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BACKGROUND 

OSTEOARTHRITIS: IMPACT, CHARACTERISTICS, AND PHYSIOLOGY 

 Osteoarthritis (OA) is a degenerative disease characterized by chronic pain and 

increasing dysfunction due to joint degeneration.  Despite being the most common joint disorder 

in both men and women worldwide, it persists as an unresolved source of symptomatic health 

problems in those over the age of 40 and is ranked as a worldwide cause of economic loss (2, 3, 

4, 13).  Within the United States alone more than 20 million Americans suffer from OA, costing 

the economy approximately $60 million per year (7).  The strong connection between aging and 

osteoarthritis suggests that the number of sufferers and the magnitude of economic loss will 

continue to rise as the proportion of the population over 40 increases. 

 OA is classified into primary or secondary OA, contingent upon the mechanical and 

biological events believed to have induced its characteristic degradation.  Primary OA is a 

consequence of natural joint use and aging of the articular cartilage throughout the patient’s 

lifetime; it is associated with an inherent disorder, possibly genetic, in chondrocytes (reference).  

Secondary OA is associated with prior disease, congenital, or healed trauma condition, that has 

overused, misused or destroyed the tissues of the joint.  In both classifications, OA progression 

leads to degeneration that affects the entire structure of synovial joints, including the articular 

cartilage, subchondral bone, synovial membrane, ligaments, meniscal tissue, and periarticular 

muscles (FIG 1).  The morphological changes associated with both forms of OA include 

cartilage degradation in addition to a variable degree of chronic synovial inflammation (8, 9). 



A

 

FIG 1.  Human knee afflicted with severe OA, demonstrating degradation of medial articular cartilage (A) and the 

meniscus. 

 Due to the unique structure and cellular composition of articular cartilage, neither 

medical nor surgical treatments are currently available for OA (20).  Articular cartilage consists 

of chondrocytes that produce and are embedded within an extracellular matrix (ECM), a protein-

based structure endowing joints with elasticity and endurance.  Chondrocytes support a steady-

state equilibrium between anabolic and catabolic activities that maintains the structural integrity 

of the ECM (20, 9).  When this equilibrium is disrupted, the ensuing destruction leads to ECM 

degeneration, resulting in a loss of joint integrity and function, inflammation of surrounding 

tissues, and increasing debilitation and pain in the individual (20). 

 

THE ROLE OF TUMOR NECROSIS FACTOR-Α, INTERLEUKIN-1ß, AND 

MATRIX METALLOPROTEINASES IN OA PATHOGENESIS 

The biochemical causative agents of OA are not clearly defined.  It is generally accepted 

that multiple factors interact with chondrocytes to induce signaling cascades leading to ECM 



destruction.  The proinflammatory cytokines tumor necrosis factor-α (TNF-α) and interleukin-1ß 

(IL-1 ß ) are strongly implicated in OA-related joint degeneration, most notably for their role in 

upregulating expression of matrix metalloproteinases (MMPs), the enzymes responsible for 

degrading ECM (8, 5, 12). 

The mechanism of TNF-α expression is generally understood.  Precursor TNF-α is 

synthesized as a protein consisting of 76 amino acids.  Processing and proteolytic cleavage occur 

at the cellular surface through the action of TNF-α converting enzyme (TACE), which is further 

required for shedding TNF-α receptors.  TACE converts precursor TNF-α to a 157-residue 

protein which oligomerizes to form a trimer with two other equivalent residues (FIG 2), which is 

then secreted from the cell (7). 

 

FIG 2.  Secondary structure of the active form of TNF-α.  All three strands are equivalent. 

 TNF-α binds to two membrane-embedded receptors, TNF-R55 and TNF-R75, named on 

the basis of their residue number.  Within articular cartilage, TNF-R55 is the dominant receptor 

for binding TNF-α, while TNF-R75 regulates the rate of this association (7). 

 



GENE KNOCKDOWN THROUGH RNA INTERFERENCE 

To date, attempts to design clinically effective inhibitors of MMP synthesis or activity 

have been unsuccessful.  RNA interference (RNAi) offers promise for regulating TNF-α and IL-

1ß, and therefore, associated MMPs (5).  

RNAi is a mechanism of post-transcriptional gene silencing that has been developed as 

an experimental tool for the manipulation of gene expression.  Briefly, the DNA sequence of a 

gene is first transcribed into single-stranded messenger RNA (mRNA) molecules that transport 

sequence information to a complex known as a ribosome, which translates the message into a 

protein (6).  RNAi is an evolutionarily conserved mechanism that uses the production or 

introduction of small double-stranded RNA (dsRNA), termed small interfering RNA (siRNA), to 

initiate the assembly of protein-RNA complexes which repress expression of specific target 

genes by inhibiting mRNA transcription or translation, or catalyzing mRNA destruction (18).  

The success of this technique to reduce expression of target sequences in mammalian systems is 

well-established (14, 15, 17).  The development of molecular techniques to modulate TNF-α, 

which controls expression of MMPs, will have useful applications in defining OA pathogenesis 

and identifying potential therapeutic targets. 

 

ANIMAL MODEL: DUNKIN-HARTLEY GUINEA PIG 

 The animal model used in this project is the Dunkin-Hartley (DH) guinea pig, a member 

of the species Cavia porcellus.  The DH guinea pig develops age-related, spontaneous OA of the 

knee and other joints with histological changes (FIG 3) identical to idiopathic human OA 

beginning at three to six months of age (1, 11). Approval for this project’s use of DH guinea pigs 

was received from The Ohio State University Institutional Laboratory Animal Care and Use 



Committee (ILACUC 2004A0172), and was conducted under the direct supervision of Dr. Kelly 

Santangelo, DVM. 
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FIG 3.  Articular cartilage of guinea pig medial tibial plateau with progressive fissuring (A, B) and chondrone 

formation (C) in guinea pigs at 2, 6, and 8 months of age. 

 

HYPOTHESIS 

The primary hypothesis of this project is that a measurable decrease in gene expression 

levels of TNF-α and IL-1ß will occur in response to the introduction of siRNA sequences 



targeted against these transcripts.  It was also anticipated that a subsequent decrease in the 

protein level of TNF-α and IL-1ß will subsequently result from this reduction in mRNA levels. 

 

METHODS AND FINDINGS 

SPECIFIC AIM #1 

CELL EXTRACTION 

 The first goal of Specific Aim #1 was to obtain and isolate chondrocytes from the host 

matrix.  Articular cartilage was extracted from 3 female (Group I) and 3 male (Group II) 3-

month-old euthanized Dunkin-Hartley guinea pigs by Dr. Santangelo.  The explants were 

digested at 37°C for 5 hours with magnetic stirring under sterile conditions in 10 mL of 2 mg/mL 

collagenase I in Dulbecco’s Modified Eagle Medium (DMEM).  Digestion was attempted prior 

to this with 2 mg/mL collagenase IV under similar conditions and found to be ineffective in 

Cavia porcellus explants.  Following digestion, the chondrocytes were pooled, counted, and 

1x106 cells were plated per T75 (75 mm2) flask under standard sterile conditions with 10 mL 

DMEM supplemented with 29.2 mg/mL L-Glutamine, 50 μg/mL penicillin, 50 μg/mL 

streptomycin, and 10% fetal bovine serum (FBS).  

CELL CULTURE PROTOCOLS 

 The second goal of Specific Aim #1 was to establish cell culture protocols for the 

maintenance and expansion of the chondrocyte population.  All procedures and incubations were 

conducted under standard sterile conditions.  Following standard plating in a T75 flask, the 

chondrocytes attained >75% confluency, as gauged by qualitative microscopic analyses, after 60 

– 72 hours of undisturbed growth at 37°C (FIG 4).   



 

FIG 4.  Chondrocytes at >75% confluency, embedded within healthy ECM. 

The media was then removed and the flask washed once with Hank’s Balanced Salt Solution 

(HBBS) to remove contaminants that would deactivate the subsequent enzymatic treatment.  The 

flask was next incubated in 5 mL of trypsin, a protease which cleaves the bonds anchoring the 

chondrocytes to the floor of the flask, for 5 minutes at 37°C.  The trypsin was deactivated and 

diluted with the addition of an equal volume of supplemented DMEM and the contents of the 

flask removed, centrifuged at 1210 rpm for 5 minutes, and the pellet resuspended in 1 mL of 

supplemented DMEM.  A cell count was performed on the sample and 1x106 chondrocytes were 

added to each new T75 flask with 10 mL of fresh supplemented DMEM.  Genetic drift and 

selection arising from the separation of the cells from the host matrix and subsequent placement 

in artificial culture conditions were minimized by limiting the number of splitting and plating 

passages to less than 8 for the preliminary experiments of this project, and to less than 5 for the 

primary experiments.  This was accomplished by storing cells from lower passages at -80˚C in 

standard cryopreservative (FBS supplemented with 10% DMSO. 

 

SPECIFIC AIM #2 

INVESTIGATION OF BASAL EXPRESSION LEVELS OF TNF-Α 



 Prior to any attempts at TNF-α knockdown with siRNA, the basal expression levels of its 

mRNA were investigated using Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR).  

However, the basal level of TNF-α  mRNA was undetectable through RT-PCR.  Briefly, RT-

PCR is a derivative of the standard molecular biology technique Polymerase Chain Reaction 

(PCR), a means of detecting and amplifying a target double-stranded DNA (dsDNA) sequence 

which can then be analyzed through gel electrophoresis.  RT-PCR differs from PCR in that the 

original template is single-stranded RNA, as opposed to dsDNA.  The RNA sample for RT-PCR 

detection testing was extracted from cells at >75% confluency in a T75 flask.using the TRIzol© 

protocol and mono-phasic reagent solution of phenol-guianidine isothiocyanate  [Invitrogen™].  

The extracted RNA was dissolved in 20 μL RNase-free water for 10 minutes at 55°C followed 

by spectrophotometric quantitation based on the absorbance ratio at 260 nm vs. 280 nm.  The 

quantitative yield was found to improve with the introduction of 7.5 μg RNase-free glycogen 

prior to the precipitation of the RNA.  Glycogen serves as a carrier for the RNA to the aqueous 

phase, and it was discovered that it aided in the formation of an identifiable RNA pellet in 

subsequent steps of the extraction.  

 Two sets of TNF-α-targeted primers and respective RT-PCR protocols were designed and 

tested in this investigation.  [NCBI mRNA SEQUENCE U77036].  Primer Set I [Invitrogen™ 

Custom Primers] consisted of: 

1. One 18-mer forward primer, GCCTCTTCTCCTTCCTGC, complementary to the 

mRNA sequence beginning at base 191; 

2. One 17-mer reverse primer, GCCGGTCACCCTTCTGC, complementary to the 

mRNA sequence beginning at base 590. 



The targeted region for amplification was anticipated to be 415 bp long.  The high GC content of 

the primers required adjustments in the magnesium concentration to 2.0 mM total in a single 50 

μL RT-PCR reaction.  Non-specific binding increased significantly with the increase in 

magnesium concentration (FIG 5).  TNF-α detection was inconsistent with Primer Set I and a 

second primer set and protocol were designed. 

 

FIG 5.  Agarose (2%) gel of RT-PCR reaction, comparing TNF-α expression in RNA in one culture sample [BLUE] 

and another culture sample [RED] using Primer Set I.  The letters indicate increasing concentrations of magnesium 

from 1.2 [A] to 2.0 [D] mM in each RT-PCR reaction (50 uL).  Non-specific binding increases with increasing 

magnesium. 

Primer Set II [Invitrogen Custom Primers] consisted of: 

1. One 20-mer forward primer, CCTCAGCCTCTTCTCCTTCCTGCTG, beginning 

at base 185; 

2. One 24-mer reverse primer, CACAGGGCAATGACTCCAAAGTAG, beginning 

at base 770; 

The targeted region for amplification was anticipated to be 608 bp long.  Primer Set II did not 

require adjustments in the magnesium concentration due to a lower GC content in the primers, 

and the lengths of each primer were increased to aid in target binding and to decrease non-

specific binding. 



 Detection of TNF-α  with high specificity at the basal mRNA expression level in 

chondrocytes was found to be not possible through these primer sets and protocols.  Because 

detection of Interleukin-1ß was previously found to be consistent using primers and RT-PCR 

protocol devised by Dr. Santangelo, this gene was treated as a control for the remainder of the 

project. 

  

INVESTIGATION OF TNF-Α UPREGULATION 

 TNF-α upregulation was investigated through the use of biochemical agents that provoke 

a documented immune response.  Varying concentrations of the agents, different stages of 

chondrocyte confluency, and variable degrees of mechanical agitation were attempted over the 

course of 5 months.  Bovine Serum Albumin (BSA) and Lipopolysaccharide (LPS) were both 

tested, and 10 ng/mL of LPS was found to upregulate TNF-α the least sporadically to levels 

sufficient for RT-PCR detection (FIG 6).  Due to unavoidable time constraints, the experiment 

proceeded to the next stage and was performed on both TNF-α and IL-1ß. 

 

FIG 6.  Agarose (2%) gel of RT-PCR reaction comparing primer sets and TNF-α expression in upregulation 

treatments involving LPS [BLUE] and Bovine Serum Albumin (BSA) [RED].  TNF-α present only in LPS treatment 

groups (T).  Control is IL-1ß (B). 

 

TRANSFECTION OF CHONDROCYTES WITH TARGETED SIRNA 

 Synthesized siRNA sequences targeted against TNF-α mRNA and separate sequences 

targeted against IL-1ß in DH guinea pig chondrocytes were transfected using Lipofectamine™ 

2000 [Invitrogen].  The complete cDNA sequence for guinea pig TNF-α (Genbank Accession 



U39839) was submitted to the Block-iT™ RNAi Designer [Invitrogen] and siRNA sequences 

with a high likelihood of successful gene knockdown were identified.  For each gene knockdown 

attempt, a total of 2 sets of 6 wells (10 mm2/well) were seeded with 0.5 x 105 chondrocytes <24 

hours before siRNA treatment as described below.  Each 6-well group underwent the same 

treatment.  Group I was harvested following 24 h of siRNA treatment, and Group II was 

harvested following 48 h of treatment.  When the chondrocytes were <50% confluent, each 6-

well group underwent the following treatments: 

a. Control group (g0), which was treated with a volume of DMEM and water equal to 

that of the siRNA treatment groups, only received media changes throughout the 

experiment (2 wells/6 well group); 

b. siRNA control group (g1), which was transfected with the control siRNA sequence 

that was anticipated to not cause gene knockdown, and to allow for an analysis of the 

effects of the transfection procedure on the cells (2 wells/6 well group); 

c. siRNA experimental group (g1), which was transfected with the selected siRNA 

sequence targeted against the mRNA (2 wells/6 well group). 

 

SAMPLE COLLECTION 

24 h after transfection, Group I cells were harvested from the culture wells.  48 h 

following transfection, Group II cells were harvested from the culture wells and the RNA was 

isolated from the individual wells of both groups using the Trizol® reagent and protocol 

established earlier [Invitrogen].  Preliminary quantitation using the spectrophotometer was 

unreliable and indicated that the RNA samples were of an extremely low concentration, most 



likely due to the fact that the cells must be <50% confluent prior to siRNA treatment, and the 

relatively small area from which they are extracted.   

The cell media for both groups was collected immediately prior to treatment, 24 h after 

transfection, and 48 h after transfection for Group II. 

  

SPECIFIC AIM #3 

 The central goal of this aim was to quantitatively analyze the effectiveness of siRNA 

treatment through the statistical comparison of the levels of TNF-α and IL-1ß.  The levels of 

TNF-α and IL-1ß  protein were determined using Enyzme-Linked Immunosorbent Assays 

(ELISAs) [R&D Systems].  Briefly, ELISAs are a means of detecting and quantitating a target 

protein through the binding of an antibody to this protein, which in turn binds a fluorescent 

marker.  Data was analyzed using one-way analysis of variance (ANOVA), nested by wells, 

followed by pair-wise comparisons with a Tukey 95% simultaneous confidence interval. 

 For TNF-α, no statistically significant difference between the pre-treatment and 24 h 

groups was determined, although the 24 h group did demonstrate a general decreasing trend. 
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FIG 7. ANOVA statistical comparison of pre-treatment and 24 h treatment groups. 

 

A statistically significant trend was determined for the 48 h treatment group. 
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 For IL-1ß, no statistically significant difference between the pre-treatment, 24 h and 48 h 

groups was determined, although the 48 h group did demonstrate a general decreasing trend. 
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FIG 8. ANOVA analysis of pre-treatment, 24 h and 48 h groups. 

 

DISCUSSION 

 TNF-α upregulation and detection through RT-PCR proved extremely unreliable, while 

IL-1ß was expressed consistently at levels sufficient for detection.  In future experiments 

conducted on cytokines associated with osteoarthritis, it is possible that IL-1ß could serve as a 

“housekeeping” gene, a control, similar to the well-established 18s. 

 TNF-α and IL-1ß detection through ELISA’s proved the most reliable and effective in 

determining the effects of siRNA treatment on the respective expression of these cytokines’ 

proteins.  For TNF-α, the treatment proved most effective 48 h after exposure, while IL-1ß 

ultimately demonstrated no statistically significant trend within any of its treatment groups.  

Future work could include additional ELISA’s, the design and testing of other siRNA sequences 



targeted to TNF-α  and IL-1ß, and the quantization of TNF-α  and IL-1ß levels through real-time 

RT-PCR. 
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