA), the major 

macromolecular component. Hyaluronan is a negatively charged, non-sulfated, 

high-molecular-weight polysaccharide that is comprised of repeating 

disaccharide units (D-glucuronic acid  and N-acetyl-D-glucosamine).14  

Hyaluronan is produced by chondrocytes and type B synoviocytes, and it is 

ubiquitous within the body.  HA is in highest concentrations in the soft connective 

tissues, especially the synovial membrane and synovial fluid.   In its native state, 

HA exists as a high molecular weight polymer, usually larger than 106 Daltons.15 

The characteristics of HA change in the presence of osteoarthritis.  HA 

fragments of lower molecular weight accumulate16, and the concentration of HA 

decreases as well.16-18  Synthesis of abnormal (short) HA polymers or 
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fragmentation of HA due to changes in the joint could contribute to increased 

concentrations of low molecular weight HA.  These fragments often exhibit 

biological activities that are not attributable to the intact precursor including 

induction of pro-inflammatory markers19, 20 and nitric oxide synthase21, 22. In a 

human alveolar macrophage cell line, HA fragments were able to induce gene 

expression of chemokines such as interleukin 8 (IL8).19  Monocyte 

chemoattractant protein 1 (MCP1), RANTES, keratinocyte-derived 

chemoattractant (KC) and MIP1α and β were secreted after HA stimulation of 

murine alveolar macrophages.19   

Osteoarthritis and Biomarkers 

Osteoarthritis (OA) is a complex disease that encompasses all the tissues 

within a joint.  OA was historically regarded as a non-inflammatory arthritis, but 

recent evidence has shown there is an inflammatory component to OA.23-26 While 

progressive destruction of articular cartilage with subsequent narrowing of the 

joint space is often considered a hallmark of OA, the other intra-articular tissues 

are not spared.  Synovitis, meniscal tears, osteophyte formation and joint 

swelling can all occur, and each affected tissue sends signals in the form of pro-

inflammatory cytokines to the others.  These signals augment destruction, thus 

promoting the harmful cycle.  No single cytokine is the sole mediator of joint 

damage, and the adverse effects are likely the result of a complex interaction of 

cytokines25-34, proteolytic enzymes28, 31, 32, 34, 35, leukocytes36, synoviocytes37, 38 

and chondrocytes26, 32-34, 39.  
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Synovial fluid is more joint specific than serum or urine and can be 

obtained in a minimally invasive manner; therefore, it is commonly evaluated in 

OA biomarker research.17, 37, 40-62 Analysis of synovial fluid from healthy and OA 

individuals has revealed numerous proteins including extracellular matrix, 

cartilage metabolism or inflammatory proteins that are either up- or down-

regulated in OA and may be biomarker candidates.62-65   

Biomarkers are “objective indicators of normal biologic processes, 

pathogenic processes or pharmacologic responses to therapeutic interventions” 

66, and they have been classified under the recently developed BIPED scheme: 

Burden of disease, Investigative, Prognostic, Efficacy of intervention and 

Diagnostic. 66, 67   

Burden of disease markers assess the severity or scope of disease, 

typically at a single point in time whereas a prognostic marker can predict the 

onset of disease in currently unaffected individuals or can predict the progression 

of disease in those already diagnosed.67 Efficacy of intervention markers can be 

used to evaluate therapies before any treatment is administered or throughout an 

entire treatment protocol.67  Investigative biomarker candidates are not 

characterized sufficiently to be placed within another specific category and 

require more evaluation.   

Diagnostic biomarkers can classify individuals with and without the 

disease of interest and should be evaluated in comparison to a diagnostic gold 

standard in subjects representing a range of ages, disease severities, and in 
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dogs, a variety of breeds.  The receiver operating characteristic (ROC) curve and 

its corresponding area under the curve (AUC) is becoming an increasingly 

common way to evaluate diagnostic biomarkers and summarize their overall 

ability to classify diseased and non-diseased individuals correctly. 68-71 ROC plots 

for diagnostic tests with perfect discrimination between normal and affected 

individuals exhibit an AUC of 1.0 whereas those that are no better than flipping a 

coin have an AUC of 0.5.   

Diagnostic OA biomarker candidates identified to date have arisen from 

numerous origins.  Many biomarker candidates causing or resulting from 

chondrocyte34, 55, 57, 72-74, collagen32, 75-79 or aggrecan42, 45, 59, 80 degradation have 

been assessed. These include matrix metalloproteinases (MMPs), cartilage 

oligomeric matrix protein (COMP), keratan sulfate and the collagenase-

generated cleavage epitope of type II collagen (C2C or Col2-3/4C).  Recently, 

studies have shown strong correlations between these degradative markers and 

MRI findings.81-85 Markers associated with bone turnover have also been 

identified, but they are less commonly used as these are often only altered during 

advanced stages of disease.41, 86-88  

The pathophysiology of OA centers on an imbalance of cartilage 

degradation and synthesis; therefore, several anabolic markers have also been 

identified.  Anabolic markers reflect molecules that are present in small quantities 

or entirely absent in health, or they can possess an altered structure during OA in 

which epitopes usually hidden are revealed.  59, 79, 89-93 Examples include 
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chondroitin sulfate (epitopes 3B3- and 846) and C-propeptide of type II collagen 

(CP2). 

Recent arthritis biomarker research has exploded to include RNA94, DNA95 

and gene microarrays96-98 and proteomics methods63-65, 99-104 rather than 

investigations on single protein markers. Some have proposed changes in gene 

expression may be the earliest indication of developing OA, as alterations in 

gene expression have been noted in the absence of histological lesions or 

changes in glycosaminoglycan (GAG) content.105 The increasing availability of 

species-specific microarrays and the optimization of blood and tissue gene 

expression protocols have increased the likelihood genomics will continue to gain 

popularity for biomarker research. Meanwhile, the development and increased 

availability of high-throughput and sensitive mass spectroscopy-based 

techniques has revolutionized the protein biomarker world. 

Culture models and surgical models of OA 

 The canine model of OA is ideal in many ways for the investigation and 

application of human OA.  Canine OA can be surgically induced by several 

methods including purposefully transecting the cranial cruciate ligament as 

described by the Pond-Nuki model.106  This technique has been validated and 

consistently leads to the development of gross and biochemical105 changes 

typically seen in OA.107-113  

In instances where an in vivo model is not possible, in vitro studies can be 

applied to OA research.  Tissue culture models are advantageous because they 
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can be maintained in a more controlled environment and they allow for more 

manipulation than animal models.  These systems have been thoroughly 

evaluated, and they consistently simulate the development of spontaneous OA, 

its progression and an individual’s response to treatment.38, 74, 114-117 A co-culture 

model for concurrent evaluation of cartilage and synovium has also been 

created, and it more accurately mimics naturally occurring OA in vitro.115, 118 

A common form of manipulation for OA culture studies includes 

supplementation with cytokines previously shown to have an important role in 

OA.  Both IL1β and TNF-α can indirectly stimulate cartilage and extracellular 

matrix destruction in vivo and in vitro by activating MMPs and other inflammatory 

cytokines often in a time- and concentration-dependent manner.26, 33, 75, 114, 116, 119-

121 Oncostatin M is another cytokine that plays a role in the inflamed joint and is 

often used in OA culture studies.  Oncostatin M stimulates cartilage proteoglycan 

resorption and decreases synthesis122, and it has been shown to enhance the 

catabolic effects of IL1β and TNF-α as well.75 Therefore, various combinations 

and concentrations of these three markers are frequently utilized to create 

environments reflective of mild to very severe OA. 

Matrix Metalloproteases in OA 

Matrix metalloproteases (MMPs) are zinc-containing and calcium-

dependent enzymes that degrade the extracellular matrix.  They are produced in 

an inactive form by the cartilage and synovium, among other tissues, but after 

leaving the cell they are activated. In health, extracellular MMP activity is 
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controlled by Tissue Inhibitors of MMPs (TIMPs), which bind to and inactivate the 

enzymes.123  

MMPs can be divided into four categories including the stromelysins, the 

collagenases, the gelatinases and the membrane metalloproteinases. Each 

group cleaves specific substrates and performs distinct functions.  Stromelysin-1 

(MMP3) can cleave  proteoglycans, collagen 9, extracellular matrix proteins such 

as laminin and fibronectin and can activate other proMMPs.124 Collagenases 

such as MMPs 1, 8 and 13 have the ability to irreversibly cleave collagen types I, 

II and III at a single site, thus producing ¾ and ¼ fragments. 

Matrix metalloproteases have a role in the normal turnover of the 

connective tissue matrix that occurs during growth and development, but the 

unchecked  production of MMPs is a commonly documented cause of cartilage 

matrix degradation in OA.76, 77, 80, 124-128  Increased collagen 2 denaturation and 

fragmentation is often identified in  OA articular cartilage76, and MMP13, which is 

increased in OA chondrocytes, appears to be directly involved.78 MMP3 has been 

shown to increase in cartilage and synovial fluid from human56 OA patients and 

canines58 with experimentally induced OA.  MMPs 2, 3 and 9 are higher in 

human OA cartilage and synovium compared to healthy controls, whereas MMPs 

3 and 9 are also increased in OA subchondral bone.31  Additionally, cultured 

canine chondrocytes stimulated with IL1β to represent an in vitro OA 

environment demonstrated increased matrix degradation and MMP3 
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expression.114 Similarly, stimulation of canine26 and human33 chondrocytes with 

IL1β led to an increase in MMP13 versus controls.  

While MMPs are often increased overall in the OA joint, there may be 

dramatic spatial and temporal variations in their production.  Freemont et al 

evaluated individuals with established OA and determined MMP1 gene 

expression was greatest in superficial cartilage, whereas MMP3 and MMP9 were 

more strongly expressed in deeper chondrocytes.126 MMP9 was more abundant 

in the early stages of disease.126 MMP3 expression in chondrocytes exhibited a 

biphasic pattern in early and late stages of OA, but increases in MMP3 were 

detected in the synovial fluid of patients with early and intermediate stages of OA 

only.86, 126  Chondrocytes immediately surrounding areas of cartilage erosion 

produced higher quantities of MMPs 1 and 13 than chondrocytes located more 

distally.78 Some have suggested there is a more intense MMP response closer to 

the lesion due  to greater local cytokine release and upregulation of the cytokine 

receptors in the nearby tissues.35, 121 This was further supported when 

Hauselmann et al showed interleukin 1 released from the synovium was more 

likely to induce damage in the superficial cartilage as it did not infiltrate into the 

deeper tissues in equal concentrations .129   

Cytokines and Chemokines in OA 

Chemokines are potent mediators of inflammation, and they are involved 

in chemoattraction, cell adhesion and migration. Cytokines and chemokines have 

also demonstrated roles in the pathogenesis of OA including induction of 
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proteinase expression and inhibition of proteoglycan synthesis.130, 131 A more 

thorough investigation of these roles may provide significant information about 

the pathogenesis of OA and lead to the identification of early OA diagnostic 

biomarkers.  Following stimulation with IL1β, the upregulation of cytokines, 

chemokines and MMPs was more rapid than the down regulation of matrix gene 

expression (COL2A1 and aggrecan) suggesting these types of molecules may be 

the first changes identifiable in early OA.33 

Monocyte chemoattractant protein 1 (MCP1 or CCL2) is a C-C chemokine 

responsible for selectively attracting mononuclear cells such as monocytes and 

memory T cells, but not neutrophils.132-136 Arthropathies associated with 

monocytic infiltrates like rheumatoid arthritis have been historically linked to 

alterations in MCP1.38, 137 MCP1 is elevated in synovial fluid and serum from RA 

sufferers, and the synovial tissue macrophages are the dominant source of this 

cytokine.137 Evidence suggests MCP1 expression may be altered in OA as well.  

OA articular chondrocytes expressed higher levels of MCP1 mRNA than normal 

chondrocytes130, and OA synoviocytes also produced MCP1138. Stimulation with 

IL1β, a cytokine that is commonly upregulated in OA, greatly increased the 

expression of MCP1.33, 130 MCP1 subsequently augmented MMP3 expression, 

inhibited proteoglycan synthesis and enhanced proteoglycan release from 

chondrocytes in vitro.130  

Neutrophil chemoattractants such as interleukin 8 (IL8 or CXCL8) and 

keratinocyte-derived chemoattractant (KC or GROα or  CXCL1) have been 
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evaluated in several joint diseases.36, 139-141  Specifically, IL8 is increased in 

canines with Lyme disease142 and humans with rheumatoid arthritis, OA and 

other arthritidies.143, 144 Synovial expression of IL8 is high in veterinary and 

human patients with Lyme arthritis142, 145,  and RA and OA synoviocytes 

constitutively express IL8138. Canine OA knee synovial fluid expresses more IL8 

mRNA than normal synovial fluid.47 The addition of IL8 induces neutrophil-

mediated cartilage degradation.146 Additionally, increased numbers of functional 

receptors have been identified in OA chondrocytes, and the ligand-receptor 

interactions in these tissues have been shown to induce matrix degrading 

enzymes such as MMP3.28 IL8 and KC promote cartilage hypertrophy which can 

ultimately lead to dysregulated matrix repair and pathologic calcification in OA.147  

Interleukin 8 and GROα can be affected by the surrounding cytokine 

milieu in a manner similar to MCP1.  GROα was high in OA and RA 

chondrocytes, but expression increased further following stimulation by IL1β.27, 

116 Human chondrocytes stimulated with IL1β exhibited increases in IL8 mRNA 

levels.33, 119 Stimulation with IL1 and TNF-α led to the upregulation and release of 

IL8, which was already high in the OA chondrocytes, into the surrounding 

matrix.27, 116  

Thus far MMPs, cytokines and chemokines have proven most successful 

in the diagnosis of OA when analyzed in joint-specific tissues or fluids compared 

to serum or urine.  Lohmander et al showed synovial fluid MMP3 concentration 

can distinguish OA joints from those without cartilage degradation with a 



15 

 

sensitivity of 84% and a specificity of 90%.56   Intra-articular concentrations of 

MCP1 correlated to the presence of knee pain in patients with meniscal damage, 

but were lower in normal knees or knees with meniscal tears and no pain.148 

Synovial fluid MCP1, in combination with IL6, IFNγ and MIP1β, performed as well 

as MRI in the prediction of intraoperative findings (the presence of meniscal tears 

and OA).148  MMP2 was lower in the serum of radiographically normal humans 

that later developed hand OA, but other successful examples of these markers 

being diagnostic in the serum or urine are rare.100 IL8 was increased in human 

OA hip synovium, but no differences were found between the serum from OA 

sufferers and controls.31 
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CHAPTER 3: Synovial Fluid, Serum and Urine Derived Concentrations of 
Cytokines and Chemokines in Dogs with Surgically Induced Osteoarthritis 
 
 
 
Introduction: 

Osteoarthritis (OA) is characterized by morphologic, molecular, 

biochemical and biomechanical abnormalities in the articular cartilage and other 

articular tissues. It was recently estimated that over 27 million adults have a 

clinical diagnosis of OA; therefore it is the most common form of arthritis.1 Dogs 

are considered an appropriate species for translational investigation of human 

OA, and 20% of dogs over one year of age in the United States are affected by 

clinical OA.2 

OA was historically regarded as a non-inflammatory arthritis, but there is 

now cumulative evidence that inflammation has a prominent role in OA.3-6  

Signals, including those associated with pro-inflammatory cytokines, can be sent 

and received among articular tissues, thus creating a “cross-talk” environment.  A 

complex interaction involving cytokines4, 5, 7-14, proteolytic enzymes8, 11, 12, 14, 15, 

leukocytes16, synoviocytes17, 18 and chondrocytes4, 12-14, 19 likely initiates and 

exacerbates pathology in osteoarthritic joints.  

Cytokine and chemokine fluctuations within the synovial fluid of 

osteoarthritic patients have been documented, but comprehensive assessment of 

the potential clinical significance of those alterations is largely lacking in the 

literature.10, 17, 20, 21 Much of the pathogenesis of OA remains unknown, and 
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diagnosis early in the disease course is rare.  A growing interest to develop an 

early OA diagnostic biomarker panel has spurred investigation of cytokines and 

their roles in OA, a process which could have profound ramifications on 

treatment and prevention of this disease. 

Our objectives for this study were:  1) to delineate the temporal alterations 

of cytokine and chemokine concentrations in synovial fluid, serum and urine in 

osteoarthritic and healthy dogs  and 2) to determine if any cytokine and 

chemokine fluctuations discern OA using receiver operating characteristic (ROC) 

curve analysis. We hypothesized there would be strong correlations between 

cytokine and chemokine fluctuations and the status of the joint with respect to 

OA. 

Materials & Methods: 

Synovial Fluid, Serum and Urine Collection: 

 All procedures were approved by the institution’s animal care and use 

committee (ACUC).  Twenty-one adult, intact female, purpose-bred hound dogs 

>20kg were included in this study for induction of osteoarthritis.  No more than 24 

hours before surgery, blood was drawn from the cephalic vein into serum 

separator tubes.  The serum was harvested within two hours of collection, and 

the specimens were stored in individual, airtight containers at -80°C.  Urine was 

obtained from each dog by aseptic cystocentesis or by manual bladder 

expression if cystocentesis was not successful.  The specimens were kept on ice 

until processing for storage in individual, airtight containers at -20°C.  Serum and 
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urine were collected again at four, eight and 12 weeks after surgery using the 

same protocol.   

On the day of surgery, each dog was pre-medicated, anesthetized and 

aseptically prepared for arthroscopic surgery of the right stifle (knee). Synovial 

fluid was collected via aseptic arthrocentesis of the knee joint, and the samples 

were kept on ice until they were aliquoted and frozen at -80°C for subsequent 

analysis. Using standard arthroscopic technique and instrumentation for the 

canine knee22, one of four surgical procedures was performed on each dog: 

transection of the anterior cruciate ligament23(ACL-T; n=5), complete radial 

transection of the meniscus24 (MR; n=5), creation of two 6.0 to 8.0mm long full-

thickness grooves in the cartilage of the weight-bearing portion of the medial 

femoral condyle (GR; n=6) using a 3-mm OD arthroscopic curette, or 

manipulation of all the aforementioned intra-articular structures without insult 

using an arthroscopic probe (SHAM; n=5).  Transections were visually confirmed, 

and grooves were measured with a calibrated probe.  The non-operated, 

contralateral hind limb served as an internal control for each dog. Twelve weeks 

later, synovial fluid was collected by arthrocentesis from both the operated and 

contralateral control knees, and aliquots were frozen at -80°C. A second 

arthroscopic evaluation of the operated joint was performed and articular tissues 

were collected for histology as part of a concurrent study.   
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Multiplex analysis: 

A small aliquot (25μl) from each synovial fluid, serum and urine sample 

was thawed. The urine and synovial fluid samples were centrifuged at 14,000 

rpm for 10 minutes to pellet debris, and the supernatant was removed.  The 

synovial fluid was incubated with hyaluronidasea at 37°C for 60 minutes to 

decrease viscosity. Each aliquot was subsequently analyzed in duplicate using a 

multiplex canine cytokine and chemokine immunoassayb based on the xMAP 

platformc for IL-2, IL-4, IL-7, IL-8, IL-15, IL-18, IP-10, INF-γ, TNF-α, MCP1, KC, 

and GM-CSF according to the manufacturers’ directions. Briefly, each of the 

synovial fluid, serum and urine samples was admixed with anti-chemokine and 

cytokine monoclonal antibody-charged, small (5.6 micron), polystyrene 

microspheres in a 96 well plate.  Following an overnight incubation at 4°C, a 

polyclonal secondary antibody was added, as well as streptavidin-phycoerythrin.  

The median fluorescence intensity (MFI) was determined for each sample. The 

urine creatinine concentration was measured with an in-house chemistry 

analyzerd and the urine cytokine/chemokine values were standardized to this 

concentration (pg/mg).   

Statistics: 

Results were statistically evaluated with the unpaired t-test or the Mann-

Whitney Rank Sum teste when the normality or equal variance test failed.  

Significance was set at p<0.05. Significant differences were not detected 

between groups for baseline or the non-operated hindlimbs; therefore, all 
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baseline samples and non-operated hindlimb samples (n=21) were combined for 

comparison to the ACL-T, Groove and MR dogs. 

Results: 

Induction of OA (Figure 3-1):  

Histologic and arthroscopic findings and lameness scoring confirmed the 

induction of clinically significant OA in the ACL-T, Groove and MR groups, 

whereas evidence of OA was not identified in the SHAM dogs.  The ACL-T and 

MR dogs exhibited the most severe joint pathology (although different from each 

other), but Groove dogs also had articular cartilage damage and synovitis.  

Synovial fluid (Figures 3-2 to 3-4):  

Monocyte chemoattractant protein-1 (MCP-1) was significantly increased 

in ACL-T joints (n=5) 12 weeks after surgery compared to day 0 (n=21; p<0.001) 

and compared to SHAM joints at 12 weeks (n=5; p<0.009).  MCP-1 trended 

upward in the Groove (n=6) and MR groups (n=5) at 12 weeks compared to day 

0, but statistical significance was not reached (G: p=0.17, M: p=0.12). Interleukin 

8 (IL8) was significantly increased at 12 weeks in the ACL-T and MR dogs 

compared to day 0 (n=21; A: p=0.001, M: p=0.018), the non-operated limb at 12 

weeks (n=21; A: p=0.002, M: p=0.018), and the SHAM group (n=3; A: p=0.019, 

M: p=0.049) at 12 weeks. Keratinocyte-derived chemoattractant (KC) was 

significantly decreased in the Groove group at 12 weeks (n=6) compared to day 

0 (n=21; p=0.009).  Statistically significant differences were not detected for any 

of the remaining analytes.  
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 The sensitivity and specificity of MCP1, KC and IL8 as individuals and as 

a combined panel were calculated using JMP 7.0.2 software (SAS Institute). 

These data were used to create Receiver Operating Characteristic curves 

(Figures 3-5 to 3-8). The correlating areas under the curve (AUC) +/- standard 

error are also shown (Table 1). 

Serum and Urine:  

No significant differences were detected in the serum samples of all 

groups (Figures 3-9 to 3-11). IL8 (Figure 3-12) was significantly increased in the 

8 and 12 week post-operative urine samples from all four groups compared to 

day 0 and the 4 week samples (P<0.001).  There was not a statistically 

significant difference between the day 0 and 4 week samples, nor was there a 

difference between the 8 and 12 week samples.   MCP1 (Figure 3-13) was 

increased in the 8 week post-operative SHAM group compared to day 0 

(p=0.009).  No other statistically significant changes were detected in the urine 

samples (Figure 3-14).  

Discussion: 

Using canine models of OA, we have shown that changes in cytokine and 

chemokine levels occur within the synovial fluid after various insults to the joint 

and may be useful for distinguishing the presence of OA relatively early in the 

course of disease. Therefore, the incorporation of chemokines into a diagnostic 

biomarker panel may prove useful given their potential roles in the pathogenesis 

of OA including induction of proteinase expression and inhibition of proteoglycan 
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synthesis and their apparent early involvement in clinical OA.25, 26 Upregulation of 

cytokines, chemokines and MMPs has been reported to be more rapid than the 

down regulation of matrix gene expression (COL2A1 and aggrecan) suggesting 

this may be one of the first changes identifiable in OA.13 

Monocyte chemoattractant protein 1 (MCP1 or CCL2) is a C-C chemokine 

responsible for selectively attracting mononuclear cells such as monocytes and 

memory T cells, but not neutrophils.27-31 Arthropathies associated with monocytic 

infiltrates like rheumatoid arthritis have been historically linked to alterations in 

MCP1.18, 32 MCP1 is elevated in synovial fluid and serum from RA sufferers, and 

the synovial tissue macrophages are the dominant source of this cytokine.32 

Recent evidence suggests MCP1 expression may be altered in OA as well.  OA 

articular chondrocytes expressed higher levels of MCP1 mRNA than normal 

chondrocytes, and OA synoviocytes also produced MCP1.25, 33 Stimulation with 

IL1β, a cytokine that is commonly upregulated in OA, greatly increased the 

expression of MCP1.13, 25 MCP1 subsequently augmented MMP3 expression, 

inhibited proteoglycan synthesis and enhanced proteoglycan release from 

chondrocytes in vitro.25  

Neutrophil chemoattractants such as interleukin 8 (IL8 or CXCL8) and 

keratinocyte-derived chemoattractant (KC or GROα or  CXCL1) have been 

evaluated in several joint diseases.16, 34-36  Specifically, IL8 is increased in dogs 

with Lyme disease37 and humans with rheumatoid arthritis, OA and other 

arthritidies.38, 39 Synovial expression of IL8 is high in veterinary and human 
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patients with Lyme arthritis,  and RA and OA synoviocytes constitutively express 

IL8.33, 40, 41 Canine OA knee synovial fluid expresses more IL8 mRNA than 

normal synovial fluid.20 Additionally, increased numbers of functional receptors 

have been identified in OA chondrocytes, and the ligand-receptor interactions in 

these tissues have been shown to induce matrix degrading enzymes such as 

MMP3.8 IL8 and KC promote cartilage hypertrophy which can ultimately lead to 

dysregulated matrix repair and pathologic calcification in OA.42  

The results also demonstrate that the combination of MCP1, IL8 and KC 

demonstrates strong discriminatory ability for distinguishing OA dogs from normal 

dogs (AUC= 0.88). Thus this combination may be useful as part of a diagnostic 

biomarker panel for early OA. The receiver operating characteristic (ROC) curve 

and its corresponding area under the curve (AUC) is becoming an increasingly 

common way to evaluate diagnostic biomarkers and summarize their overall 

ability to classify diseased and non-diseased individuals correctly. 43-46 ROC plots 

for diagnostic tests with perfect discrimination between normal and affected 

individuals exhibit an AUC of 1.0 whereas those that are no better than flipping a 

coin have an AUC of 0.5.   

Unfortunately, the evaluation of these markers in the serum and urine 

does not appear to be clinically useful.  This is not entirely surprising since other 

systemic conditions not related to OA can dramatically affect cytokine and 

chemokine concentrations.  Urinary IL8 can increase in the presence of a urinary 

tract infection, likely due to its involvement in the recruitment of neutrophils.47, 48 
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However, elevations in urinary IL8 have been detected in individuals with 

inflammation of non-urinary tract origin as well.49 Urinalyses were not performed 

on these dogs to assess for urinary tract infection, but such a condition must be 

considered as a potential cause for the elevations.  Interleukin-8 was the only 

cytokine to show significant differences within the urine of OA dogs, but since 

similar elevations were also found in the SHAM dogs the increase was not likely 

associated with OA.   

In conclusion, evaluation of synovial fluid derived chemokine and cytokine 

concentrations have revealed potential biomarker candidates for the diagnosis of 

early OA in dogs.   While useful serum and urine biomarkers were not elucidated 

in this study, the authors suggest that use of synovial fluid biomarkers has 

important clinical application based on the relative ease in obtaining samples, the 

associated costs, and the joint specific nature of these evaluations.  To our 

knowledge, the combination of MCP1, IL8 and KC from synovial fluid for use in 

an OA diagnostic biomarker panel is unreported in dogs or humans.   Studies are 

currently underway in our laboratory to determine the specific tissue source(s) of 

these cytokines and to determine whether these changes are present in dogs 

and humans with naturally occurring OA.  We will then attempt to validate this 

biomarker panel for clinical use for early diagnosis, staging of disease, treatment 

monitoring and prognostication for OA patients. 
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Footnotes: 

aMP Biomedicals, LLC, Solon, Ohio 
bMillipore Corp. St. Louis, MO 
cQiagen Inc., Valencia, CA 
dAU400; Olympus America Inc, Irving, TX 
eSigmaStat 3.5; Systat Software, Incorporated, San Jose, CA 
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Figure 3-1 
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Figure 3-4 

 

 

 

 

 

 

 

 

Table 3-1 
 

 
 
 

ACL-T vs SHAM OA vs SHAM

IL-8 1 0.86 ± 0.07

MCP1 0.67 ± 0.17 0.59± 0.17

KC 0.74 ± 0.17 0.62 ± 0.17

Combined 0.88 ± .11

* 
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Figure 3-5 

 

Figure 3-6 
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Figure 3-7 

 
 
Figure 3-8 
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Figure 3-9 
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Figure 3-10 
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Figure 3-11 
 

 
 
 
Figure 3-12 
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Figure 3-13 
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Figure 3-14  
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CHAPTER 4:  Synovial Fluid and Serum Derived Chemokine and Matrix 
Metalloproteinase Concentrations and Alterations in Proteins in 
Spontaneous Osteoarthritis 

 
 
 

Introduction: 
Osteoarthritis (OA) is a progressive, debilitating disease that affects 

human and veterinary patients. It was recently estimated that over 27 million 

adults have a clinical diagnosis of OA; therefore it is the most common form of 

arthritis.1 Importantly, OA affects dogs in the same ways, and 20% of dogs over 

one year of age in the United States have radiographic evidence of OA.2 Dogs 

are therefore considered an appropriate species for translational investigation of 

human OA.   

Much remains unknown about the underlying mechanisms and 

pathophysiology of OA.  It is not diagnosed early enough to allow clinical 

progression of disease to be prevented.  The identification of a biomarker panel 

that can be used in conjunction with, or instead of, other diagnostic methods 

could have significant ramifications for the treatment and prevention of OA.  The 

biomarker development process is also valuable as it enriches our understanding 

of the pathogenesis of OA. 

In a previous study, we showed changes in cytokine and chemokine levels 

occur within the synovial fluid of dogs after induction of stifle (knee) OA by three 

different surgical methods.3 Cytokines and chemokines were initially identified as 

inflammatory mediators and cell attractants, but recently their apparent 
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involvement in early OA including proteinase induction and proteoglycan 

synthesis inhibition has been reported.4, 5 Furthermore, OA was historically 

regarded as a non-inflammatory arthritis, but more evidence confirms there is an 

inflammatory component to OA.6-9 Therefore, these analytes may be useful as 

part of an OA diagnostic biomarker panel.  Using receiver operating 

characteristic (ROC) curve analysis, we have determined the combination of 

monocyte chemoattractant protein 1 (MCP1/CCL2), interleukin 8 (IL8/CXCL8) 

and keratinocyte-derived chemoattractant (KC/CXCL1) demonstrates strong 

discriminatory ability for distinguishing surgically-induced OA joints from non-

osteoarthritic joints (AUC= 0.88) when analyzed in synovial fluid.  

Monocyte chemoattractant protein 1 (MCP1 or CCL2) is a C-C chemokine 

responsible for selectively attracting mononuclear cells such as monocytes and 

memory T cells, whereas IL8 (CXCL8) and KC (GROα or CXCL1)  are primarily 

neutrophil chemoattractants.10-14 Recent evidence suggests chemokines 

including MCP1 and IL8 may be increased in osteoarthritic tissues, and they may 

augment expression of matrix degrading molecules.4, 15 Additionally, IL8 and KC 

promote cartilage hypertrophy which can ultimately lead to dysregulated matrix 

repair and pathologic calcification in OA.16  

To our knowledge, there are no data evaluating this panel of potential OA 

markers in dogs with spontaneously occurring OA.  Therefore, our primary 

objectives were 1) to investigate temporal changes in synovial fluid and serum 

cytokines and chemokines in dogs with spontaneously occurring OA and 2) to 
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determine if combinations of these cytokines and chemokines are useful as 

biomarkers for diagnosis and treatment monitoring in spontaneously occurring 

OA.  Because matrix metalloproteinases (MMPs) are known to participate in 

matrix degradation and OA progression in response to cytokines and 

chemokines, temporal changes in synovial fluid and serum MMPs were also 

analyzed.17, 18  In an attempt to take a comprehensive approach for elucidation of 

disease mechanisms and relevant biomarkers, we also examined proteins 

differentially expressed between normal and OA dogs by assessing synovial fluid 

and serum protein profiles using proteomics.19-21 We hypothesized that there 

would be strong correlations between cytokine, chemokine, MMP and other 

protein marker concentrations and the status of the joint with respect to OA.  

Materials & Methods: 

Sample collection: 

Informed client consent was obtained for each dog included in this study.  

Blood and synovial fluid were obtained from 10 adult medium and large breed 

dogs presenting to the UMC-VMTH for surgical intervention of unilateral stifle OA 

(Pre-sx OA; n=10).  These dogs ranged from 3-8 years old (median 4.5 years) 

and included 5 male castrated and 5 female spayed dogs.  Synovial fluid was 

obtained from the affected stifle via routine aseptic arthrocentesis, and blood was 

collected via jugular venipuncture.  Synovial fluid samples were kept on ice until 

they were aliquoted and frozen at -80°C for subsequent analysis. Clinical OA was 

confirmed in each dog by a board-certified veterinary orthopaedic surgeon.  
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Radiographic evidence of OA was confirmed by a board-certified veterinary 

radiologist.   

All dogs underwent surgery for assessment, lavage and stabilization of 

cruciate ligament deficiency at the UMC-VMTH and recovered uneventfully.  

Eight to 12 weeks later, the dogs returned for a post-operative re-check, and 

blood and synovial fluid were collected again to assess changes in markers after 

surgical intervention.  Two female dogs did not return for follow-up; therefore, 

their post-operative blood and synovial fluid samples could not be obtained 

(Post-sx OA; n=8).   

The normal control group was comprised of nine medium and large breed 

adult dogs ranging from 2-5 years old (median 2.75 years). There were 4 

castrated males, 2 spayed females, 2 intact males and 1 intact female.  These 

dogs had no clinical history of joint trauma, were not lame and were deemed to 

be free of clinical OA as determined by a board certified veterinary orthopaedic 

surgeon.  Radiographic evaluation of the shoulders, knees and hips verified the 

absence of OA.  Blood and synovial fluid were collected in a similar manner to 

the OA dogs at a time convenient to the clients, and synovial fluid samples were 

kept on ice until they were aliquoted and frozen at -80°C for subsequent analysis. 

Multiplex Analysis 

Each synovial fluid and serum sample was thawed. The synovial fluid 

samples were centrifuged at 14,000 rpm for 10 minutes to pellet debris, and the 

supernatant was removed.  The synovial fluid was incubated with hyaluronidasea 
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at 37°C for 60 minutes to decrease viscosity. One 25μl aliquot was subsequently 

analyzed in duplicate using a multiplex canine cytokine and chemokine 

immunoassayb based on the xMAP platformc for 14 chemokines and cytokines: 

IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-15, IL-18, IP-10, INF-γ, TNF-α, MCP1, KC, 

and GM-CSF per manufacturers’ instructions. Another 25μl aliquot was analyzed 

in duplicate using a multiplex human matrix metalloproteinase (MMP) 

immunoassayd based on the xMAP platform for 5 MMPs: MMP1, MMP2, MMP3, 

MMP9 and MMP13.  This assay has been previously shown within our laboratory 

to cross-react with samples of canine origin.22  

Statistical analysis: 

Results were statistically evaluated with the unpaired t-test or the Mann-

Whitney Rank Sum teste when the normality or equal variance tests failed.  

Significance was set at p<0.05.  

Proteomics 

Proteomics analysis was performed on the remaining thawed serum and 

hyaluronidase-digested synovial fluid.  Each sample (25μl) was albumin depleted 

with an immunoaffinity albumin and IgG depletion kitf and subsequently 

concentrated with a 3 kDa centrifugal filterg by centrifuging for 40 minutes at 

14,000 RPM.  Protein was quantified in the remaining fluid with a fluorescence-

based assayh for subsequent separation by one dimensional polyacrylamide gel 

electrophoresis (1D-PAGE).   
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The total cytokine expression (pg/ml) was determined for each serum and 

synovial fluid sample.  As the remaining cytokine and chemokine values 

measured very low, MCP1, KC and IL8 were the primary contributors to this 

determination. This data was used to sub-divide individuals into low, medium or 

high expression groups, and equivalent quantities of protein from two to four 

individuals within each category (Pre-sx OA, Post-sx OA and normal) were 

pooled, thus creating nine total pools for serum and nine for synovial fluid. Each 

pooled sample was heat denatured and separated with 1D-PAGE using reducing 

conditions on a NuPAGE 4-12% Bis-Tris geli at 115V and 48mA for 135 minutes. 

The gel was stained with coomassie brilliant blue and imaged.  Each pooled 

sample lane was cut into 8 equal sections and trypsin digested.23  The extracted 

peptides were subsequently lyophilized, re-suspended in 15μl 1% formic acid 

and analyzed by LC-MS/MS on LTQ Orbitrap instrumentation at the University of 

Missouri Gehrke Proteomics Center.  A 5μl aliquot of each digest was loaded 

onto a C8 trap column using a 20uL loop.  Bound peptides were eluted from this 

trap column onto a 10cm, 150µm i.d. pulled-needle analytical column packed 

with magic C18 reversed phase resinj. Peptides were separated and eluted from 

the analytical column with a continuous gradient of acetonitrile from 0 to 45% (in 

0.1% formic acid) over 80 minutes.   Following a high-resolution Fourier 

Transform Mass Spectrometry (FTMS) scan of the eluting peptides, each 

second, the six most abundant peptides were subjected to peptide fragmentation.  

Data across a total of 80 minutes of elution were collected and then searched 
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against the National Center for Biotechnology Information (NCBI) non-redundant 

database taxonomy-limited to dogs only (last update 12/11/09) using the 

Sorcerer2 Integrated Data Appliance (a Sequest search engine-based 

instrument). Results (identifications) were examined using the Scaffold V2.6 

programk. Criteria for identification acceptance were 2 unique peptides, Sequest 

scores of 2.7, 3.5 or 3.0 for charge states of +2, 3 or 4 respectively or >95% 

calculated probability by Scaffold that the protein identification is correct  (protein 

identification probability).  Significant differences between groups were 

represented by a p<0.05 and a fold change >2.0. 

Results: 

Synovial fluid (Figures 4-1a and b):  

MCP-1 was significantly higher in the Pre-sx OA dogs and Post-sx OA 

dogs compared to normal dogs (p<0.001; P=0.009), and there was a significant 

decrease in MCP-1 following surgery compared to pre-surgery values (p=0.01). 

IL8 and KC were significantly higher in the Pre-sx OA dogs compared to normal 

dogs (p<0.001; p=0.01) and in the Post-sx OA dogs compared to normal dogs 

(p=0.002; p=0.03).  Both analytes were numerically different (lower) in Post-sx 

OA dogs compared to Pre-sx OA dogs (P=0.756; 0.307).  IL18 (interferon 

gamma inducing factor) was significantly higher in the Pre-sx OA dogs compared 

to normal dogs (p=0.02), but the remaining cytokines and chemokines were 

below the limit of detection. MMP2 was highest in the Post-sx OA dogs, and this 

was significantly higher than the normal dogs (p=0.010) whereas no significant 
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difference was found compared with the Pre-sx OA dogs.  MMP3 was highest in 

the Pre-sx OA dogs and lowest in the Post-sx OA dogs, but these changes did 

not reach statistical significance.  MMPs 1, 9 and 13 were below the limit of 

detection of the assay. 

Retrospective review of the medical records approximately 12 months 

after the conclusion of the study revealed that three of the nine dogs who 

returned for an 8 to 12 week post-operative recheck presented with lameness or 

owner comments of inconsistent weight-bearing.  Interleukin 8, MCP1, KC, 

MMP2 and MMP3 were numerically different (higher) in these dogs at 8 weeks 

after surgery compared to the dogs without subsequent complications (P=0.393; 

0.051; 0.406; 0.230; 0.322).  One dog did not return following the initial recheck, 

but it was speculated the post-operative lameness may have been due to hip 

disease previously masked by the knee instability. The remaining two dogs were 

seen again at 8- and 9-months post-operative:  one was determined to have a 

meniscal tear that was arthroscopically debrided and the other had no definitive 

cause for being incompletely weight-bearing, although minimal loosening of the 

surgical implant was suggested. Interestingly, these two dogs had the highest IL8 

and MCP1 values 8-12 weeks after surgery of all the OA dogs measured. 

 The performances of these markers as individuals and as a combined 

panel were used to create receiver operating characteristic (ROC) curves 

(Figures 4-2 to 4-7) from JMP 7.0.2 softwarel. Several analyte panel 

combinations led to strong discrimination between groups (Table 4-1). 
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Serum (Figure 4-8): 

 MMP2 and MMP3 were highest in the normal dogs and lowest in the Pre-

sx OA dogs.  MMP2 was significantly higher in normal dogs and Post-sx OA 

dogs compared to Pre-sx OA dogs (p=0.003; p=0.03), but there was not a 

significant difference between normal and Post-sx OA dogs (p=0.270).  MMP3 

was significantly higher in normal dogs and Post-sx OA dogs compared to Pre-sx 

OA dogs (p=0.002, p=0.03), but there was not a significant difference between 

Pre-sx and Post-sx OA dogs.  Significant differences were not detected between 

groups for IL8, KC, MCP1, IL18, IL2, IL7 or GMCSF, and the remaining analytes 

were below the limit of detection for the assay. 

Synovial Fluid Proteomics (Table 4-2):   

Analysis of the synovial fluid revealed 83 non-redundant proteins that 

were identified with high confidence (>95% protein identification probability) in at 

least two of three pooled samples per category.  Another 176 proteins that were 

identified did not meet these criteria and are not discussed here.  Eleven proteins 

were determined to be differentially expressed between treatment groups (Table 

4-3), with 10 proteins differentially expressed between normal and OA individuals 

(Figure 4-9).   

Serum Proteomics (Table 4-4):   

Analysis of the serum revealed 84 distinct proteins that were identified 

with high confidence in at least two of three pooled samples per category.  

Another 66 proteins that were identified did not meet these requirements and are 
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not discussed here.  None of these proteins exhibited significantly different 

expression between groups. 

Discussion:   

 Using ROC curve analysis, we have shown for the first time that a 

biomarker panel measuring synovial fluid MCP1, IL8, KC, MMP2 and MMP3 has 

the ability to consistently differentiate normal healthy knees from knees in dogs 

with spontaneously occurring clinical OA.  In addition, MCP1 was significantly 

lower in the Post-sx OA dogs compared to their Pre-sx OA values, and IL8 and 

KC declined after treatment (although not significantly) as well.  Furthermore, two 

dogs known to have post-operative complications had the highest IL8 and MCP1 

values of all the post-operative dogs, and post-operative values for IL8, MCP1, 

MMP2 and MMP3 were higher (although not statistically significantly) in dogs 

with complications compared to those without complications 8-12 weeks after 

surgery.  These findings suggest that this novel biomarker panel has great 

potential for clinical use in both diagnostic and treatment monitoring applications. 

 The three chemokines were able to repeatedly distinguish between Pre-

sx OA and Post-sx OA individuals (AUC=0.9) when they were measured in the 

synovial fluid, but the addition of MMP2 and MMP3 to the panel improved the 

performance (AUC=1.0).  This suggests the addition of MMPs to this or any 

diagnostic biomarker panel may be useful for treatment monitoring or prognosis.  

Further analysis of these MMPs, and the panel in general, in dogs with a range of 
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disease types and severities and therapies should be performed as it was 

beyond the scope of this study. 

Unfortunately, most of the markers were not significantly different between 

groups when measured in the serum.  MMP2 and MMP3 were the only markers 

to show significant differences, and they were highest in the normal patients.  

This may suggest a shift away from constitutively expressed MMPs during the 

initiation of disease, as was suggested by Ling et al.19 While useful serum 

biomarkers were not elucidated in this study, the authors suggest that use of 

synovial fluid biomarkers has important clinical application based on the relative 

ease in obtaining samples, the associated costs, and the joint specific nature of 

these evaluations.   

We also determined that there are distinct differences in protein profiles 

between healthy and OA synovial fluid.  The development and increased 

availability of high-throughput and sensitive mass spectroscopy-based 

techniques have revolutionized the protein biomarker world, and many proteins 

known to be involved in homeostatic and pathologic pathways were identified in 

the synovial fluid in the present study.  Given the close contact between synovial 

fluid and articular cartilage, it was not entirely surprising to identify several 

proteins within the synovial fluid that likely arise, at least in part, from the articular 

cartilage.   One such protein, clusterin, exhibited significantly different expression 

in the synovial fluid between groups.  Clusterin, a secreted heterodimeric 

glycoprotein, is produced by many tissues, but its expression is induced in areas 
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of tissue injury and in many diseases including OA. 24, 25  Increased expression of 

clusterin in human OA articular chondrocytes was recently confirmed, and our 

laboratory has shown the same is true for canine articular cartilage26.  The study 

described here shows alterations are detectable within the synovial fluid, but 

further study is required to determine if the cartilage pathology and fluid 

alterations are correlated. 

Increased Apolipoprotein B100 in OA synovial fluid compared to normal in 

this study support recent theories linking lipid metabolism disorders to OA. 

Increases in these and other apolipoproteins in human OA articular cartilage27 

and synovial fluid20 have been reported, but to our knowledge there is a paucity 

of literature documenting these changes in the canine. While the exact 

relationship between lipid metabolism and OA remains unknown, it is speculated 

that either cholesterol efflux from the joint is down-regulated or cholesterol 

delivery to the tissues is increased.28, 29 Controversy continues as Tsezou, et al 

demonstrated decreased apolipoprotein A1 mRNA and protein expression, rather 

than increased, in human OA articular cartilage compared to normal.28 The 

authors postulated that this decrease in molecules necessary for lipid efflux 

permitted lipid accumulation within the OA joint.28 Additional investigation is 

needed to determine whether these discrepancies in apolipoprotein changes are 

due to the diversity in apolipoproteins themselves or if an individual’s overall 

apolipoprotein profile will react differently from another as a consequence of 

disease severity, genetic factors or the inciting cause for OA. 
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Numerous pro-inflammatory complement cascade members were also 

identified.  Several, including C3 and component 5, as well as complement 

inhibitory protein factor I, were significantly higher in OA synovial fluids. 

Complement proteins have been previously detected in chondrocytes from 

normal adult articular cartilage, whereas synovial tissues from OA patients with 

histologic evidence of inflammation had increased expression of complement 

proteins.30, 31 The increased expression of complement proteins in synovial 

tissues has been reported in other arthritidies including rheumatoid arthritis; 

therefore, alterations in these proteins may not be OA-specific.32, 33 While 

increases in their expression may not be specific, complement proteins may have 

a pivotal role in the pathogenesis of OA.  In fact, certain complement 

components (C1s) have been implicated in the degradation of chondroprotective 

agents.34 Regardless, the alterations in complement proteins provides additional 

support for the role of inflammation in the disease mechanism of OA.   

This study supports our previous results derived from canine OA models.  

A biomarker panel comprised of IL8, MCP1 and KC may be a valuable tool for 

the diagnosis of early OA in dogs.  The addition of MMP2 and MMP3 to this 

panel appears to increase its utility in treatment monitoring as well.  Further 

studies are underway to evaluate this panel’s performance in distinguishing 

between OA and other joint diseases and to determine the tissue source(s) of 

these analytes. 
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aMP Biomedicals, LLC, Solon, Ohio 
bMillipore Corp. St. Louis, MO 
cQiagen Inc., Valencia, CA 
dR&D Systems, Minneapolis, MN 
eSigmaStat 3.5; Systat Software, Incorporated, San Jose, CA 
fSigma-Aldrich, St. Louis, MO 
gMillipore Corp. St. Louis, MO 
hEZQ; Molecular Probes, Eugene, OR 
iInvitrogen, Carlsbad, CA 
jMichrom Bioresources, Inc., Auburn, CA   
kProteome Software, Portland, OR 
lSAS Institute, Cary, NC 
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Figure 4-1a 

 

 

 

Figure 4-1b 
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Figure 4-2 

 
Figure 4-3 
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Figure 4-4 

 
  
Figure 4-5 
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Figure 4-6 

 
Figure 4-7 
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Table 4-1 
 

 
 
 
 
 
 
 
 
 
Figure 4-8 

 
 
 
 
 
 
 
 
 
 

Comparison       Area Under the Curves

Cyto markers Cyto and MMP

Normal vs Pre-surgical OA 1 1

Normal vs Post-surgical OA 1 1

Pre-surgical vs Post-surgical OA 0.9 1

+
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+

 
 * 

* 
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Table 4-2 

 
 
 
 
 
 
 
 
 
 
 
 

GI # Protein N 1 N 2 N 3 PostSx 1 PostSx 2 PostSx 3 Pre Sx1 Pre Sx2 Pre Sx3

12644429 * Aggrecan core protein 100% 100% 100% 100% 100% 100% 100% 100% 100%

119637732 * alpha 1 antitrypsin 100% 100% 100% 100% 100% 100% 100% 100% 100%

3913074 * Apolipoprotein C-I 100% 100% 100% 100% 100% 86% 100% 100% 100%

296089 * apolipoprotein H; beta-2-glycoprotein I 100% 100% 100% 100% 100% 100% 100% 100% 100%

194368497 * Chain A, Crystal Structure Of Hemoglobin 100% 100% 100% 100% 100% 100% 100% 100% 100%

194368498 * Chain B, Crystal Structure Of Hemoglobin 100% 100% 100% 100% 100% 100% 100% 100% 100%

116531 * Clusterin+
100% 85% 100% 100% 100% 100% 100% 100% 100%

15076951 * ferritin+ 
100% 80% 80% 100% 100% 100% 100% 100% 100%

256574824 * glutathione peroxidase 3 100% 100% 100% 100% 100% 100% 100% 100% 100%

1096664 * Ig:SUBUNIT=alpha+
59% 100% 100% 100% 100% 100% 100% 100% 100%

17066524 immunoglobulin gamma heavy chain A 100% 100% 100% 100% 100% 100% 100% 100% 100%

17066526 immunoglobulin gamma heavy chain B 100% 100% 100% 100% 100% 100% 100% 100% 100%

17066528 immunoglobulin gamma heavy chain C 100% 100% 100% 100% 100% 100% 100% 100% 100%

17066530 immunoglobulin gamma heavy chain D 100% 100% 100% 100% 100% 100% 100% 100% 100%

124390009 immunoglobulin heavy chain constant region CH2 100% 100% 100% 100% 100% 100% 100% 100% 100%

164430478* immunoglobulin lambda light chain variable region+ 
85% 100% 100% 100% 100% 87% 0 100% 100%

87622838 lubricin 100% 100% 100% 100% 100% 100% 100% 100% 100%

73974957 PREDICT: serum albumin 100% 100% 100% 100% 100% 100% 100% 100% 100%

74002562 PREDICT: similar to ABI gene family, member 3 100% 100% 100% 100% 100% 100% 100% 100% 100%

73946309 PREDICT: similar to acid sphingomyelinase-like phosphodiesterase 3A + 
100% 0 100% 100% 100% 86% 84% 100% 100%

73975389 PREDICT: similar to Afamin precursor (Alpha-albumin) (Alpha-Alb) 100% 100% 100% 100% 100% 100% 100% 100% 100%

73947277 PREDICT: similar to Alpha-1B-glycoprotein precursor (Alpha-1-B glycoprotein) 100% 100% 100% 100% 100% 100% 100% 100% 100%

73967363 PREDICT: similar to Alpha-2-antiplasmin precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74003450 * PREDICT: similar to Alpha-2-HS-glycoprotein precursor (Fetuin-A) isoform 2 100% 100% 100% 100% 100% 100% 100% 100% 100%

73997689 PREDICT: similar to Alpha-2-macroglobulin precursor (Alpha-2-M) 100% 100% 100% 100% 100% 100% 100% 100% 100%

73971996 PREDICT: similar to AMBP protein precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73952610 PREDICT: similar to Angiotensinogen precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73960588 PREDICT: similar to Antithrombin-III precursor (ATIII) isoform 2 100% 100% 100% 100% 100% 100% 100% 100% 100%

73955106 PREDICT: similar to Apolipoprotein A-I precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74006267 PREDICT: similar to Apolipoprotein A-II precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73955108 PREDICT: similar to Apolipoprotein A-IV precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73980597 PREDICT: similar to Apolipoprotein B-100 precursor+ 
100% 80% 100% 100% 100% 100% 100% 100% 100%

57108161 * PREDICT: similar to beta-2-microglobulin precursor isoform 2 100% 100% 100% 100% 100% 100% 100% 100% 100%

57092243 * PREDICT: similar to Bile-salt-activated lipase precursor+ 
100% 0 100% 100% 100% 86% 84% 100% 100%

74002990 PREDICT: similar to Carboxypeptidase N subunit 2 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73985933 * PREDICT: similar to Cartilage oligomeric matrix protein precursor (COMP) 100% 100% 100% 100% 100% 100% 100% 100% 100%

73952318 PREDICT: similar to chondroitin sulfate proteoglycan 2 (versican)+ 
100% 80% 100% 100% 100% 100% 100% 100% 100%

73953994 PREDICT: similar to Coagulation factor XII precursor+ 
100% 100% 81% 100% 100% 100% 100% 100% 100%

73972000 PREDICT: similar to collagen, type XXVII, alpha 1+ 
100% 85% 100% 100% 100% 83% 100% 100% 98%

73987236* PREDICT: similar to Complement C3 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73972339* PREDICT: similar to Complement C4 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73972039 PREDICT: similar to complement component 5 100% 100% 100% 100% 100% 100% 100% 100% 100%

73953824 PREDICT: similar to complement component 7 precursor isoform 1 100% 100% 100% 100% 100% 100% 100% 100% 100%

Synovial Fluid Proteins Identified Protein Identification Probability
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Table 4-2 continued 

 
 

 GI#: GenInfo accession number 
*duplicate protein identified 
+protein was not identified with high confidence in all samples 
   

 

 

GI # Protein N 1 N 2 N 3 PostSx 1 PostSx 2 PostSx 3 Pre Sx1 Pre Sx2 Pre Sx3

73953816 * PREDICT: similar to Complement component C6 precursor isoform 1+ 
100% 100% 100% 100% 82% 100% 27% 100% 100%

73956394 PREDICT: similar to Complement component C8 beta chain precursor 100% 100% 81% 100% 100% 100% 85% 100% 100%

73972308 PREDICT: similar to Complement factor B precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73972310 PREDICT: similar to Complement factor B precursor  isoform 2+ 
100% 86% 0 100% 82% 86% 0 80% 82%

74005966* PREDICT: similar to Complement factor H precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

57109206 * PREDICT: similar to Complement factor I precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73981551 PREDICT: similar to extracellular matrix protein 1 isoform 1 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74003556 PREDICT: similar to Fetuin-B precursor (IRL685) (16G2) 100% 100% 100% 100% 100% 100% 100% 100% 100%

74005698 PREDICT: similar to f ibronectin 1 isoform 1 preproprotein 100% 100% 100% 100% 100% 100% 100% 100% 100%

73971650 PREDICT: similar to Gelsolin precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74003950 * PREDICT: similar to glycosylphosphatidylinositol specif ic phospholipase D1+ 
100% 100% 100% 100% 82% 100% 100% 100% 100%

73957095 * PREDICT: similar to Haptoglobin precursor isoform 2 100% 100% 100% 100% 100% 100% 100% 100% 100%

73988725 PREDICT: similar to hemopexin 100% 100% 100% 100% 100% 100% 100% 100% 100%

73998854 PREDICT: similar to hyaluronan binding protein 2 100% 100% 100% 100% 100% 100% 100% 100% 100%

73980874 PREDICT: similar to Ig kappa chain C region, B allele+ 
0 100% 100% 100% 100% 100% 89% 100% 100%

73980870* PREDICT: similar to Ig kappa chain V-II region RPMI 6410 precursor+ 
85% 100% 100% 100% 100% 100% 100% 100% 100%

73995508* PREDICT: similar to Ig lambda chain V-I region BL2 precursor+ 
88% 100% 100% 100% 100% 100% 100% 100% 100%

74009405 * PREDICT: similar to Immunoglobulin lambda-like polypeptide 1 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73959574 PREDICT: similar to insulin-like grow th factor binding protein, acid labile subunit 100% 100% 100% 100% 100% 100% 100% 100% 100%

74011920* PREDICT: similar to inter-alpha (globulin) inhibitor H3 100% 100% 100% 100% 100% 100% 100% 100% 100%

74011918 PREDICT: similar to inter-alpha (globulin) inhibitor H4 100% 100% 100% 100% 100% 100% 100% 100% 100%

73949158 PREDICT: similar to inter-alpha globulin inhibitor H2 polypeptide 100% 100% 100% 100% 100% 100% 100% 100% 100%

73985485 PREDICT: similar to Inter-alpha-trypsin inhibitor heavy chain H1 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

57109938 PREDICT: similar to kininogen 1 100% 100% 100% 100% 100% 100% 100% 100% 100%

73968460 PREDICT: similar to Low -density lipoprotein receptor-related protein 1 precursor+
100% 80% 100% 100% 100% 100% 100% 100% 100%

57097203 PREDICT: similar to Lumican precursor (Keratan sulfate proteoglycan lumican)+
100% 98% 100% 100% 100% 58% 100% 100% 100%

73978822 PREDICT: similar to Maltase-glucoamylase, intestinal 100% 100% 100% 100% 100% 100% 100% 100% 100%

73965627 PREDICT: similar to Membrane copper amine oxidase+ 
100% 100% 100% 100% 100% 100% 0 100% 100%

73982640 PREDICT: similar to Plasma protease C1 inhibitor precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73946216 PREDICT: similar to Plasminogen precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73997687 PREDICT: similar to pregnancy-zone protein 100% 100% 100% 100% 100% 100% 100% 100% 100%

73960986 PREDICT: similar to quiescin Q6 isoform a 100% 100% 100% 100% 100% 100% 100% 100% 100%

73998292 PREDICT: similar to retinol-binding protein 4, plasma precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73990142 PREDICT: similar to Serotransferrin precursor (Transferrin) isoform 1 100% 100% 100% 100% 100% 100% 100% 100% 100%

73990138 PREDICT: similar to Serotransferrin precursor (Transferrin) isoform 16 100% 100% 100% 100% 100% 100% 100% 100% 100%

73975797 PREDICT: similar to Serum paraoxonase/arylesterase 1 isoform 2+
100% 85% 100% 100% 100% 100% 100% 100% 100%

73986005 PREDICT: similar to Tetranectin precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73952345 PREDICT: similar to Thrombospondin-4 precursor+ 
100% 86% 100% 100% 100% 68% 84% 100% 100%

57089193 PREDICT: similar to Transthyretin precursor (Prealbumin) 100% 100% 100% 100% 100% 100% 100% 100% 100%

73975215 PREDICT: similar to Vitamin D-binding protein precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

57091275 * PREDICT: similar to Vitronectin precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73958037 PREDICT: similar to Zinc-alpha-2-glycoprotein precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

Synovial Fluid Proteins Identified Protein Identification Probability
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Table 4-3 

 

Figure 4-9 

 

PROTEIN NAME FOLD CHANGE

NL/OA NL/PRE NL/POST

Aggrecan core protein 2.08

Clusterin 0.3

Alpha-2-macroglobulin 0.22 0.21 0.23

Angiotensinogen 0.41 0.41 0.41

Apolipoprotein B-100 0.13 0.13 0.12

Complement C3 0.4 0.5 0.34

Complement component 5 0.33

Complement factor I 0.43 0.43 0.43

Fibronectin 1 isoform 1 preproprotein 0.32 0.38 0.28

Transthyretin 3.25 4.84 2.45

Zinc-alpha-2-glycoprotein 0.21 0.29 0.17
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Table 4-4 

GI# Proteins N 1 N 2 N 3 PostSx1 PostSx2 PostSx3 PreSx1 PreSx2 PreSx3

119637732 * alpha 1 antitrypsin 100% 100% 100% 100% 100% 100% 100% 100% 100%

296089 * apolipoprotein H 100% 100% 100% 100% 100% 100% 100% 100% 100%

194368497 * Chain A, Crystal Structure Of Hemoglobin 100% 100% 100% 100% 100% 100% 100% 100% 100%

194368498 * Chain B, Crystal Structure Of Hemoglobin 100% 100% 100% 100% 100% 100% 100% 100% 100%

1096664 * Ig:SUBUNIT=alpha 100% 100% 100% 100% 100% 100% 100% 100% 100%

17066524 immunoglobulin gamma heavy chain A 100% 100% 100% 100% 100% 100% 100% 100% 100%

17066526 immunoglobulin gamma heavy chain B 100% 100% 100% 100% 100% 100% 100% 100% 100%

17066528 immunoglobulin gamma heavy chain C 100% 100% 100% 100% 100% 100% 100% 100% 100%

17066530 immunoglobulin gamma heavy chain D 100% 100% 100% 100% 100% 100% 100% 90% 100%

124390009 immunoglobulin heavy chain constant region CH2 100% 100% 100% 100% 100% 100% 100% 100% 100%

124390013 immunoglobulin heavy chain constant region CH4 100% 100% 100% 100% 100% 100% 100% 100% 100%

164430476* immunoglobulin lambda light chain variable region+
100% 89% 100% 90% 85% 100% 100% 91% 100%

73974957 PREDICT: serum albumin 100% 100% 100% 100% 100% 100% 100% 100% 100%

73975389 PREDICT: similar to Afamin precursor+
88% 100% 100% 100% 100% 88% 85% 100% 100%

73947277 PREDICT: similar to Alpha-1B-glycoprotein precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73967363 PREDICT: similar to Alpha-2-antiplasmin precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74003450 * PREDICT: similar to Alpha-2-HS-glycoprotein precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73997689 PREDICT: similar to Alpha-2-macroglobulin precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73971996 PREDICT: similar to AMBP protein precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73952610 PREDICT: similar to Angiotensinogen precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73960588 PREDICT: similar to Antithrombin-III precursor (ATIII) isoform 2 100% 100% 100% 100% 100% 100% 100% 100% 100%

73955106 PREDICT: similar to Apolipoprotein A-I precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74006267 PREDICT: similar to Apolipoprotein A-II precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73955108 PREDICT: similar to Apolipoprotein A-IV precursor+ 
100% 100% 89% 100% 100% 100% 100% 0 100%

73980597 PREDICT: similar to Apolipoprotein B-100 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

57036446 * PREDICT: similar to Apolipoprotein E precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

57094349 PREDICT: similar to Apolipoprotein M+
88% 100% 0 100% 100% 100% 100% 0 100%

57108161 * PREDICT: similar to beta-2-microglobulin precursor isoform 2 100% 99% 100% 99% 100% 100% 100% 100% 100%

74002990 PREDICT: similar to Carboxypeptidase N subunit 2 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73960858 * PREDICT: similar to CD5 antigen-like precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73990367 * PREDICT: similar to Ceruloplasmin precursor+
76% 100% 100% 100% 80% 100% 74% 100% 100%

73966926 PREDICT: similar to chemokine (C-C motif) ligand 14 isoform 1 precursor+ 
100% 100% 100% 100% 88% 100% 100% 87% 0

73953994 PREDICT: similar to Coagulation factor XII precursor+
0 100% 100% 100% 100% 70% 100% 88% 100%

73997271 * PREDICT: similar to Complement C1r subcomponent precursor+
100% 100% 100% 100% 100% 100% 100% 0 100%

73997275 * PREDICT: similar to Complement C1s subcomponent precursor+ 
76% 100% 100% 100% 100% 70% 100% 52% 100%

73987236* PREDICT: similar to Complement C3 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73972337* PREDICT: similar to Complement C4 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73972312 * PREDICT: similar to complement component 2 precursor isoform 4+ 
86% 100% 100% 100% 100% 100% 100% 100% 100%

73972039 PREDICT: similar to complement component 5 100% 100% 100% 100% 100% 100% 100% 100% 100%

73953824 PREDICT: similar to complement component 7 precursor isoform 1 100% 100% 100% 100% 100% 100% 100% 100% 100%

73953816 * PREDICT: similar to Complement component C6 precursor isoform 1 100% 100% 100% 100% 100% 100% 100% 100% 100%

73956394 PREDICT: similar to Complement component C8 beta chain precursor+ 
76% 100% 100% 100% 100% 100% 100% 100% 100%

73972308 PREDICT: similar to Complement factor B precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

Serum Proteins Identified Protein Identification Probability
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Table 4-4 continued 

GI# Proteins N 1 N 2 N 3 PostSx1 PostSx2 PostSx3 PreSx1 PreSx2 PreSx3

74005968 PREDICT: similar to Complement factor H precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

57109206 * PREDICT: similar to Complement factor I precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74003556 PREDICT: similar to Fetuin-B precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74005698 PREDICT: similar to f ibronectin 1 isoform 1 preproprotein 100% 100% 100% 100% 100% 100% 100% 100% 100%

73971648 * PREDICT: similar to Gelsolin precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74003950 * PREDICT: similar to glycosylphosphatidylinositol specif ic phospholipase D1 99% 100% 100% 100% 100% 100% 100% 100% 100%

73957095 * PREDICT: similar to Haptoglobin precursor isoform 2 100% 100% 100% 100% 100% 100% 100% 100% 100%

73988725 PREDICT: similar to hemopexin+ 99% 100% 100% 100% 100% 90% 100% 100% 100%

73998854 PREDICT: similar to hyaluronan binding protein 2+ 
100% 88% 100% 100% 100% 88% 100% 100% 100%

73980874 PREDICT: similar to Ig kappa chain C region, B allele 100% 100% 100% 100% 100% 100% 100% 100% 100%

73995529* PREDICT: similar to Ig lambda chain V region 4A precursor+
100% 100% 100% 100% 100% 88% 100% 100% 100%

73995508* PREDICT: similar to Ig lambda chain V-I region BL2 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73995655 PREDICT: similar to Ig lambda chain V-III region LOI 100% 100% 100% 100% 100% 88% 100% 86% 100%

57095596 * PREDICT: similar to immunoglobulin J chain isoform 1 100% 100% 100% 100% 100% 100% 100% 100% 100%

74009405 * PREDICT: similar to Immunoglobulin lambda-like polypeptide 1 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73959574 PREDICT: similar to insulin-like grow th factor binding protein 100% 100% 100% 100% 100% 100% 100% 100% 100%

74011920 PREDICT: similar to inter-alpha (globulin) inhibitor H3 100% 100% 100% 98% 100% 100% 100% 100% 100%

74011918 PREDICT: similar to inter-alpha (globulin) inhibitor H4 100% 100% 100% 100% 100% 100% 100% 100% 100%

73949158 PREDICT: similar to inter-alpha globulin inhibitor H2 polypeptide 100% 100% 100% 100% 100% 100% 100% 100% 100%

73985485 PREDICT: similar to Inter-alpha-trypsin inhibitor heavy chain H1 precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

57109938 PREDICT: similar to kininogen 1 100% 100% 100% 100% 100% 100% 100% 100% 100%

73978822 PREDICT: similar to Maltase-glucoamylase, intestinal 100% 100% 100% 100% 100% 100% 100% 100% 100%

73965627 PREDICT: similar to Membrane copper amine oxidase 100% 100% 100% 100% 100% 100% 100% 100% 100%

73982640 PREDICT: similar to Plasma protease C1 inhibitor precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73946216 PREDICT: similar to Plasminogen precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73997687 PREDICT: similar to pregnancy-zone protein 100% 100% 100% 100% 100% 100% 100% 100% 100%

73960986 PREDICT: similar to quiescin Q6 isoform a+ 
0 100% 100% 100% 100% 100% 100% 100% 100%

73998292 PREDICT: similar to retinol-binding protein 4, plasma precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73990142 PREDICT: similar to Serotransferrin precursor (Transferrin)  isoform 1 100% 100% 100% 100% 100% 100% 100% 100% 100%

73990138 PREDICT: similar to Serotransferrin precursor (Transferrin)  isoform 16 100% 100% 100% 100% 100% 100% 100% 100% 100%

73975797 PREDICT: similar to Serum paraoxonase/arylesterase 1+ 
100% 100% 100% 100% 100% 100% 100% 100% 88%

73986005 PREDICT: similar to Tetranectin precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

73999965 PREDICT: similar to thrombospondin 1 precursor+
76% 100% 100% 100% 100% 100% 100% 67% 100%

57089193 PREDICT: similar to Transthyretin precursor (Prealbumin) 100% 100% 100% 100% 100% 100% 100% 100% 100%

73975213 * PREDICT: similar to Vitamin D-binding protein precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

74002498 PREDICT: similar to Vitamin K-dependent protein S precursor+ 
0 99% 100% 100% 100% 88% 100% 99% 98%

57091275 * PREDICT: similar to Vitronectin precursor 99% 100% 100% 100% 100% 100% 100% 100% 100%

73958037 PREDICT: similar to Zinc-alpha-2-glycoprotein precursor 100% 100% 100% 100% 100% 100% 100% 100% 100%

3913074 * Apolipoprotein C-I 100% 100% 100% 100% 100% 100% 100% 100% 100%

114020 * Apolipoprotein C-II+ 0 100% 100% 100% 88% 100% 100% 0 98%

114025 * Apolipoprotein C-III+ 87% 87% 100% 86% 100% 100% 89% 100% 100%

116531 * Clusterin 100% 100% 100% 100% 100% 100% 100% 100% 100%

22531688 * serum albumin+ 
100% 100% 100% 100% 100% 100% 100% 67% 100%

10946310 * transferrin receptor+ 
99% 100% 100% 100% 100% 100% 100% 17% 100%

Serum Proteins Identified Protein Identification Probability

GI#: GenInfo accession number 
*duplicate protein identified 
+protein was not identified with high confidence in all samples 
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CHAPTER 5:  Cytokine, Chemokine and Matrix Metalloproteinase 
Concentrations and Protein Alterations in Naturally Occurring 
Osteoarthritis of the Coxofemoral Joint 

 
 
 

Introduction:  
Even though osteoarthritis (OA) is the most common form of arthritis, 

much remains unknown about its pathophysiology.1 A diagnosis is rarely possible 

in the early stages of disease, and the inability to diagnose early OA has 

hampered attempts to prevent or slow progression of disease.  An early OA 

diagnostic biomarker panel that could be used more successfully than other 

currently available tests could have significant ramifications on treatment and 

prognostication.   

Osteoarthritis is a complex disease that ultimately arises from a 

destabilization of degradative and synthetic processes affecting the cartilage, 

extracellular matrix (ECM) and other articular tissues.  Articular cartilage insults 

were previously thought to act alone in this disease, but more recent evidence 

suggests the subchondral bone2, 3, synovium4, 5, ligaments6 and meniscus7 

communicate with each other (cross-talk) at the cellular level and are important in 

the development and progression of OA. This interaction between the tissues, or 

the concept of the “joint as an organ”, has greatly increased interest in non-

cartilaginous tissues and their importance in the diagnosis of OA.   

We have previously shown that alterations in the levels of cytokines and 

chemokines including monocyte chemoattractant protein 1 (MCP1 or CCL2), 
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interleukin 8 (IL8 or CXCL8) and keratinocyte-derived chemoattractant (KC or 

CXCL1) occur within the synovial fluid of dogs after induction of stifle (knee) OA 

by three different surgical methods.8  We confirmed similar alterations, as well as 

alterations in matrix metalloproteinases (MMPs) and other proteins, are present 

in the synovial fluid of dogs with spontaneously occurring OA compared to 

normal dogs. The combination of MCP1, IL8 and KC was shown in both studies 

to be capable of consistent discrimination between normal dogs and dogs with 

varying degrees of stifle OA. The incorporation of MMP2 and MMP3 into the 

panel also showed promise for treatment monitoring in the clinical OA dogs. To 

our knowledge, this combination of markers has not been previously evaluated in 

the coxofemoral joint of osteoarthritic and normal dogs, and the specific tissue 

origin(s) of these markers in the knee or hip joint remains undetermined. 

Therefore, our objectives of this study were 1) to determine if cultured 

osteoarthritic tissues from the canine hip joint produce altered levels of cytokines, 

chemokines and MMPs compared to normal tissues and 2) to take a 

comprehensive approach for elucidation of disease mechanisms and relevant 

biomarkers by examining proteins differentially produced between normal and 

OA femoral heads by assessing culture media using proteomics.   

Materials & Methods: 

Tissue collection:  

Six osteoarthritic and six grossly normal femoral head and necks were 

collected for this study.  Osteoarthritic tissues were obtained from dogs 
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presenting to the UMC-VMTH for surgical intervention of hip OA.  All OA dogs 

were skeletally mature medium and large breed adults (median age 2.25 years). 

Five were castrated males, and one spayed female was included.  The normal 

tissues were collected from clinically healthy adult dogs with no signs of 

lameness and euthanized for reasons unrelated to this study.  All normal dogs 

were medium and large breed adults (ages unknown).  Three males and three 

females were included. 

 Each femoral head and neck was submerged in Dulbecco’s modified 

Eagle’s medium (DMEM)a with insulin-transferrin-selenium (ITS) and 

supplemental nutrients to fully cover the head of the femur only.  The volume of 

media used was kept consistent for subsequent media changes.  The tissues 

were cultured for a total of seven days, with media changes occurring at one, 

four and seven days post-tissue harvest.  Collected media was stored at -20°C 

until analysis could be performed. 

Multiplex analysis 

On the day of analysis, the media samples were thawed.  Three 25μl 

aliquots from each individual (one each from days 1, 4 and 7) were analyzed in 

duplicate using a multiplex canine cytokine and chemokine immunoassayb based 

on the xMAP platformc for 14 cytokines and chemokines: IL-2, IL-4, IL-6, IL-7, IL-

8, IL-10, IL-15, IL-18, IP-10, INF-γ, TNF-α, MCP1, KC, and GM-CSF as 

previously described.8 Because values for IL8 and MCP1 were above the limit of 

detection for the assay, a sample dilution (1:4) was performed.  A separate 25μl 
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aliquot was analyzed in duplicate using a multiplex human matrix 

metalloproteinase (MMP) immunoassayd based on the xMAP platform for 5 

MMPs: MMP1, MMP2, MMP3, MMP9 and MMP13.  This assay has been 

previously shown to cross-react with samples of canine origin.9 

Statistical analysis: 

Cytokine and MMP concentrations (pg/ml) were standardized to the 

volume of media used for culture.  Results (pg) were statistically evaluated with 

the unpaired t-test or the Mann-Whitney Rank Sum teste when the normality or 

equal variance test failed.  Significance was set at p<0.05.  

Proteomics: 

The remaining thawed media volume was used for proteomics analysis. 

Media (500µl) was concentrated with a 3 kDa centrifugal filterf by centrifuging for 

40 minutes at 14,000 RPM.  Protein was quantified in the concentrated sample 

with a fluorescence-based assayg. After protein quantification, samples from two 

individuals (at all collection time points) were combined to create a final pooled 

aliquot containing 50µg of protein.  All six pooled samples (OA=3, normal =3) 

were heat denatured and separated by one-dimensional polyacrylamide gel 

electrophoresis (1D-PAGE) under reducing conditions on a NuPAGE 4-12% Bis-

Tris gelh at 115V and 48mA for 135 minutes. The gel was stained with coomassie 

brilliant blue and imaged.  Each pooled sample lane was cut into 8 equal sections 

and trypsin digested.10  The extracted peptides were subsequently lyophilized, 

re-suspended in 15μl 1% formic acid and analyzed by LC-MS/MS on LTQ 
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Orbitrap instrumentation at the University of Missouri Gehrke Proteomics Center.  

Briefly, an aliquot of the digests (2.5μL) was loaded onto a C8 trap column (C8 

pepmap100 – Dionex) using a 20uL loop.  Bound peptides were eluted from this 

trap column onto a 10cm, 150µm i.d. pulled-needle analytical column packed 

with magic C18 reversed phase resini. Peptides were separated and eluted from 

the analytical column with a continuous gradient of acetonitrile from 0 to 45% (in 

0.1% formic acid) over 80 minutes.   Following a high-resolution Fourier 

Transform Mass Spectrometry (FTMS) scan of the eluting peptides, each second 

the six most abundant peptides were subjected to peptide fragmentation (CID in 

the iontrap).  Data across a total of 80 minutes of elution were collected and then 

searched against the National Center for Biotechnology Information (NCBI) non-

redundant database taxonomy-limited to dogs only (last update 12/11/09) using 

the Sorcerer2 Integrated Data Appliance (a Sequest search engine-based 

instrument). Results (identifications) were examined using the Scaffold V2.6 

programj. Criteria for identification acceptance were 2 unique peptides, Sequest 

scores of 2.7, 3.5 or 3.0 for charge states of +2, 3 or 4 respectively or >95% 

calculated protein identification probability (confidence assignment) by Scaffold.  

Significant differences between groups were represented by a p<0.05 and a fold 

change ≥2.0. 
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Results: 

Multiplex (Figure 5-1):   

Interleukin 8 and MCP1 (days 1, 4 and 7) were significantly higher in OA 

compared to normal dogs (p<0.001; p<0.001).  Interleukin 8 and MCP1 were also 

significantly higher in OA compared to normal dogs when day 7 media was 

analyzed separately (p=0.005; p<0.001).  No differences were seen between 

normal and OA when days 1 and 4 were analyzed separately.  No significant 

differences were seen between groups for KC, IL6 and GMCSF, and all other 

chemokines were below the limit of detection for the assay.  MMP2, MMP3 and 

MMP13 (days 1, 4 and 7) were all significantly higher in OA compared to normal 

(p=0.002; p<0.001; p=0.001).  MMP1 and MMP9 were near or below the limit of 

detection for the assay.   

Proteomics (Table 5-1):  

Analysis revealed that 150 non-redundant proteins were identified with 

high confidence (>95% protein identification probability) in at least two of three 

pooled samples in both normal and OA groups.   Approximately 211 additional 

proteins either did not meet the criteria and are not discussed here or were 

duplicates.   Twenty proteins were determined to be differentially expressed 

between groups (Table 5-2 and Figure 5-2). 

Discussion:   

This study confirms osteoarthritic hip joints, and more specifically 

osteoarthritic femoral heads, produce more MCP1, IL8, MMP2, MMP3 and 
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MMP13 than normal hip joints.  We recently determined a panel comprised of 

several of these markers (MCP1, IL8, KC, MMP2 and MMP3) was useful for 

distinguishing normal from OA knees based on their measurement in the synovial 

fluid8, 11.  Now it appears a very similar panel may be clinically useful for the 

diagnosis of hip OA as well.   

This study also provides information about more specific tissue sources of 

our markers of interest.  Prior to the present study, this panel had only been 

evaluated in knee synovial fluid, serum and urine; therefore, the specific tissues 

responsible for their production were not known.  Our findings suggest, at least in 

the hip, the articular cartilage and subchondral bone may be involved in the 

production and release of these markers.  Hulejova, et al reported similar 

findings.  They discovered MMP3, IL8 and other cytokines were upregulated in 

human OA hip subchondral bone compared to normal and MMP2 and MMP3 

were upregulated in OA articular cartilage.12  Increased production of matrix 

degrading enzymes and inflammatory mediators by the underlying subchondral 

bone may contribute to cartilage degradation.  

While most of the markers showed similar responses in the canine knee 

and hip, there were two markers that responded differently.   For example, 

MMP13 levels (both normal and OA) were below the limit of detection in the knee 

synovial fluid, whereas here MMP13 was significantly higher in the OA media.   

KC values were significantly higher in OA synovial fluid compared to normal, but 

in this study there was no significant difference between normal and OA.  The in 
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vitro work suggests KC plays a smaller role and MMP13 is more important in the 

coxofemoral joint than in the knee, but other factors may be involved.  Tissues 

such as synovium that were not included in our culture model may be 

responsible for the alterations in KC noted in synovial fluid.  MMP13 may be 

produced and released more readily in an in vitro model rather than into the 

synovial fluid in vivo.  Examination of synovial fluid from the hips of OA dogs is 

necessary for a more definitive appraisal of these markers and their utility in 

diagnosing hip OA. 

In addition to the changes in cytokines, chemokines and MMPs, twenty-

three proteins were found to be differentially expressed between normal and OA 

media.  Most were higher in the OA samples including extracellular matrix 

proteins decorin and fibromodulin.  Up-regulated production of these markers at 

the protein and gene level in response to articular cartilage injury has been 

documented, but their increased degradation in OA is also common.13, 14  Zhen et 

al confirmed MMP digestion of human articular cartilage led to peptide 

sequences likely derived from these proteins.15 The particular MMPs elevated in 

the OA media in this study (MMP2, MMP3 and MMP13) were partially 

responsible for the fragmentation previously reported. While ECM proteins that 

are differentially expressed between normal and OA may be useful diagnostic 

biomarkers, it is also important to recognize upregulation and fragmentation of 

these proteins may be involved in the perpetuation of OA.  These endogenous 

but altered matrix proteins activate damage-associated molecular patterns 
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(DAMPs), likely when previously hidden epitopes are revealed for binding to 

receptors.16 

Apolipoprotein A1 (ApoA1) and Apolipoprotein H (ApoH) were also higher 

in the OA media.  Elevated apolipoprotein levels have been documented in OA  

synovial fluid17 and articular cartilage18, but these changes are not entirely 

specific for OA since synovium from rheumatoid arthritis (RA) patients also has 

higher ApoA1 expression than normal synovium19. Our laboratory has 

determined that canine OA synovial fluid and articular cartilage also express 

higher levels of ApoA111, 20; therefore, these markers exhibit alterations across 

species and may be useful for a translational diagnostic biomarker panel.  While 

the exact relationship between lipid metabolism and OA remains unknown, it is 

speculated that either cholesterol efflux from the joint is down-regulated or 

cholesterol delivery to the tissues is increased.21, 22  

Interestingly these proteins may serve more than a diagnostic function.  

Apolipoprotein A1 exhibits a novel anti-inflammatory function that may modulate 

acute and chronic inflammatory reactions, making it useful for therapeutic 

intervention.  In fact, ApoA1 has been shown to reduce production of TNF-α and 

IL1β and inhibit activation of monocytes which could be an important blockade in 

the pathogenesis of RA.19, 23 As additional literature links cytokines such as TNF-

α and IL1β to OA, potential therapeutic uses for apolipoproteins should be 

investigated. 
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In conclusion, this study provides additional support that our novel 

biomarker panel may be useful in diagnosing OA in joints other than the knee.  

Furthermore, we now have evidence suggesting the articular cartilage and 

subchondral bone are at least partially responsible for the production of these 

markers.  Proteomics methods elucidated proteins such as fibromodulin, decorin 

and ApoA1 that may be useful additions to a diagnostic panel.  Since some of 

these proteins have been shown to utilize signaling cascades that promote OA 

progression, developing reliable methods for their detection such as in this study 

may also be useful for serial monitoring or therapeutic intervention. 

Footnotes: 

aInvitrogen, Carlsbad, CA 
bMillipore Corp. St. Louis, MO 
cQiagen Inc., Valencia, CA 
dR&D Systems, Minneapolis, MN 
eSigmaStat 3.5; Systat Software, Incorporated, San Jose, CA 
fMillipore Corp. St. Louis, MO 
iEZQ; Molecular Probes, Eugene, OR 
jInvitrogen, Carlsbad, CA 
kMichrom Bioresources, Inc., Auburn, CA   
lProteome Software, Portland, OR 
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Figure 5-1 
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Table 5-1 

GI # Protein N1 N2 N3 OA1 OA2 OA3

119637732 alpha 1 antitrypsin 100% 100% 100% 100% 100% 100%

37695552 annexin 2 100% 100% 100% 100% 100% 100%

296089 apolipoprotein H; beta-2-glycoprotein I 100% 100% 100% 100% 100% 100%

1916846 biglycan+
0 100% 100% 100% 100% 100%

223556021 carbonic anhydrase I 100% 100% 100% 100% 100% 100%

223556019 carbonic anhydrase II 100% 100% 100% 100% 100% 100%

223556023 carbonic anhydrase III 100% 100% 100% 100% 100% 100%

12082093 catalase 100% 100% 100% 100% 100% 100%

194368497 Chain A, Crystal Structure Of Hemoglobin 100% 100% 100% 100% 100% 100%

194368498 Chain B, Crystal Structure Of Hemoglobin 100% 100% 100% 100% 100% 100%

157151714 collagen, type VI, alpha 3 100% 100% 100% 100% 100% 100%

18150346 Cu/Zn superoxide dismutase 100% 100% 100% 100% 100% 100%

1916848 decorin 100% 100% 100% 100% 100% 100%

15076951 ferritin 100% 100% 100% 100% 100% 100%

62896473 ferritin L subunit 100% 100% 100% 100% 100% 100%

45643036 heme oxygenase-1 100% 100% 100% 100% 100% 100%

1096664 Ig:SUBUNIT=alpha+
100% 100% 76% 100% 100% 100%

17066524 immunoglobulin gamma heavy chain A 100% 100% 100% 100% 100% 100%

17066528 immunoglobulin gamma heavy chain C 100% 100% 100% 100% 100% 100%

1093918 interleukin 8+
100% 98% 87% 99% 100% 100%

63003109 NM23-C2 100% 100% 100% 100% 100% 100%

114326321 phosphatidylethanolamine binding protein 1+ 
59% 100% 100% 100% 100% 100%

73974957 PREDICT: serum albumin 100% 100% 100% 100% 100% 100%

73968070 PREDICT: similar to 78 kDa glucose-regulated protein precursor (GRP 78) 100% 100% 100% 100% 100% 100%

73946309 PREDICT: similar to acid sphingomyelinase-like phosphodiesterase 3A 100% 100% 100% 100% 100% 100%

73963357 PREDICT: similar to actinin, alpha 1 isoform 10 100% 100% 100% 100% 100% 100%

73952478 PREDICT: similar to actinin, alpha 2 isoform 11+ 
100% 0 100% 100% 0 100%

73947742 PREDICT: similar to actinin, alpha 4 isoform 13+ 
100% 74% 100% 100% 65% 100%

73991635 PREDICT: similar to Adenosylhomocysteinase+ 
100% 100% 100% 100% 61% 100%

73976741 PREDICT: similar to Adenylyl cyclase-associated protein 1+  
100% 74% 100% 100% 100% 100%

73973308 PREDICT: similar to alpha 1 type XII collagen 100% 100% 100% 100% 100% 100%

73964432 PREDICT: similar to Alpha-1-antichymotrypsin precursor 100% 100% 100% 100% 100% 100%

73947277 PREDICT: similar to Alpha-1B-glycoprotein precursor 100% 100% 100% 100% 100% 100%

73967363 PREDICT: similar to Alpha-2-antiplasmin precursor 100% 100% 100% 100% 100% 100%

74003450 PREDICT: similar to Alpha-2-HS-glycoprotein precursor (Fetuin-A) 100% 100% 100% 100% 100% 100%

73997689 PREDICT: similar to Alpha-2-macroglobulin precursor (Alpha-2-M) 100% 100% 100% 100% 100% 100%

73946797 PREDICT: similar to Annexin A1+  
100% 99% 67% 100% 100% 100%

73960588 PREDICT: similar to Antithrombin-III precursor 100% 100% 100% 100% 100% 100%

73955106 PREDICT: similar to Apolipoprotein A-I precursor 100% 100% 100% 100% 100% 100%

73950646* PREDICT: similar to BM-specif ic heparan sulfate PG core protein precursor 100% 100% 100% 100% 100% 100%

73988388 PREDICT: similar to beta globin 100% 100% 100% 100% 100% 100%

73961682 PREDICT: similar to Calgranulin B 100% 100% 100% 100% 100% 100%

Protein Identification ProbabilityFemoral Head Culture Media Proteins Identified
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Table 5-1 continued 

GI # Protein N1 N2 N3 OA1 OA2 OA3

73986030 PREDICT: similar to Cartilage intermediate layer protein 2 precursor 100% 100% 100% 100% 100% 100%

74000887 PREDICT: similar to cartilage intermediate layer protein 100% 100% 100% 100% 100% 100%

73985933 PREDICT: similar to Cartilage oligomeric matrix protein precursor 100% 100% 100% 100% 100% 100%

73990371 PREDICT: similar to Ceruloplasmin precursor 100% 100% 100% 100% 100% 100%

73960205 PREDICT: similar to chitinase 3-like 1, partial+  
100% 63% 100% 100% 100% 100%

73966365 PREDICT: similar to Chondroadherin precursor 100% 100% 100% 100% 100% 100%

73952318 PREDICT: similar to chondroitin sulfate proteoglycan 2 100% 99% 100% 100% 100% 100%

73990636 PREDICT: similar to coatomer protein complex+ 
100% 63% 99% 100% 100% 100%

74004777* PREDICT: similar to Collagen alpha 1 100% 100% 100% 100% 100% 100%

73971876 PREDICT: similar to Collagen alpha 1(XV) chain precursor 100% 100% 100% 100% 100% 100%

74001592 PREDICT: similar to collagen, type VI, alpha 1 precursor 100% 100% 100% 100% 100% 100%

73974565 PREDICT: similar to collagen, type XIV, alpha 1 100% 100% 100% 100% 100% 100%

73987236 PREDICT: similar to Complement C3 precursor 100% 100% 100% 100% 100% 100%

73972339* PREDICT: similar to Complement C4 precursor+  
100% 100% 67% 100% 100% 100%

73972308 PREDICT: similar to Complement factor B precursor 100% 100% 100% 100% 100% 100%

74005968 PREDICT: similar to Complement factor H precursor 100% 100% 100% 100% 100% 100%

74001515 PREDICT: similar to Cystatin B 100% 100% 100% 100% 100% 100%

73958065 PREDICT: similar to cytoplasmic beta-actin isoform 9 100% 100% 100% 100% 100% 100%

73995683 PREDICT: similar to D-dopachrome tautomerase +  
100% 100% 100% 100% 87% 100%

73971984 PREDICT: similar to Delta-aminolevulinic acid dehydratase 100% 100% 100% 100% 100% 100%

74001908 PREDICT: similar to Elongation factor 1-gamma 100% 100% 100% 100% 100% 100%

73966675 PREDICT: similar to Eosinophil peroxidase precursor 100% 100% 100% 100% 100% 100%

73951929 PREDICT: similar to Extracellular superoxide dismutase 100% 100% 100% 100% 100% 100%

73999292* PREDICT: similar to Fatty acid-binding protein 100% 100% 100% 100% 100% 100%

73978329* PREDICT: similar to Fibrinogen alpha chain precursor 100% 100% 100% 100% 100% 100%

74005821 PREDICT: similar to f ibromodulin precursor 100% 100% 100% 100% 100% 100%

74005698 PREDICT: similar to f ibronectin 1 isoform 1 preproprotein 100% 100% 100% 100% 100% 100%

74008809 PREDICT: similar to Filamin A 100% 100% 100% 100% 100% 100%

73948324 PREDICT: similar to Flavin reductase+ 
59% 100% 100% 100% 100% 100%

73988197 PREDICT: similar to Folate receptor beta precursor 100% 100% 100% 98% 100% 98%

73958481 PREDICT: similar to Fructose-bisphosphate aldolase A+ 
100% 63% 100% 100% 100% 100%

73964953 PREDICT: similar to Galectin-3 binding protein precursor+  
100% 100% 76% 100% 100% 100%

73971648 PREDICT: similar to Gelsolin precursor 100% 100% 100% 100% 100% 100%

57110407 PREDICT: similar to germinal histone H4 gene 100% 100% 100% 100% 100% 100%

73947982* PREDICT: similar to Glucose-6-phosphate isomerase 100% 100% 100% 100% 100% 100%

73979351 PREDICT: similar to Glutathione reductase+ 
100% 100% 100% 57% 100% 100%

73959317* PREDICT: similar to Glutathione S-transferase 100% 100% 100% 100% 100% 100%

74004213 PREDICT: similar to H2B histone family, member F + 
100% 100% 100% 100% 100% 88%

73957095 PREDICT: similar to Haptoglobin precursor isoform 2 100% 100% 100% 100% 100% 100%

73988725 PREDICT: similar to hemopexin 100% 100% 100% 100% 100% 100%

74003986 PREDICT: similar to Histone H2A.l 100% 100% 100% 100% 100% 100%

73981516 PREDICT: similar to Histone H2A.o 100% 100% 100% 100% 100% 100%

Femoral Head Culture Media Proteins Identified Protein Identification Probability
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Table 5-1 continued 

GI # Protein N1 N2 N3 OA1 OA2 OA3

73952134 PREDICT: similar to Hyaluronan and proteoglycan link protein 1 precursor 100% 100% 100% 100% 100% 100%

74012534* PREDICT: similar to Ig kappa chain V-II region RPMI 6410 precursor+  
100% 100% 63% 100% 100% 100%

73995478* PREDICT: similar to Ig lambda chain V-I region BL2 precursor 100% 100% 100% 100% 100% 100%

73995675* PREDICT: similar to Immunoglobulin lambda-like polypeptide 1 precursor 100% 100% 100% 100% 100% 100%

57107809 PREDICT: similar to Inositol monophosphatase 100% 100% 100% 100% 99% 100%

57109938 PREDICT: similar to kininogen 1 100% 100% 100% 100% 100% 100%

73985781 PREDICT: similar to lactotransferrin isoform 1 100% 100% 100% 100% 100% 100%

73960926 PREDICT: similar to Lamin A/C (70 kDa lamin) isoform 5 100% 100% 100% 100% 100% 100%

73981721* PREDICT: similar to Laminin 100% 100% 100% 100% 100% 100%

73990504 PREDICT: similar to latexin+  
100% 74% 100% 100% 100% 100%

73951809 PREDICT: similar to leucine aminopeptidase 100% 100% 100% 100% 100% 100%

73987375 PREDICT: similar to leucine-rich alpha-2-glycoprotein 1+  
100% 100% 64% 100% 99% 100%

73989012 PREDICT: similar to L-plastin 100% 100% 100% 100% 100% 100%

57097203 PREDICT: similar to Lumican precursor 100% 100% 100% 100% 100% 100%

57092489 PREDICT: similar to lysozyme precursor 100% 100% 100% 100% 100% 100%

73980918 PREDICT: similar to Macrophage capping protein+  
100% 82% 100% 100% 100% 100%

57092971 PREDICT: similar to Malate dehydrogenase, cytoplasmic isoform 1 100% 100% 100% 100% 100% 100%

73957776 PREDICT: similar to malate dehydrogenase, mitochondrial + 
100% 100% 100% 100% 100% 0

73978822 PREDICT: similar to Maltase-glucoamylase, intestinal 100% 100% 100% 100% 100% 100%

73980586 PREDICT: similar to matrilin 3 precursor + 
100% 68% 100% 100% 100% 100%

73947214 PREDICT: similar to Mimecan precursor + 
100% 100% 67% 100% 100% 100%

73966685 PREDICT: similar to Myeloperoxidase precursor 100% 100% 100% 100% 100% 100%

73962252 PREDICT: similar to peptidylprolyl isomerase A isoform 1 isoform 1 100% 100% 100% 100% 100% 100%

74000476 PREDICT: similar to peptidylprolyl isomerase B precursor isoform 2 100% 100% 100% 100% 100% 100%

73977959 PREDICT: similar to peroxiredoxin 1 100% 100% 100% 100% 100% 100%

73986497 PREDICT: similar to Peroxiredoxin 2 100% 100% 100% 100% 100% 100%

74006605 PREDICT: similar to Peroxiredoxin 4 100% 100% 100% 100% 100% 100%

57107225 PREDICT: similar to Phosphoglycerate mutase 1 100% 100% 100% 100% 100% 100%

74003806 PREDICT: similar to Placental thrombin inhibitor+  
100% 100% 64% 100% 100% 100%

73982640 PREDICT: similar to Plasma protease C1 inhibitor precursor+ 
100% 100% 76% 100% 100% 100%

73997687 PREDICT: similar to pregnancy-zone protein 100% 100% 100% 100% 100% 100%

73973230 PREDICT: similar to procollagen, type IX, alpha 1 isoform 1 100% 100% 100% 100% 100% 100%

73955372 PREDICT: similar to profilin 1 100% 100% 100% 100% 100% 100%

73961787* PREDICT: similar to proteasome subunit 100% 100% 100% 100% 100% 100%

73980394 PREDICT: similar to protein disulf ide isomerase precursor 100% 100% 100% 100% 100% 100%

73977271 PREDICT: similar to Purine nucleoside phosphorylase 100% 100% 100% 100% 100% 100%

73998292 PREDICT: similar to retinol-binding protein 4, plasma precursor 100% 100% 100% 100% 100% 100%

73964747* PREDICT: similar to Rho GDP dissociation inhibitor 100% 100% 100% 100% 100% 100%

73978109 PREDICT: similar to Ribonuclease 4 precursor (RNase 4)+  
100% 85% 100% 100% 100% 100%

74012668 PREDICT: similar to ribose 5-phosphate isomerase A 100% 100% 100% 100% 100% 100%

74003981* PREDICT: similar to serine proteinase inhibitor 100% 100% 100% 100% 100% 100%

73990142* PREDICT: similar to Transferrin 100% 100% 100% 100% 100% 100%

Femoral Head Culture Media Proteins Identified Protein Identification Probability
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Table 5-1 continued 

GI # Protein N1 N2 N3 OA1 OA2 OA3

73945839 PREDICT: similar to Serpin B10 100% 100% 100% 100% 100% 100%

73954161 PREDICT: similar to SPARC precursor 100% 100% 100% 100% 100% 100%

73971306 PREDICT: similar to talin 1 isoform 2 100% 100% 100% 100% 100% 100%

73971626 PREDICT: similar to Tenascin precursor 100% 100% 100% 100% 100% 100%

73999965* PREDICT: similar to thrombospondin 100% 100% 100% 100% 100% 100%

74004915* PREDICT: similar to titin + 
100% 100% 100% 100% 0 100%

57099501 PREDICT: similar to transaldolase 1 isoform 4 100% 100% 100% 100% 100% 100%

73971374 PREDICT: similar to Transforming grow th factor-beta 100% 100% 100% 100% 100% 100%

73985437 PREDICT: similar to Transketolase (TK) 100% 100% 100% 100% 100% 100%

57089193 PREDICT: similar to Transthyretin precursor 100% 100% 100% 100% 100% 100%

57106546 PREDICT: similar to Triosephosphate isomerase 100% 100% 100% 100% 100% 100%

73948956 PREDICT: similar to vimentin isoform 1 100% 100% 100% 100% 100% 100%

73953587 PREDICT: similar to Vinculin+ 
100% 0 100% 100% 100% 100%

73975213 PREDICT: similar to Vitamin D-binding protein precursor 100% 100% 100% 100% 100% 100%

57091275 PREDICT: similar to Vitronectin precursor 100% 100% 100% 100% 100% 100%

73948526 PREDICT: similar to Xaa-Pro dipeptidase 100% 100% 100% 100% 100% 100%

12644429 Aggrecan core protein 100% 100% 100% 100% 100% 100%

22653678 Dipeptidyl-peptidase 1 100% 100% 100% 100% 100% 100%

118595746 Myoglobin+ 
100% 100% 100% 100% 71% 100%

125987843 Myosin-7 100% 0 100% 100% 0 100%

51316934 Protein S100-A4+ 
100% 100% 100% 100% 100% 88%

13626813 Rab GDP dissociation inhibitor beta+ 
100% 0 100% 100% 100% 100%

224969390 S100 calcium binding protein A8 100% 100% 100% 100% 100% 100%

119637837 serine (or cysteine) proteinase inhibitor 100% 100% 100% 100% 100% 100%

22531688 serum albumin 100% 100% 100% 100% 100% 100%

34391862 stromelysin 1 100% 100% 100% 100% 100% 100%

224994158 ubiquitin A-52 residue ribosomal protein fusion product 1 precursor 100% 100% 100% 100% 100% 100%

171770454 WD repeat domain 1 + 
100% 63% 100% 100% 13% 100%

Femoral Head Culture Media Proteins Identified Protein Identification Probability

 
GI#: GenInfo Accession Number 
*denotes duplicates protein identified 
+protein was not identified with high confidence in all samples 
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Table 5-2

PROTEIN NAME FOLD CHANGE

Normal/OA

Complement factor H 0.14

Decorin 0.19

Complement factor B 0.19

Apolipoprotein A-I 0.25

Phosphatidylethanolamine binding protein 1 0.26

Apolipoprotein H 0.28

Kininogen 1 0.28

Alpha-2-HS-glycoprotein precursor (Fetuin-A) 0.36

Fibromodulin precursor 0.37

Tenascin 0.43

BM-specific heparan sulfate proteoglycan core protein 0.43

Ig lambda chain V-I region BL2 precursor 0.46

Histone H2A.l 0.5

Antithrombin-III 0.5

Ribose 5-phosphate isomerase 2.31

Glucose-6-phosphate isomerase 2.93

Transketolase 4.43

Serine proteinase inhibitor 4.47

Cartilage intermediate layer protein 6.34

Lactotransferrin 7.03  

Figure 5-2
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CHAPTER 6:  Cartilage Derived Cytokine, Chemokine and Matrix 
Metalloproteinase Concentrations and Protein Alterations in Naturally 
Occurring Osteoarthritis 

 
 
 

Introduction: 
Osteoarthritis (OA) arises from an imbalance of degradative and synthetic 

pathways affecting the articular cartilage, extracellular matrix (ECM) and other 

articular tissues.1   Even though millions of people are affected by this disease, a 

diagnosis is rarely possible in the early stages.2  A biomarker panel that is more 

successful than other currently available tests at diagnosing early disease could 

have significant ramifications on treatment and prevention.  Since the 

degradation of articular cartilage is a key process in the progression of OA, 

components of the cartilage that are up- or down-regulated may be strong 

candidates for a diagnostic biomarker panel. 

Biomarkers causing or resulting from chondrocyte degradation are 

commonly investigated, and their exploration has uncovered key pieces to the 

OA puzzle.3-8 In contrast, much remains unclear about chemokines, inflammation 

and their roles in promoting cartilage damage; therefore, examining these players 

could greatly increase our knowledge about the pathophysiology of OA and may 

provide novel biomarker candidates.  Chondrocytes in an inflammatory 

environment are known to behave differently from those exposed to basal 

conditions, and it is likely their altered behavior exacerbates the cartilage 

degradation cascade in OA. 9 This could be an effect of osteoarthritic 
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chondrocytes expressing more chemokine receptors and ligands than their 

normal counterparts, where binding augments the release of matrix degrading 

enzymes.9, 10 Furthermore, chondrocyte exposure to matrix breakdown products 

like collagen II increases production of IL8, MMP3 and MMP13, resulting in 

additional collagen II fragmentation and enhancement of the inflammatory 

cascade.4  These scenarios support the presence of a never-ending cycle in 

which cytokines, chemokines, MMPs and other inflammatory markers, once 

activated, continually augment the production of damaging signals. 

Recently, we have identified a panel of potential biomarkers that 

consistently discriminates between normal and osteoarthritic knees in dogs.  

Through the use of receiver operating characteristic (ROC) curves, we confirmed 

the combination of monocyte chemoattractant protein 1 (MCP1 or CCL2), 

interleukin 8 (IL-8 or CXCL8) and keratinocyte-derived chemoattractant (KC or 

CXCL1) demonstrates strong ability (AUC= 0.88) to distinguish between dogs 

with surgically-induced OA and control dogs when measured in knee synovial 

fluid11.   Similar cytokine and chemokine changes, as well as alterations in matrix 

metalloproteinases (MMPs) and other proteins, were also found in the knee 

synovial fluid of dogs with spontaneously occurring OA compared to normal 

dogs12.  The utility of this panel does not appear to be limited to the knee, 

however. These markers were evaluated in an in vitro study, and MCP1, IL8, 

MMP2, MMP3 and MMP13 were higher in media cultured with osteoarthritic 

femoral heads compared to normal (unpublished data).   
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As more information about these markers is revealed, it is important to 

determine the exact tissue source(s) of each analyte.  The previous study 

suggests the articular cartilage and subchondral bone may be involved in the 

production.  It remains unknown, however, whether the articular cartilage alone 

contributes significantly to their production and release. Therefore, the objective 

for part one of this study is to determine if cultured articular cartilage from 

osteoarthritic hip joints produces different levels of cytokines, chemokines and 

MMPs compared to normal cartilage.   

The genomic profiles of normal and osteoarthritic articular cartilage are 

often compared13-15, but mRNA levels do not necessarily correlate with protein 

expression. Direct protein identification and quantification through proteomics 

methods can be a valuable complement to gene analysis, and such methods 

have been successfully applied to articular cartilage.16-19 Part two of this study 

will take a comprehensive approach for elucidation of disease mechanisms and 

relevant biomarkers by examining proteins differentially produced by normal and 

OA hip articular cartilage through proteomics.   

Materials & Methods: 

Creation of explants:   

All procedures were approved by the animal care and use committee 

(ACUC). Articular cartilage was harvested from the femoral head of six adult 

medium–to-large breed dogs undergoing total hip replacement due to chronic 

OA.  Femoral head cartilage from six adult medium-to-large breed dogs with 
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grossly normal tissue, no overt clinical signs of OA and euthanatized for reasons 

unrelated to this study served as the control group.  Signalments were not 

available for either group of dogs.  Two full-thickness 4mm cartilage explants 

were created from the tissue of each dog, and they were incubated together in 

500µl of Dulbecco’s modified Eagle’s medium (DMEM)a with supplemental 

nutrients for a total of seven days (Figures 6-1A and 6-1B).  Media was changed 

at days 1, 4 and 7 in culture, and collected media was stored at -20°C until 

analysis could be performed. 

Multiplex analysis: 

On the day of analysis, the media samples were thawed.  Three 25μl 

aliquots from each individual (one each from days 1, 4 and 7) were tested using 

a multiplex canine immunoassayb based on the xMAP platformc for 14 cytokines 

and chemokines: IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-15, IL-18, IP-10, INF-γ, TNF-

α, MCP1, KC, and GM-CSF as previously described11. A second aliquot was 

tested using a multiplex human immunoassayd for 5 MMPs: MMP1, MMP2, 

MMP3, MMP9 and MMP13.  This assay has been previously shown to cross-

react with samples of canine origin.20 Results were statistically evaluated with the 

unpaired t-test or the Mann-Whitney Rank Sum teste when the normality or equal 

variance test failed with significance set at p<0.05.  

Proteomics:  

Individuals were ranked based on their total expression (in pg/ml) of the 

cytokines, chemokines and MMPs.  Media (from days 4 and 7) from 2-4 
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individuals with similar total expression were pooled for proteomics into four 

categories [normal (low), normal (high), OA (low) and OA (high)].  Each media 

pool was acetone precipitated, and the protein content was quantified using a 

fluorescence-based assayf. It was then determined that gel separation of the 

normal (low) media could not be pursued due to insufficient volume and low 

protein concentration. Sample volumes containing 60µg of protein from the 

remaining three pooled samples were separated by one-dimensional 

polyacrylamide gel electrophoresis (1D-PAGE) under reducing conditions on a 

NuPAGE 4-12% Bis-Tris gelg (Figure 6-1C).  The gel was stained with coomassie 

brilliant blue and imaged. 

Each lane was cut into 8 equal sections and trypsin digested.21  The 

extracted peptides were lyophilized and re-suspended in 15uL 1% formic acid 

and analyzed by LC-MS/MS on LTQ Orbitrap instrumentation at the University of 

Missouri Gehrke Proteomics Center (Figure 6-1D).  Briefly, an aliquot of the 

digests (5µL) was loaded onto a C8 trap column (C8 pepmap100 – Dionex) using 

a 20uL loop.  Bound peptides were eluted from this trap column onto a 10cm, 

150µm i.d. pulled-needle analytical column packed with magic C18 reversed 

phase resinh. Peptides were separated and eluted from the analytical column 

with a continuous gradient of acetonitrile from 0 to 45% (in 0.1% formic acid) over 

60 minutes.   Following a high-resolution Fourier Transform Mass Spectrometry 

(FTMS) scan of the eluting peptides, each second, the six most abundant 

peptides were subjected to peptide fragmentation (CID in the iontrap).  Data 
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across a total of 60 minutes of elution were collected and then searched against 

the National Center for Biotechnology Information (NCBI) non-redundant 

database taxonomy-limited to dogs only using the Sorcerer2 Integrated Data 

Appliance. Results (identifications) were examined using the Scaffold V2.6 

programi.  Criteria for identification acceptance were 2 unique peptides, Sequest 

scores of 2.7, 3.5 or 3.0 for charge states of +2, 3 or 4 respectively or >95% 

confidence assignment (protein identification probability) by Scaffold.  

Differences between categories were evaluated statistically with the unpaired t-

test and significance set at p<0.05.   

Following initial analysis, peptide exclusion methods were used to reduce 

albumin identification to allow greater proteome coverage. Re-analysis was 

performed on the two remaining samples with sufficient volume [normal (high) 

and OA (high)]. Fold changes between these two groups were determined using 

Scaffold software, and changes ≥2.0 were considered significant. 

Results: 

Multiplex analysis:  

MCP1, KC, IL8, MMP2, MMP3 and MMP13 were consistently detected in 

all samples, but the remaining cytokines, chemokines and MMPs could not be 

evaluated as they were consistently below the limit of detection for the 

immunoassays. These six analytes were subsequently used for ranking and 

pooling of samples for proteomics.   
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 Three dogs within the OA group exhibited significantly higher (p=0.026) 

production of the six analytes than the others and were placed into the OA (high) 

group. The other three individuals in the OA group were categorized as OA (low).  

Two normal dogs showed very similar cytokine and chemokine production to 

those within the OA (high) cluster, and they had significantly higher expression of 

MCP1, IL8 and KC than the remaining normal dogs (p=0.008, p=0.002 and 

p<0.001 respectively). A more thorough clinical history was not available for 

these two individuals, but the dramatic elevations in these markers suggested 

these dogs may have had joint pathology (such as OA).  From this point forward 

these individuals were renamed “subclinical OA” and the title “normal (high)” was 

discarded.  They were removed from the normal group for subsequent statistical 

analyses.  The other four normal dogs remained in normal (low). 

OA media had significantly higher KC expression than normal media 

(p=0.028), as well as significantly higher MMP2 and MMP13 expression 

(p<0.001). A significant difference between normal and OA was not found for 

MMP3, IL8 or MCP1 (Figure 6-2). 

Proteomics:  

Initial analysis revealed 23 non-redundant proteins that were identified 

with >95% protein identification probability (Table 6-1). Two proteins (cartilage 

oligomeric matrix protein and alpha-1-antitrypsin) were significantly different 

between subclinical OA and all clinical OA dogs, and four proteins varied in 

expression between clinical OA (low) and clinical OA (high) dogs (Table 6-2 and 
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Figure 6-3). The re-analysis with exclusion of peptides matching albumin lead to 

greater coverage of the proteome and identification of 80 distinct proteins with 

high confidence (Table 6-3).  Fourteen proteins were expressed differently 

between subclinical OA dogs and clinical OA (high) dogs (Table 6-4 and Figure 

6-4). 

Discussion: 

This study confirms canine hip articular cartilage is a source of MCP1, IL8, 

KC, MMP2, MMP3 and MMP13.  Consequently, a panel comprised of these 

analytes may have clinical application for the diagnosis of hip OA. Previously, we 

showed these markers were produced by tissues in the canine knee, and others 

have confirmed that human knee articular cartilage produces MCP1, IL8 and 

GROα (the human counterpart to KC) as well.22 Therefore, this panel should be 

evaluated for translational use in human OA. 

We have previously shown that cultured canine OA femoral heads 

(including the articular cartilage and subchondral bone) produce more MCP1, 

IL8, MMP2, MMP3 and MMP13 than their normal counterparts (unpublished 

data), with no changes between OA and normal for KC.  The current study 

suggests isolated canine OA articular cartilage contributes primarily to the 

increases in MMP2 and MMP13, which is similar to a study where human OA 

chondrocytes released more MMP2 than normal chondrocytes. 23 It is surprising 

there were no significant differences in MCP1 or IL8 production between types of 

canine cartilage since others have shown human OA cartilage releases altered 
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levels of chemokines. For example, human OA chondrocytes expressed more 

IL8, which can cause hypertrophic differentiation of chondrocytes.24, 25   

While we have not analyzed subchondral bone as a single entity, our 

findings suggest the subchondral bone is more important than the cartilage in 

producing increased quantities of MCP1, IL8 and MMP3 whenever OA is present 

in the canine hip.  Hulejova, et al showed that IL8 and MMP3 were upregulated in 

subchondral bone below cartilage lesions, and this upregulation may have 

contributed to cartilage degradation.23 More investigation is required however, 

since changes originating from one tissue may mask those attributable to others.  

For example, KC, which was significantly higher in the cultured OA articular 

cartilage, was not significantly different between normal and OA when intact 

femoral heads were studied.   

Pooling, which was necessary for the proteomics portion of the study, was 

based on the total cytokine, chemokine and MMP expression for each individual.  

This method of grouping individuals revealed several interesting points.  First, 

two distinct groups of expression were detected in the dogs known to have OA.  

Three individuals had very high degrees of expression, whereas the others had 

significantly lower degrees of expression.  Variability between individuals could 

be attributed to many factors including disease severity, stage of disease or even 

age.  It was beyond the scope of this study to correlate clinical findings, history or 

signalment with the degree of marker expression, but this correlation should be 

evaluated in future studies. 
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Several proteins showed differences in expression between groups.  

Cartilage oligomeric matrix protein (COMP) is a member of the thrombospondin 

protein family26 and is present in chondrocytes, synovium, ligaments and 

tendons. 27, 28 COMP, one of the most studied biomarkers in OA, has been 

shown to be significantly increased during the initial stages of OA followed by a 

slow decline in the later stages of disease.29, 30 Increases in serum and synovial 

fluid COMP have been shown to predict cartilage loss or correlate with cartilage 

degradation on MRI, and joint space width may also correlate to synovial fluid 

and serum COMP levels.29, 31-33 The two dogs re-categorized into the subclinical 

OA group had more COMP than the dogs known to have chronic hip OA, and 

this suggested the novel panel and COMP were both elevated due to the 

presence of early disease. This positive correlation provides additional support 

for the application of our novel biomarker panel in the diagnosis of early OA, and 

it supported our decision to re-categorize these two individuals.  

Other proteins that exhibited differences in expression were fibromodulin 

and decorin. Both are members of the small leucine-rich repeat proteoglycan 

family (SLRPs) and assist with chondrogenesis regulation and extracellular 

matrix turnover.34-36  The complete absence or the inactivation of fibromodulin 

and decorin genes leads to early onset OA with rapid progression.34, 37, 38 

Changes in the distribution or expression of SLRPs in OA tissue suggest these 

markers typically function to maintain normal chondrocyte activity and tissue 
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integrity in health, and their catabolism seriously affects the integrity of articular 

cartilage by interfering with their homeostatic functions.35, 39, 40  

Increases in these proteins may reflect amplified synthesis by the 

chondrocytes attempting to protect and repair the tissue in early OA. Here, the 

cartilage from individuals presumed to have very early disease (subclinical OA) 

expressed more fibromodulin  and decorin than the cartilage from known chronic 

OA patients.   Increased transcription and translation of decorin and other SLRPs 

are upregulated in late OA too, possibly in an effort to compensate for the 

generalized proteoglycan loss.39  Upregulated synthesis is not the only plausible 

explanation for more protein in the later stages, however.  Increased 

fragmentation due to matrix destruction can also elevate protein levels. While 

disease severity details were not available for the clinical OA dogs, we can 

speculate those with highest total expression [OA (high)] had more severe 

disease.  Thus their increased levels of fibromodulin compared to OA(low) were 

either more frantic attempts at compensation or due to buildup of fibromodulin 

fragments following ECM destruction.  Studies using western blot techniques 

could discern whether intact proteins or protein fragments are being 

accumulated. 

Cartilage intermediate layer protein (CILP), which has been isolated and 

characterized in articular cartilage, may also be involved in balancing cartilage 

degradation and repair. 41, 42 CILP has been linked to diseases like OA and 

lumbar disc disease, and it increases in early and late OA.30, 42  While CILP 
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exhibits several similar characteristics when compared to other matrix proteins 

like those discussed earlier, its distribution is relatively restricted to the middle 

zone layer chondrocytes; therefore, increases may indicate altered metabolism in 

the middle cartilage layer.41 This unique location differs from COMP and decorin 

which are more commonly located near the cartilage surface.30  The subclinical 

OA dogs in this study had higher CILP levels than the OA(high) dogs, but no 

gross pathology or cartilage defects were noted.  While the creation of the 

cartilage explants could have exposed the previously hidden middle-to-deep 

layers of cartilage and enabled release of proteins into the media, it is unlikely 

this would have led to significant differences between groups.  Therefore, these 

data suggest metabolism abnormalities were present within the deeper aspects 

of the grossly normal cartilage in the subclinical OA individuals. 

In conclusion, this study has confirmed a novel biomarker panel 

comprised of MCP1, IL8, KC, MMP2, MMP3 and MMP13 that is being developed 

for knee OA may be translated for use in hip OA.  Evaluation of samples that can 

be collected in a less invasive and more clinically applicable manner, such as 

synovial fluid, is being pursued to more fully characterize this panel’s use in joints 

other than the knee.  We have also shown that the protein profiles vary among 

OA individuals with different cytokine, chemokine and MMP expression, and this 

panel may help to identify individuals with early OA prior to the development of 

gross abnormalities or clinical signs. 
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aInvitrogen, Carlsbad, CA 
bMillipore Corp. St. Louis, MO 
cQiagen Inc., Valencia, CA 
dR&D Systems, Minneapolis, MN 
eSigmaStat 3.5; Systat Software, Incorporated, San Jose, CA 
fEZQ; Molecular Probes, Eugene, OR 
gInvitrogen, Carlsbad, CA 
hMichrom Bioresources, Inc., Auburn, CA   
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Figure 6-1 
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Table 6-1 

 

 

 

 

 

 

 

 

 

GI # Protein NL OA low OA high

12644429 * Aggrecan core protein 100% 100% 100%

119637732 * alpha 1 antitrypsin 100% 100% 100%

3024394 * Biglycan 100% 100% 100%

194368498 * Chain B, Crystal Structure Of Hemoglobin 100% 100% 100%

194368499 * Chain C, Crystal Structure Of Hemoglobin 100% 100% 100%

116531 * Clusterin 100% 100% 100%

50979008 * decorin 100% 100% 100%

73974957 PREDICTED: serum albumin 100% 100% 100%

73964432 PREDICTED: similar to Alpha-1-antichymotrypsin precursor 100% 100% 100%

57036446 * PREDICTED: similar to Apolipoprotein E precursor 100% 100% 100%

74000887 PREDICTED: similar to cartilage intermediate layer protein 100% 100% 100%

73985933 * PREDICTED: similar to Cartilage oligomeric matrix protein precursor 100% 100% 100%

73966365 PREDICTED: similar to Chondroadherin precursor 100% 100% 100%

73957360 PREDICTED: similar to C-type lectin superfamily member 1 precursor 100% 100% 100%

73951929 PREDICTED: similar to Extracellular superoxide dismutase 100% 100% 100%

74005821 PREDICTED: similar to f ibromodulin precursor 100% 100% 100%

74005698 PREDICTED: similar to f ibronectin 1 isoform 1 preproprotein 100% 100% 100%

73952134 * PREDICTED: similar to Hyaluronan and proteoglycan link protein 1 precursor 100% 100% 100%

57097203 PREDICTED: similar to Lumican precursor 100% 100% 100%

57092489 * PREDICTED: similar to lysozyme precursor 100% 100% 100%

73978109 PREDICTED: similar to Ribonuclease 4 precursor 100% 100% 100%

73990156 PREDICTED: similar to Serotransferrin precursor 100% 100% 100%

73966928 PREDICTED: similar to small inducible cytokine A16 precursor 100% 100% 100%

10947027 * type IIA procollagen 100% 100% 100%

Protein ID ProbabilityArticular Cartilage-Derived Proteins Identified (initial analysis)
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Table 6-2 

 
 

 

 

Figure 6-3 

 
 

Protein name P value

Cartilage Oligomeric Matrix Protein (S) 0.0053

Alpha 1 antitrypsin (OA) 0.027

Protein name Fold change

Clusterin (H) 2

 Fibronectin 1 (L) 2.7

Apolipoprotein E  (H) 3.3

Fibromodulin (H) 5

S:  higher in subclinical patients

L:  higher in OA (low) patients;  H: higher in OA (high) patients

OA:  higher in OA (low and high) patients

Subclinical OA vs Clinical OA (low and high) 

Clinical OA (high) vs OA (low) 
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Table 6-3 

GI # Proteins OA high Subclinical

160332358 * Actin 100% 100%

12644429 * Aggrecan core protein 100% 100%

119637732 * alpha 1 antitrypsin 100% 100%

3024394 * Biglycan 100% 100%

223556019 carbonic anhydrase II 100% 100%

194368498 * Chain B, Crystal Structure Of Hemoglobin From Dog 100% 100%

194368499 * Chain C, Crystal Structure Of Hemoglobin From Dog 100% 100%

116531 * Clusterin 100% 100%

157151714 * collagen, type VI, alpha 3 100% 100%

3024407 * Decorin 100% 100%

12644362 * Metalloproteinase inhibitor 1 (TIMP-1) 100% 100%

20981731 * Metalloproteinase inhibitor 2 (TIMP-2) 100% 100%

118595746 * Myoglobin 100% 100%

63003109 * NM23-C2 99% 100%

73973308 * PREDICTED: similar to alpha 1 type XII collagen long isoform precursor 100% 100%

73964432 PREDICTED: similar to Alpha-1-antichymotrypsin precursor (ACT) 100% 100%

57100553 PREDICTED: similar to Annexin A5 100% 100%

73955106 PREDICTED: similar to Apolipoprotein A-I precursor 100% 100%

57036446 * PREDICTED: similar to Apolipoprotein E precursor 100% 100%

73986030 PREDICTED: similar to Cartilage intermediate layer protein 2 precursor 100% 100%

74000887 PREDICTED: similar to cartilage intermediate layer protein 100% 100%

73985933 PREDICTED: similar to Cartilage oligomeric matrix protein precursor 100% 100%

73973784 PREDICTED: similar to CD109 100% 100%

73960205 PREDICTED: similar to chitinase 3-like 1 100% 100%

73966365 PREDICTED: similar to Chondroadherin precursor 100% 100%

74004777 * PREDICTED: similar to Collagen alpha 1(III) chain precursor 100% 100%

74001590 PREDICTED: similar to Collagen alpha 1(VI) chain precursor 100% 100%

74001592 PREDICTED: similar to collagen, type VI, alpha 1 precursor 100% 100%

73972473 PREDICTED: similar to collagen, type XI, alpha 2 isoform 3 100% 100%

73957360 PREDICTED: similar to C-type lectin superfamily member 1 precursor 100% 100%

73951856 PREDICTED: similar to Cytokine-like protein C17 precursor 100% 100%

73957458 PREDICTED: similar to Epithelial-cadherin precursor 100% 100%

73951929 PREDICTED: similar to Extracellular superoxide dismutase 100% 100%

74005821 PREDICTED: similar to f ibromodulin precursor 100% 100%

74005698 PREDICTED: similar to f ibronectin 1 isoform 1 preproprotein 100% 100%

73958479 * PREDICTED: similar to Fructose-bisphosphate aldolase A 100% 100%

Articular Cartilage-Derived Proteins Identified (repeat analysis) Protein ID Probability

 
 
 
 
 
 
 



119 

 

Table 6-3 continued 

GI # Proteins OA high Subclinical

73971648 * PREDICTED: similar to Gelsolin precursor 100% 100%

57110407 * PREDICTED: similar to germinal histone H4 gene 100% 100%

74005589 * PREDICTED: similar to Glia derived nexin precursor 100% 100%

74003986 * PREDICTED: similar to Histone H2A.l 100% 100%

73952134 * PREDICTED: similar to Hyaluronan and proteoglycan link protein 1 precursor 100% 100%

73996265 * PREDICTED: similar to insulin-like grow th factor binding protein 6 100% 100%

73975083 * PREDICTED: similar to Insulin-like grow th factor binding protein 7 precursor 100% 100%

73951447 PREDICTED: similar to Lactadherin precursor 100% 100%

57093551 PREDICTED: similar to leukocyte cell-derived chemotaxin 2 precursor 100% 100%

73988675 * PREDICTED: similar to L-lactate dehydrogenase A chain 100% 100%

57097203 PREDICTED: similar to Lumican precursor 100% 100%

57092489 * PREDICTED: similar to lysozyme precursor 100% 100%

73970573 PREDICTED: similar to lysyl oxidase preproprotein isoform 1 100% 100%

73980586 PREDICTED: similar to matrilin 3 precursor 100% 100%

73997604 PREDICTED: similar to Matrix Gla-protein precursor 100% 100%

73948308 PREDICTED: similar to Melanoma derived grow th regulatory protein precursor 100% 100%

73947214 PREDICTED: similar to Mimecan precursor 100% 100%

73962252 PREDICTED: similar to peptidylprolyl isomerase A isoform 1 isoform 1 100% 100%

73986497 * PREDICTED: similar to Peroxiredoxin 2 100% 100%

74007807 * PREDICTED: similar to phosphoglycerate kinase 1 isoform 2 100% 100%

57107225 PREDICTED: similar to Phosphoglycerate mutase 1 100% 100%

73957867 * PREDICTED: similar to Procollagen C-proteinase enhancer protein precursor 100% 100%

73967750 PREDICTED: similar to procollagen, type V, alpha 1 100% 100%

73978109 PREDICTED: similar to Ribonuclease 4 precursor 100% 100%

73966928 PREDICTED: similar to small inducible cytokine A16 precursor 100% 100%

73954161 PREDICTED: similar to SPARC precursor 100% 100%

73971626 * PREDICTED: similar to Tenascin precursor 100% 100%

73999965 PREDICTED: similar to thrombospondin 1 precursor 100% 100%

73952345 PREDICTED: similar to Thrombospondin-4 precursor 100% 100%

73990142 PREDICTED: similar to transferrin precursor 100% 100%

73971374 PREDICTED: similar to Transforming grow th factor-beta induced protein 100% 100%

57106546 * PREDICTED: similar to Triosephosphate isomerase 100% 100%

73974180 * PREDICTED: similar to tyrosine 3/tryptophan 5 -monooxygenase activation protein 100% 99%

73980136 * PREDICTED: similar to vitrin isoform 2 100% 100%

22531688 * serum albumin 100% 100%

164064 serum amyloid A protein 98% 100%

34391862 * stromelysin 1 100% 100%

10947027 * type IIA procollagen 100% 100%

Articular Cartilage-Derived Proteins Identified (repeat analysis) Protein ID Probability

GI#: GenInfo accession number 
*denotes duplicate protein identified 
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Table 6-4 
 

Protein name Fold change

Biglycan (S) 2

Lumican (OA) 2

Collagen type 11 (S) 2.1

 Fibromodulin (S) 2.2

Apolipoprotein E (OA) 2.5

Alpha 1 antichymotrypsin (S) 2.7

Cartilage Intermediate Layer Protein 2 (S) 3.2

Decorin (S) 4.3

Cartilage Intermediate Layer Protein (S) 4.5

Cytokine-like protein C17 (S) 4.6

Chitinase 3-like 1 (S) 4.6

C-type lectin (S) 4.8

Transferrin (OA) 5

Stromelysin 1 (MMP3) (S) 8.9

S:  higher in subclinical patients

OA: higher in OA (high) patients

Subclinical OA vs Clinical OA (high) 

 
 

 
 

Figure 6-4 
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CHAPTER 7:  The Evaluation of a Diagnostic Biomarker Panel in an in vitro  
Model of Osteoarthritis 

 
 
 

Introduction: 

Osteoarthritis (OA) is the most common arthritis, affecting millions of 

people, but challenges associated with its diagnosis persist.1 OA is rarely 

diagnosed early enough to allow clinical progression of disease to be prevented; 

therefore, the identification of a biomarker panel that can be used in conjunction 

with, or instead of, other tests could have significant ramifications for the 

treatment and prevention of OA.  During the search for a diagnostic  biomarker 

panel, our laboratory showed changes in cytokine and chemokine levels occur 

within the synovial fluid of dogs after induction of stifle (knee) OA by three 

different surgical methods.2 The combination of three of these, monocyte 

chemoattractant protein 1 (MCP1/CCL2), interleukin 8 (IL8/CXCL8) and 

keratinocyte-derived chemoattractant (KC/CXCL1), demonstrated strong 

discriminatory ability for distinguishing surgically-induced OA joints from non-

osteoarthritic joints based on receiver operating characteristic (ROC) curve 

analysis (AUC= 0.88) when measured in synovial fluid.2 We also demonstrated in 

a separate study that the same three chemokines (MCP1, IL8 and KC) were 

consistently able to differentiate normal healthy knees from knees in dogs with 

spontaneously occurring clinical OA (AUC=0.9) when measured in the synovial 

fluid.3  Subsequently, it was suspected these analytes may be useful as part of 

an OA diagnostic biomarker panel.   
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Recent developments in OA research support the incorporation of these 

types of markers into diagnostic panels.  Increased production of certain 

chemokines and cytokines, including IL8 and MCP1, have historically been 

associated with inflammatory conditions such as rheumatoid arthritis.4-6  This 

correlation is not surprising since cytokines and chemokines were initially 

identified as inflammatory mediators and cell attractants, but recently their 

apparent involvement in early OA including proteinase induction and 

proteoglycan synthesis inhibition has been reported.7, 8 Furthermore, OA which 

has traditionally been regarded as a non-inflammatory arthritis, is now known to 

contain an inflammatory component as well.9-12  

Biomarkers were recently classified under the BIPED scheme: Burden of 

disease, Investigative, Prognostic, Efficacy of intervention and Diagnostic. 13, 14   

The novel panel recognized within our laboratory was initially assessed for its 

diagnostic capabilities, but the collection of markers may also be able to 

ascertain prognosis or efficacy of treatment.  MCP1 was significantly lower in OA 

dogs 8-12 weeks after surgical intervention for their knee OA compared to their 

pre-surgical values, and IL8 and KC declined after treatment (although not 

significantly) suggesting the increased joint stability resulting from the surgical 

procedures led to decreased chemokine production.3  Furthermore, the addition 

of MMP2 and MMP3 to the panel of three chemokines improved its overall 

performance (AUC=1.0).  Two of three dogs known to have post-operative 
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lameness or limited weight-bearing according to the owners 8-12 weeks after 

surgery had the highest IL8 and MCP1 values of all the post-operative dogs.  

These data suggest this novel biomarker panel should be further investigated for 

clinical use in treatment monitoring applications as well as for diagnostic 

purposes. 

This panel has repeatedly been shown capable of distinguishing between 

normal and OA, but it has not been determined whether the chemokine and MMP 

values correlate with the severity of disease.  In vitro models, which are 

commonly used to investigate OA in a more controlled environment than clinical 

studies allow, are desirable for this type of venture.15-20 A co-culture model that 

enables the continued interaction between cartilage and synovium and better 

mimics the in vivo joint environment, is also gaining popularity.17, 21   

Cytokines linked to the catabolism of articular cartilage in OA can be 

admixed with culture media in various combinations and concentrations to imitate 

OA-like environments.  Two cytokines commonly used for this purpose, 

interleukin-1 beta (IL1β) and tumor necrosis factor-alpha (TNF-α), stimulate 

MMPs and enhance the production of other inflammatory cytokines in vivo and in 

vitro, as well as promote cartilage and extracellular matrix destruction.12, 16, 18, 22-26 

Oncostatin M (OSM), a product of monocytes and macrophages, is structurally 

similar to interleukin 6 (IL6), leukemia-inhibitory factor (LIF) and granulocyte 

colony stimulating factor (GCSF).27  Alone OSM stimulates cartilage proteoglycan 
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resorption28 and decreases proteoglycan synthesis28, but when combined with 

IL1β or TNF-α it enhances their catabolic effects including collagen breakdown24.   

 Therefore, our objectives for this study were 1) to create three different in 

vitro OA-like environments by supplementing media with IL1β alone or in 

combinations with TNF-α and OSM; 2) to determine whether MCP1, IL8, KC, 

MMP2, MMP3 and MMP13 values exhibit a dose-dependent response to in vitro 

cytokine stimulation; and 3) to observe temporal alterations in MCP1, IL8, KC, 

MMP2, MMP3 and MMP13. 

Materials & Methods: 

Creation and stimulation of explants: 

Shoulder articular cartilage, menisci and knee synovium were harvested 

from 7 adult medium-to-large breed dogs euthanatized for reasons unrelated to 

this study.  These dogs had grossly normal tissues and no clinical signs of 

lameness. Four-millimeter cartilage and synovium explants from each individual 

were created for co-culture (Figure 7-1), and the menisci were prepared for 

culture. Additives were mixed with Dulbecco’s modified Eagle’s medium 

(DMEM)a plus ITSb and supplemental nutrients to create four different varieties of 

media: normal or negative control (no cytokines), mild (50 ng/ml rhIL1βc), severe 

(100 ng/ml rhIL1β) and super severe (100 ng/ml rhIL1β, 25 ng/ml  rhTNF-αc and 

25ng/ml rhOncostatin Mc).  These concentrations were all previously deemed 

sufficient to induce release of inflammatory mediators12, 29-31, stimulate production 

of degradative enzymes12, 24, 31, 32 and increase proteoglycan degradation31, 33 to 
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varying degrees. Because combinations of these cytokines have been shown to 

act synergistically, the super severe category contained high concentrations of 

IL1β, TNF-α and OSM29, 33.   

Tissues were cultured for a total of 21 days, with media changes occurring 

every three days (days 3, 6, 9, 12, 15, 18 and 21).  Fresh IL1β- or IL1β-, TNF-α-, 

and OSM-supplemented media was added each time.   The media collected at 

days 6, 15 and 21 were stored at -20°C for subsequent evaluation by multiplex 

assay, as well as prostaglandin E2 (PGE2) and nitric oxide (NO).  On day 21, the 

tissues were removed from media and stored at -20°C for later determination of 

DNA content. 

Multiplex analysis: 

On the day of analysis, the media samples were thawed.  Three 25μl 

aliquots from each individual (from days 6, 15 and 21) were tested using a 

multiplex canine immunoassayd (Millipore Corp. St. Louis, MO, USA) based on 

the xMAP platforme (Qiagen Inc.) for three cytokines and chemokines: IL8, MCP1 

and KC as previously described.2  A second aliquot was tested using a multiplex 

human immunoassayf for 3 MMPs: MMP2, MMP3 and MMP13.  This assay has 

been previously shown to cross-react with samples of canine origin.34 Re-

analysis using dilutions of 1:10 and 1:25 were subsequently performed for MCP1 

and IL8 respectively to obtain values within the limits of detection for the assay. 
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Inflammatory mediators:  

The concentrations of PGE2 in the media samples were quantitated by a 

competitive enzyme immunoassayg.  Sample concentrations were determined 

from the standard curve, and they were reported as picogram (pg) per well per 

the manufacturer’s directions.  Nitrite concentrations were measured 

spectrophotometrically using the Griess reactionh per the manufacturer’s 

directions, and these concentrations were used to represent nitric oxide 

synthesis. Briefly, a 25µl aliquot of medium diluted with 25µl of phosphate 

buffered saline was incubated with 50µl of 0.1% sulfanilamide in 5% phosphoric 

acid, then with 50µl of 0.1% N-1-naphthyl-ethylenediamine dihydrochloride for 5 

minutes before measuring absorbance at 520nm. 

Tissue Digestion: 

The tissues (synovium, cartilage and menisci) were digested overnight at 

65°C using papain digestion buffer (20mM sodium phosphate buffer, 1mM EDTA, 

300µg/ml (14U/mg) of papain and 2mM DTT) for DNA quantificationi. A buffer 

volume of 3mls was used for the menisci and 500µl was added to synovium and 

cartilage separately. Cytokine and MMP concentrations were standardized to the 

DNA content (pg/ng).   

Statistics: 

Results (in pg/ng) were statistically evaluated with the unpaired t-test or 

the Mann-Whitney Rank Sum testj when the normality or equal variance test 

failed with significance set at p<0.05.  
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Results 

PGE2 and NO:  

After 6 days in culture, PGE2 was numerically different in the mild 

(p=0.152; 0.165), severe (p=0.541; 0.165) and SSV (p=0.113; 0.181) co-culture 

and meniscal media compared to normal (Figures 7-2 and 7-3).  Significant 

differences were not detected after days 15 or 21 in co-culture.  The meniscal 

production of PGE2 at day 6 showed a dose-dependent response except for in 

the SSV group, and the co-culture production of PGE2 for day 6 peaked with mild 

stimulation.   Across all affected co-culture and the mild and severe meniscal 

groups in this study, the day 6 PGE2 values were the highest, and they continued 

to decline over time.   

Meniscal NO demonstrated a subtle dose-dependent increase at day 6 

and more overtly at day 15, but this type of response was not seen in co-culture 

(Figures 7-4 and 7-5).  For the purposes of this study, comparisons to the mild, 

severe and super severe (SSV) categories were performed individually and then 

comparisons were made to all affected samples combined.  No significant 

differences were found between normal and all affected samples at days 6, 15 or 

21 of co-culture for PGE2 or NO.  All affected samples combined had a 

significantly higher (p=0.047; p=0.029) meniscal NO concentration compared to 

normal at days 6 and 15.  Meniscal PGE2 trended lower in normal than all 

affected samples at days 6 (p=0.132), 15 (p=0.130) and 21 (p=0.319). 
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Co-culture:   

After six days in culture, the SSV co-culture showed significant increases 

(p<0.05) in MMP13, MMP3, MMP2, IL8, KC and MCP1 compared to normal, mild 

and severe groups (Figures 7-6 and 7-7).  SSV was significantly higher than 

normal, mild and severe at days 15 and 21 as well, except for MMP2 and KC at 

day 21. KC only had significant increases in SSV compared to mild and severe, 

and MMP2 only had a significant difference between SSV and severe.  Total 

cytokine production, as well as total production of all six analytes, was higher in 

the SSV than normal, mild or severe (p<0.001) groups (Figures 7-8 and 7-9). 

Significant differences were not identified in any analyte or any time point 

between normal and mild.  No significant differences were found between 

MMP13, MMP3, MMP2, IL8, KC or MCP1 in all affected media compared to 

normal at days 6, 15 and 21, although the affected means were consistently 

higher than normal.   

Meniscus:  

Interleukin 8 was significantly higher in SSV compared to normal 

(p=0.038) at day 6 and at day 21 (p=0.015), but not day 15 (Figure 7-10).  The 

mild media contained more IL8 than normal at day 6 (p=0.039) and more KC 

than normal at days 6 and 15 (p=0.028; p=0.048). MCP1 was significantly higher 

in mild vs normal at day 15 and day 21 (p=0.038; p=0.028), but not at day 6.  No 

differences were found at any time point between normal, mild, severe or SSV for 

MMP2, MMP3 or MMP13 (Figure 7-11).  Total cytokine production was higher in 
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the SSV group compared to both normal and mild groups (p=0.026; p=0.013) 

(Figure 7-12).  Total production of all six analytes was significantly higher in the 

SSV vs normal group only (p=0.038) (Figure 7-13).   

No significant differences were found at any time points for MMP13, 

MMP3 or MMP2 when normal was compared to all affected media.  IL8 and KC 

were significantly higher in all affected media at day 6 (p=0.024; p=0.017) and at 

day 15 (p=0.026; p=0.036), but significant changes were not detected in day 21.  

MCP1 was significantly higher in all affected media compared to normal at day 

15 (p=0.027) and an increasing trend was noted at day 6 as well (p=0.063).  No 

significant differences were found between normal and all affected media for 

MCP1 at day 21.  

Discussion  

In co-culture, all six analytes were significantly higher in the SSV category 

compared to the normal, mild and severe groups at day 6.  This confirms the 

cartilage and/or synovium increases production of IL8, MCP1, KC, MMP13, 

MMP3 and MMP2 rapidly following a harsh stimulus.  Previous work within our 

laboratory has confirmed isolated articular cartilage from the canine hip is 

responsible for producing all of these markers35, and others have shown human 

knee articular cartilage contributes to the production of MCP1, IL8 and a human 

analog to KC, GROα.18 Upregulated synovial production of some of these 

mediators, including MCP1 and IL8, has also been reported in OA.36   



135 

 

Within the SSV co-culture group, MCP1 demonstrated a rapid increase 6 

days after tissue harvest with a slight decline before day 15 that remained 

relatively consistent through day 21.  Stimulation with IL1β or IL1β and TNF-α 

elsewhere greatly increased the expression of MCP1.7, 22 MCP1 subsequently 

augmented MMP3 expression, inhibited proteoglycan synthesis and enhanced 

proteoglycan release from chondrocytes in vitro.7 In the SSV meniscus group, 

MCP1 also peaked less dramatically at day 6 and then declined through the 

remaining time points. 

MMP2 and MMP3 were also highest at day 6 in the SSV co-culture group, 

but concentrations remained very stable throughout the entirety of the study 

rather than changing dramatically.  The rapid response of MMP3 in the present 

study correlates with another that has shown the highest MMP concentrations in 

the early and intermediate stages of disease in synovial fluid of OA patients.37  

The remaining analytes also had differing patterns of response in the SSV 

co-culture groups.  KC peaked at day 6 and declined for the remaining two time 

points whereas IL8 did not peak until day 15.  IL8 peaked earlier in the meniscus 

at day 6 and declined throughout the remaining portion of the study.  MMP13 in 

the meniscus also did not dramatically increase until later, with the highest 

concentrations detected at day 21. Therefore, the relative concentrations of these 

markers, when measured serially and used in combination, may be useful for 

determining the chronicity of disease.  Further investigation of their fluctuations in 

synovial fluid, serum or urine and their correlation to a known duration of disease 
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should be pursued.  If a pattern is discovered, then their serial monitoring could 

provide greater insight about the status of the joint with respect to OA.  

 The mild meniscal category had significantly higher IL8 (day 6; p=0.039), 

KC (days 6 and 15; p=0.028 and p=0.048) and MCP1 (days 15 and 21; p=0.038; 

p=0.028) compared to normal.  Significant differences were not identified 

between the normal and mild co-culture groups for any analyte.  These data 

suggest this panel may be more valuable in diagnosing mild meniscal lesions, 

whereas dramatic pathology not arising from the meniscus, even in the earlier 

stages, could also be identified.  Further investigation of these markers in 

patients with a variety of known lesions including those of meniscal and non-

meniscal origin should be pursued.   

Cytokines such as IL1β and TNF-α are known modulators of chondrocyte 

metabolism, and their use in culture models are appropriate for several of the 

pathophysiologic events found in OA.  They stimulate MMPs and enhance the 

production of other inflammatory cytokines in vivo and in vitro, as well as promote 

cartilage and extracellular matrix destruction and cell death.12, 16, 18, 22-26, 38  

Oncostatin M can have similar effects or stimulate secretion of MCP128, 29, but it 

also bestows a synergistic effect when combined with IL1β and TNF-α24.   

In addition to those effects previously described, stimulation with these 

cytokines up-regulates production of PGE2
16, 39 and NO39-42 by normal and 

osteoarthritic tissues. Excess production of NO has been previously linked with 

decreased chondrocyte proliferation and matrix synthesis, as well as increased 
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apoptosis.43  For this reason, PGE2 and NO are often measured to reflect OA-like 

changes.   

The lack of a dose-dependent increase in co-culture PGE2 following IL1β 

stimulation in the present study is surprising since this response pattern has 

been reported elsewhere.12, 16 The meniscal production of PGE2 at day 6 

correlated with the degree of cytokine stimulation except for in the SSV group, 

and the co-culture production of PGE2 for day 6 peaked in the mild category.   

This may be explained by decreased cell viability within the severe and SSV co-

culture groups due to exposure to high concentrations of pro-inflammatory 

cytokines.  Cell viability was not measured in this study, however, so it cannot be 

confirmed this is the underlying reason for the plateau effect on PGE2 production.  

Our results could also be partially explained by the time points selected for 

testing.  Time-dependent responses in PGE2 concentration including rapid peaks 

followed by declines have been recognized in models using IL1β stimulation.12 

Across all treated co-culture and meniscal groups in this study, the day 6 PGE2 

values were the highest, and they continued to decline over time.  While we 

initially felt days 6, 15 and 21 would be more representative of early, intermediate 

and late disease and would decrease the likelihood of alterations resulting from 

tissue collection and explant creation, the PGE2 data suggest media from earlier 

time points should also be evaluated in studies similar to this one.  

Interestingly, a time-dependent pattern was detected for NO.  In the 

present study, all conditioned media groups for both meniscus and co-culture 
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had the highest NO levels at day 6, and the values dropped throughout the 

remainder of the study.  Legrand et al44 showed both IL1β and the combination of 

IL1β and TNF-α led to significant increases in meniscal NO compared to the 

control after 24 hours, but there were no significant differences between types of 

stimulation.  Unfortunately, later time points were not evaluated to see if these 

values peaked shortly after 24 hours or continued to increase.   

This study confirmed all three conditioned media environments were 

sufficient to induce production of NO and PGE2.  These responses were not 

consistently dose-dependent, but the values were always highest at day 6 

suggesting earlier time points should be evaluated in future studies.  The SSV 

co-culture category exhibited significant increases in MCP1, IL8, KC, MMP2, 

MMP3 and MMP13 compared to normal, mild and severe media at days 6 and 

15, and the relative times necessary for each of the analytes to peak may be 

useful in serial monitoring of joints with respect to OA.  Significant differences 

were only found between normal and mild in the meniscal tissues; therefore, this 

panel may have even more discriminatory ability in individuals with meniscal 

injury or pathology.  Evaluation of these markers at known early, intermediate 

and late stages of disease in vivo will help provide more information about the 

utility of this panel. 
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Footnotes: 
 
aInvitrogen, Carlsbad, CA 
bBD Biosciences, San Jose, CA 
cR&D Systems, Minneapolis, MN 
dMillipore Corp. St. Louis, MO 
eQiagen Inc., Valencia, CA 
fR&D Systems, Minneapolis, MN 
gCayman Chemical, Ann Arbor, MI 
hPromega Corp., Madison, WI 
iQuanti-iT PicoGreen dsDNA kit, Molecular Probes, Eugene, OR 
jSigmaStat 3.5; Systat Software, Incorporated, San Jose, CA 
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Figure 7-1(A-B) 
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Figure 7-3  

 

Figure 7-4 
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Figure 7-5 
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Figure 7-6  

 

 

 

 

 

 

 

 

 

 

 



144 

 

Figure 7-7  
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Figure 7-8 

 

Figure 7-9  
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Figure 7-10  
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Figure 7-11  
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Figure 7-12  
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