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INTRODUCTION
Arthritis is one of the most common chronic debilitating 

diseases encountered by physicians throughout the world. 
Arthritis and chronic pain have become a major public health 
problem resulting in significant economic, social and human 
costs (1).  Rheumatoid arthritis (RA) and osteoarthritis (OA) 
are two of the most common types of arthritis affecting the US 
population. Osteoarthritis currently affects 21 million people in 
the United States and, because the US population is growing 
older, the prevalence of osteoarthritis is increasing as well (2). 
By the year 2020 more than 50 million people in the United 
States will be affected by arthritis (3,4). Therefore, this will 
increase the direct and indirect dollars spent on healthcare and 
arthritis by more than 25% (2). Also, osteoarthritis is the most 
common reason for total hip and total knee replacements. 

Rheumatoid arthritis is less common than osteoarthritis 
but still affects 440 million people worldwide (5,6).  Rheumatoid 
arthritis is a complex autoimmune disease that results in 
chronic joint inflammation and destruction of the articular tis-
sue. In the United States, the average life expectancy of affected 
patients is reduced by between 3-18 years, 80% of patients are 
disabled after 20 years, and each RA patient requires an aver-
age of $5,919 per year in healthcare costs (7,8).  However, to 
date, in both RA and OA, the complex molecular mechanisms 
explaining the onset and continuation of the inflammation and 
the broad clinical heterogeneity, including different disease pro-
gression and therapy responses, are not fully understood.

Modern strategies designed to obtain deeper insights into 
the molecular complexity related to the pathology of OA and RA 

make use of the global analyses of both transcriptome patterns 
determined by RNA microarray technologies and of protein pat-
terns analyzed by two-dimensional gel electrophoresis (2-DE) in 
combination with mass spectrometry (9).  Studies have proven 
that the correlation between mRNA and protein levels is rather 
inconsistent in higher organisms like humans and mice (10). 
Only the proteome identifies post-translational modifications 
such as phosphoralations and glycosylations, shows regulatory 
conversion of inactive proforms of enzymes or cytokines into 
their biological active forms, and displays protein breakdown 
products (Figure 1).

Genomics and proteomics are complementary global 
approaches used to study, interpret and identify the molecular 
processes that influence a biological system. Thus, measuring 
mRNA and protein abundances provides more comprehensive 
information about the macromolecules most closely involved 
in cellular regulation and operation. These “omic” approaches 
provide a powerful picture of the transcriptional activity of cells 
and yield novel data for understanding disorders like arthritis by 
analyzing tissues throughout the progression of disease (10). 

If one assumes that key proteins diagnostic to a disease are 
higher in concentration at the site of the disease than in blood 
and urine where the concentration may be less, then discovery 
efforts will be more successful by studying biologic fluids closer 
to the site of the disease, like synovial fluid from OA and RA 
patients. Following this assumption, our group has decided to 
utilize mass spectrometry-based (MS) proteomics and a novel 
experimental design to explore the complex mixture of proteins 
in synovial fluid from patients with early and end-stage RA and 

Figure 1. By studying proteins instead of mRNA, both post-translational modifica-
tions and splice variants can be identified using a proteomics platform.
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OA. We hope to identify specific biomarkers and potentially new 
etiologic factors in these diseases.

MS-BASED PROTEOMICS – AN OVERVIEW
Proteomics involves the study of proteins expressed by 

the genome in a biological system. Ideologically, proteomics 
proposes to identify all proteins expressed under different physi-
ologic and pathophysiologic conditions, characterize protein 
modifications, analyze protein-protein interactions, and protein 
structure (11). Such knowledge can provide a basis for under-
standing genetic variants, gene function, and the mechanisms 
of action needed to develop the means to diagnose, treat and 
prevent against disease. 

Proteomic measurement techniques are generally divided 
into two different approaches (Figure 2). Gel-based approaches, 
such as 2-DE, typically utilize matrix-assisted laser desorp-
tion/ionization (MALDI), mass spectrometry, and peptide mass 
finger printing for the identification of gel separated proteins. 
The second technique is a solution-based approach. Solution-
based approaches generally utilize liquid chromatography (LC) 
separations with electrospray ionization (ESI) tandem mass 
spectrometry for the identification of peptides obtained by 
tryptic digestion of complex protein mixtures such as whole 
cell lysates or serum. Both of these approaches are invaluable to 
identifying proteins, however, they still suffer from significant 
limitations; specifically, the lack of high-throughput necessary 
to analyze the complex mixtures of proteins that compose most 
biological tissues (11,12).

During the last several years, the technology for MS-based 
proteomics has evolved so that the high resolution and mass 
measurement accuracy of Fourier transform ion cyclotron reso-
nance (FT-ICR) is combined with the high efficiency capillary 
LC separation, and amino acid sequence information to enable 
comprehensive high-throughput measurements. This accurate 
mass and time-tag approach provides high quality quantitative 
data on protein identity and abundance at high sensitivity with-
out having to perform multiple tandem MS steps, thus dramati-
cally improving the throughput of proteomic measurements.

MS-BASED PROTEOMICS – NEW TECHNOLOGY
Of the different mass spectrometers available, the FT-ICR 

holds the greatest potential for researchers because of the ultra-
high resolution and mass accuracy that can be achieved (12).  

Such performance allows unequivocal mass assignment and 
resolution of species that could not otherwise have been dis-
tinguished by other mass spectrometers (13).  In FT-ICR mass 
spectrometry, the ions are generated externally in a separate 
ion source and then injected into a container known as the 
cell, which is usually cubical or cylindrical in form. The FT-ICR 
analyzer cell is located within a strong magnetic field, generated 
by using a superconducting magnet (13,14). 

Electrospray ionization is the ionization technique most 
frequently coupled with the FT-ICR mass spectrometry. The ESI 
technique is advantageous because it results in the vaporization 
and ionization of a sample while minimizing fragmentation 

(Figure 3). The minimization of fragmentation is important for 
biological molecules and complex mixtures because fragments 
can interfere with the mass spectrum when trying to determine 
the original constituents (15,16).

FT-ICR mass spectrometers are best known for their excel-
lent mass accuracy (measured in ppm) and resolution (11).  
Mass accuracy is a measurement of how well the observed 
ratio of mass to charge (m/z) correlates with the ‘real value’ 
and is extremely important in situations when multiple ion 
fragmentation patterns could be assigned to a single m/z value. 
Resolution is extremely important for separating closely spaced 
signals from a complex mixture of multiply-charged ions gener-
ated by ESI. While most mass spectrometers have the capability 
to resolve ions in the 10,000 to 100,000 ppm range, the FT-ICR 
mass spectrometer has the ability to routinely reach resolutions 
of hundreds of thousands to a few million ppm (14,15). The 
ability to reach such high resolutions can sometimes make the 
difference between identifying and not identifying a species of 
interest. 

The FT-ICR mass spectrometer has the ability to com-
prehensively identify, characterize, and quantify proteins in 
complex biological systems and is considered essential for 
revealing the response of an organism to stimuli such as injury 
or disease (11,13,15).  By utilizing the FT-ICR’s properties 
such as mass accuracy and high resolution, we believe that 
our proteomics research probing for etiological mechanisms 

Figure 2. Two different proteomic approaches used to identify the proteome of a 
sample.

Figure 3. An example of the fragmentation pattern of a doubly charged peptide.
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of OA and RA in a complex biological fluid such as synovial 
fluid, will benefit greatly because the FT-ICR technology allows 
for protein identifications to be made at greater depths, while 
quantifications can be made with better accuracy, precision and 
greater confidence.

CURRENT BIOMARKER DISCOVER RESEARCH 
The need to identify biological markers for musculoskeletal 

disorder is arguably one of the most significant milestones 
challenging the scientific community today. Protein biomark-
ers, in particular, serve as the most likely ‘candidate proteins’ 
involved in disease pathogenesis. In addition, these biomarkers 
are important since they, theoretically, would allow us to devel-
op diagnostics and potential therapeutic agents against disease 
as well as better characterize disease progression (Figure 4).  
Furthermore, the biomarkers that accurately substitute for a 
clinical endpoint can become accepted as an alternate endpoint 
over time and be used as a diagnostic and prognostic measure 
in the clinic.

There are several factors that are involved when attempt-
ing to identify the potential success of a biomarker candidate. 
Factors critical to the success of biomarker discovery strategies 
aimed at providing measurements in biological fluids include 
the following: 1) carefully identified samples from patients 
with a condition suitable for analysis; 2) a “global” analytic 
tool with a wide dynamic range to interrogate a large number 
of proteins in a reasonable time frame; 3) a candidate selection 
strategy that is unbiased; and 4) a validation strategy that can 
be executed quickly, using samples from patients with a diverse 
range of diseases including the disease of interest (10,17,18). 

Achieving all of these aims is not simple and each element 
poses a different problem. One of the most important aspects of 
biomarker discovery is the analytic method used. 

To achieve a greater in depth analysis of complex biologi-
cal fluids such as synovial fluid, a protein fractionation step of 
each sample is required (Figure 5). There are several techniques 
investigators can use to separate samples containing a complex 
mixture of proteins. These techniques include depletion of 
abundant proteins, size-fractionation using both liquid chro-
matography and SDS-PAGE analysis, and two-dimensional 

gel electrophoresis. Using these techniques with the aid of 
mass spectrometry technology has shown to be a very useful 
platform for detecting potential biomarkers in both serum and 
synovial fluid from patients with OA and RA (19,20).

Drynda et al. have used 2-DE in combination with mass 
spectrometry to visualize and to identify proteins in synovial 
fluid and plasma samples from patients with RA and OA. By 
using the 2-DE fractionation technique, the small calcium bind-
ing protein S100A9 was identified as a discriminatory marker 
protein in synovial fluid by using a global proteomic analysis 
(21).  Another study by Sinz et al. demonstrated that the use 
of 2-DE combined with MALDI-TOF-MS for the analysis of pro-
teins present in plasma and synovial fluid of various patients 
demonstrated changes in protein patterns in body fluids of 
patients suffering from various forms of arthritis. By means of 
mass spectrometry, they also were able to identify molecular 
parameters and determine differential protein structure modifi-
cations that are thought to play a role for specifically determin-
ing a defined pathological state of diseased joints (22). 

Another group of researchers have taken a two-step pro-
teomic approach toward the detection of potential protein 
biomarkers in serum and synovial fluid. In their first step, two-
dimensional liquid chromatography followed by tandem mass 
spectrometry was used to generate a complete protein profile of 
synovial fluid from patients with erosive RA and nonerosive RA. 
In the next step, selected candidate markers from synovial fluids 
were verified in serum using quantitative mass spectrometry 
methods (23). By using this two-step approach to biomarker 
discovery, several biomarker candidates for RA were verified 
and a subset of these could possibly be used as an indicator for 
RA disease severity. The clinical application of such biomark-
ers, although requiring several levels of validation, could aid 
clinicians with a tool for selecting patients whose conditions 
merit high-cost and high-risk treatment early enough in the 
disease course to prevent unnecessary joint destruction and/or 
disability.

Figure 4. A graph depicting the number of funded grants by the NIH over the past 
5 years.

Figure 5. Two different methods to separate proteins prior to determining their 
identity using tandem mass spectroscopy: 1D gel electrophoresis and liquid chro-
matography.
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Given the promise and power of proteomics, the industry 
and technology present must adapt to produce informative 
biomarkers for diagnosis and prognosis. There are several fac-
tors that will play an important role for the future of biomarker 
discovery. First, the clinician must provide well-characterized 
and stored samples from various disease states and conditions. 
Second, samples must be collected carefully and longitudi-
nally obtained samples must be collected in order to further 
the understanding of individual variability over time. Thirdly, 
methodology improvements must allow for greater in-depth 
analysis of samples with a higher throughput. Finally, powered 
studies to validate markers across multiple disease setting to 
avoid identification of biomarkers that pertain to ill health 
(24-26). 

OUR BIOMARKER RESEARCH – ADVANCEMENTS FOR 
OA AND RA

There are several reasons why research into the etiologic 
mechanisms of OA and RA will benefit from using a proteomics 
platform. First, although potential biomarkers for both OA and 
RA have been currently detected, we currently do not know 
the etiological factors that result in OA and RA. Second, the 
techniques that have been applied to discover what we do know 
about the pathophysiology of these diseases have been low 
throughput and the number of samples analyzed has been sta-
tistically insignificant, thus directly affecting the patient popu-
lation used to identify potential protein biomarkers. Finally, as 
a result of limits imposed by pre-proteomics era techniques 
for protein analysis, the strategies for identifying potential 
etiologic factors as well as determining protein interactions, 
protein modifications and protein breakdown products have 
focused on hypothesis driven research. However, the ability to 
analyze complex mixtures of proteins using a high-throughput 
approach which allows for the simultaneous identification of 
thousands of proteins at a time has encouraged the develop-
ment of a biomarker discover based research approach. 

The work from our group is innovative in that it we used 
liquid chromatography coupled with tandem mass spectrom-
etry (LC-MS/MS) with a high-throughput protein biomarker 
discover based approach in an attempt to gain further insight 
into the disease pathogenesis of OA and RA. Our hope is to 
identify new candidate proteins for further study as potential 
etiologic factors in OA and RA. We also hope to determine an 
expression signature for both OA and RA in order to identify 
potential biomarkers that could be used to develop improved 
early detection and screening tools used for these diseases. 

Currently, RA is diagnosed primarily by criterion from 
clinical disease manifestations and the presence of rheumatoid 
factor (IgM-RF) in the serum of these patients. Rheumatoid 
factor is suboptimal because its relatively low specificity and 
sensitivity limit its diagnostic usefulness as an early detection 
marker of the disease. Although other autoantigens are being 
studied as potential early staged biomarkers, thus far none of 
these antigens have demonstrated the kind of specificity and 
sensitivity for the use as an early detection tool for RA (27-30).  
The need for a reliable biomarker for the detection of early RA 

is particularly pressing since most of the contemporary anti-
rheumatic therapies can best address the disease in its early 
phases. 

Presently, radiographic and clinical criteria are used as lag-
ging indicators to diagnose OA. These techniques are sensitive 
enough to diagnosis OA only after the destruction of articular 
cartilage is well advanced. To date, there are no biochemical 
markers for detection leading to early diagnosis of OA. This 
problem faced by physicians represents an unmet need for ear-
lier diagnostic detection tools for OA.

The determination of protein profiles for OA and RA, as 
well as the identification of candidate proteins involved in the 
pathogenesis of these diseases may represent two ideological 
outcomes from one result. The protein profiles determined 
from the complete characterization of the proteome of syno-
vial fluid from patients at various disease stages of OA and RA 
may yield multiple proteins that can both serve as potential 
biomarkers for earlier diagnostic detection tools as well as lead 
to further studies. 

Our approach to identify reliable protein biomarkers 
involves utilizing LC-MS/MS to determine the quantitative 
analysis of each protein in the protein profile of synovial fluid 
for normal patients and both early and late OA and RA. A 
comparative analysis of the synovial fluid proteomes in each 
of these diseased and non-diseased states should yield valuable 
insight into identifying potential candidate proteins involved 
with the pathogenesis of both OA and RA. 

Next, the identification of plausible candidate proteins 
from our analysis of the synovial fluid proteomes from early 
and late OA and RA disease states would require further analysis 
using more conventional techniques including immunohisto-
chemistry, molecular and cellular biology. Also, we would like 
to better characterize the protein-protein interactions using 
hypothesis driven experimental models by studying the poten-
tial protein biomarkers we identify from the pilot study. We also 
would like to use the pilot data to develop animal models using 
gene transfer and molecular biology to study the role of these 
candidate proteins in disease pathogenesis therapy in both OA 
and RA. Again, using the data obtained from the pilot study, we 
plan to utilize the excellent mass accuracy and high resolution 
of the FT-ICR mass spectrometer to identify protein-protein 
interactions, protein modifications and also calculate the abso-
lute quantification of our potential protein biomarkers from 
both early and late OA and RA synovial fluid samples.

In summary, we hope the implementation of proteomics 
technology will allow us to identify protein profiles and poten-
tially new etiologic proteins involved in the pathogenesis of 
early and late OA and RA. Ultimately, the insights we gain 
from this study will results in the development of sensitive 
and specific biomarkers for both OA and RA that will help to 
improve our ability to detect these diseases early in a patient’s 
progression. In addition, the novel candidate proteins that we 
identify using these proteomic techniques may yield potentially 
valuable therapeutic targets for new drug development. 
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