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Abstract
Unambiguous diagnosis of the two main forms of in-
flammatory bowel diseases (IBD): Ulcerative colitis (UC) 
and Crohn’s disease (CD), represents a challenge in 
the early stages of the diseases. The diagnosis may be 
established several years after the debut of symptoms. 
Hence, protein biomarkers for early and accurate di-
agnostic could help clinicians improve treatment of the 
individual patients. Moreover, the biomarkers could aid 
physicians to predict disease courses and in this way, 
identify patients in need of intensive treatment. Patients 
with low risk of disease flares may avoid treatment 
with medications with the concomitant risk of adverse 
events. In addition, identification of disease and course 
specific biomarker profiles can be used to identify bio-
logical pathways involved in the disease development 
and treatment. Knowledge of disease mechanisms in 
general can lead to improved future development of 
preventive and treatment strategies. Thus, the clinical 
use of a panel of biomarkers represents a diagnostic 
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and prognostic tool of potentially great value. The tech-
nological development in recent years within proteomic 
research (determination and quantification of the com-
plete protein content) has made the discovery of novel 
biomarkers feasible. Several IBD-associated protein 
biomarkers are known, but none have been success-
fully implemented in daily use to distinguish CD and UC 
patients. The intestinal tissue remains an obvious place 
to search for novel biomarkers, which blood, urine or 
stool later can be screened for. When considering the 
protein complexity encountered in intestinal biopsy-
samples and the recent development within the field 
of mass spectrometry driven quantitative proteomics, 
a more thorough and accurate biomarker discovery 
endeavor could today be performed than ever before. 
In this review, we report the current status of the pro-
teomics IBD biomarkers and discuss various emerging 
proteomic strategies for identifying and characterizing 
novel biomarkers, as well as suggesting future targets 
for analysis.

© 2014 Baishideng Publishing Group Co., Limited. All rights 
reserved.

Key words: Inflammatory bowel disease; Biomarker; 
Proteomics; Citrullination; Ulcerative colitis; Crohn’s dis-
ease; Posttranslational modification

Core tip: Establishing the correct diagnose of Crohn’s 
disease and ulcerative colitis (UC) patients remains 
troublesome, and correct and early medication is criti-
cal. No reliable biomarkes have been implemented in 
clinical usage, to distinguish between Crohn’s disease 
patients and UC patients. Considering the protein com-
plexity encountered in intestinal biopsy samples and 
the recent development within the field of quantitative 
proteomics, submitting the intestinal mucosa to a more 
thorough analysis has the potential to reveal new bio-
markers.

Online Submissions: http://www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.3748/wjg.v20.i12.3231

World J Gastroenterol  2014 March 28; 20(12): 3231-3244
 ISSN 1007-9327 (print)  ISSN 2219-2840 (online)

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.



Bennike T, Birkelund S, Stensballe A, Andersen V. Biomark-
ers in inflammatory bowel diseases: Current status and pro-
teomics identification strategies. World J Gastroenterol 2014; 
20(12): 3231-3244  Available from: URL: http://www.wjgnet.
com/1007-9327/full/v20/i12/3231.htm  DOI: http://dx.doi.
org/10.3748/wjg.v20.i12.3231

INTRODUCTION
Inflammatory bowel diseases (IBD) are chronic gastro-
intestinal disorders. The two most common forms of  
IBD are Crohn’s disease (CD) and ulcerative colitis (UC). 
Both disorders have great impact on the life quality of  
the affected individuals and for society, measured on lost 
labor and expenses to the health care system. Further-
more, new epidemiological data published in 2013 found 
that the incidence and prevalence of  the diseases are 
still increasing[1]. The etiologies of  CD and UC remain 
unclear, but involve a complex interplay between genetic 
and environmental factors[2-7]. The diagnosis can be de-
layed several years and may be difficult to make even for 
trained physicians, as no biomarkers or commercial tests 
capable of  discriminating CD from UC patients have 
been implemented in clinical use[8-10]. Furthermore, an 
early and accurate diagnosis of  IBD-patients is crucial, as 
e.g., CD patients with extensive and deep ulcerations have 
a 5-fold higher risk of  requiring colectomy compared to 
CD patients without extensive and deep ulcerations[11]. 
From 357 CD patients analyzed with computed tomog-
raphy enterography, penetrating disease was found in 
21% of  the patients and extraintestinal manifestations in 
19%[12,13]. Hence, there is a need for reliable and usable 
biomarkers for the early and better diagnosis and progno-
sis of  the IBD diseases[4,8,14-18].

GENOMIC, TRANSCRIPTOMIC AND 

PROTEOMIC BIOMARKERS
In 2001, an NIH group defined a biomarker as “A char-
acteristic that is objectively measured and evaluated as an 
indicator of  normal biological processes, pathogenic pro-
cesses or pharmacologic responses to a therapeutic in-
tervention.”[19], usable for diagnostics, monitoring disease 
prognosis and disease monitoring and prediction. The 
human genome contains the code for the expressed gene 
products, including the proteins. Proteins function as the 
building blocks of  the human cells and tissue, and are re-
sponsible for the majority of  the biological functions[20]. 
Proteins, therefore, represent an obvious target for bio-
marker discovery studies. The human genome comprises 
approximately 20000 protein coding genes[21]. During 
protein synthesis, the DNA code is first transcribed into 
different RNA transcripts. Each gene can give rise to 
several RNA transcripts resulting in a total of  roughly 
100000 different RNA transcripts[22-24] (Figure 1), which 
in turn are translated into 100000 different proteins. After 

translation, most proteins are covalently modified at least 
once[25], and the final mature protein products are termed 
proteoforms. These so-called posttranslational modifica-
tions (PTMs) are often crucial to the correct physiological 
function of  the given protein, and can determine activity 
state, localization, turnover and interaction with other 
proteins and substrates[23,25,26]. More than 200 distinct bio-
logically relevant PTMs have been identified[27], so each 
RNA transcript can be more than 200 different proteo-
forms. The PTMs increases the complexity and diversity 
of  the proteins tremendously (Figure 1). As a result, it is 
estimated that the human body contains more than one 
million different proteoforms[23], which constitutes the 
human proteome (all expressed proteins). 

When searching for biomarkers, it is possible to ana-
lyze the target sample on the DNA level, the RNA tran-
script level or the protein level. Techniques for studying 
an organisms DNA code (genome) or RNA transcripts 
(transcriptome) have the advantage that entire genomes 
and transcriptomes can be sequenced and studied with 
great sensitivity, precision and coverage, and a number of  
biomarkers have been found for various diseases. Using 
genomic sequencing techniques, several CD and UC loci 
have been known for more than a decade, and the studies 
have greatly increased our knowledge of  the IBDs[22,28,29]. 
Several cellular IBD-pathways have been identified, in-
cluding pathways involved in barrier function, epithelial 
restitution, microbial defense, immune regulation, reactive 
oxygen species generation, autophagy, and finally various 
stress and metabolic pathways associated with cellular 
homeostasis, reviewed by Khor et al[3]. However, as men-
tioned no IBD biomarkes capable of  differentiating CD 
from UC have been implemented in daily clinical usage, 
and the impact of  the genomic studies on the treatment 
and diagnosis of  the IBDs has been questioned[30-32].

Proteins represent an obvious target for biomarker 
discovery studies, and as PTMs dramatically increases the 
diversity and in many cases function of  the mature pro-
teins, they represent a promising area for IBD biomarker 
studies. PTMs are introduced after translation of  the 
RNA transcripts (Figure 1), hence analyzing DNA and 
RNA transcripts does not directly provide information 
about the PTMs. A key technique capable of  measuring 
absolute and relative protein quantification in complex 
protein mixtures in a high-throughput manner, as well as 
identify several PTMs, is bottom-up mass spectrometry 
(MS) based proteomics[24,33]. Proteomics is the large-scale 
identification of  proteins, and can often cover the study 
of  all expressed proteins by an organism (the proteome). 
The bottom-up MS strategy is based on measuring the 
mass-to-charge ratios (m/z) of  peptides derived from 
proteins which have been enzymatically cleaved into mi-
nor peptides. From the measured m/z’s the molecular 
weight of  the intact peptides can be calculated[25]. In ad-
dition to calculating the intact masses, the peptides are 
collided with an inert gas which fragments the peptides, 
and the fragment m/z’s are measured. The proteins in 
the sample are subsequently identified by searching the 
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peptide masses and fragment m/z’s against an in silico 
generated database, inferred from a reference database 
of  protein sequences. By matching the in silico calculated 
peptide masses and fragment m/z’s to the measured, 
the peptides and hence the proteins, are identified. For 
a more thorough description, we refer to the review by 
Steen et al[34]. The process can be performed in a quantita-
tive manner to allow for relative or absolute quantitation 
of  the proteins, using different strategies[34]. MS can in 
this way be used to identify proteins, as well as PTMs 
that change the molecular weight of  the protein and 
can provide the amino acid position of  the modifica-
tion[25]. Previously, proteomics has been limited mainly 
by the speed and sensitivity of  the mass spectrometers. 
However, recent development within the field of  MS 
has allowed for the identification of  nearly all expressed 
proteins of  complex organisms, such as yeast, within a 
few hours of  measuring time, identifying and quantify-
ing several thousand proteins[33,35]. When considering the 
protein complexity encountered in the human intestinal 
tissue, an obvious place to search for biomarkers, and 
the recent development in the field of  MS, a thorough 
analysis of  PTMs and protein abundances in healthy and 
diseased state could be conducted. Biomarkers found in 
the intestine could then be searched for in more easily 
obtained sample material, such as blood or stool[6,10,31,36-39]. 
Antibodies to identified biomarkers for CD and UC 
found by proteomics can be generated for development 
of  immunoassays and immunohistochemistry for evaluat-
ing the markers clinical use in routine tests less expensive 
than sequencing genomes, transcriptomes or MS driven 
proteomics.

This review reports known biomarkers for the IBDs, 
but will focus on the newly identified proteomics bio-
markers and emerging proteomics strategies for identify-
ing and characterizing novel IBD biomarkers.

DIAGNOSIS OF INFLAMMATORY BOWEL 

DISEASE AND KNOWN BIOMARKERS
Numerous biomarkers are known and used for the IBDs 
(Table 1); however, no single biomarker is able to diag-
nose IBD or to distinguish CD from UC patients with a 
high specificity and sensitivity[8-10,14]. CD is characterized 
by chronic inflammation in any part of  the gastrointes-
tinal tract. Most commonly the terminal ileum or the 
perianal region are inflamed, and in a non-continuous 
manner. Histologically, CD shows thickened submucosa, 
transmural inflammation, fissuring ulceration and non-ca-
seating granulomas. UC, on the other hand, is character-
ized by inflammation limited to the colon, spreading con-
tinuously from the rectum and various distance proximal, 
and histology shows superficial inflammatory changes 
limited to the mucosa and submucosa with inflamma-
tion of  crypts (cryptitis) and crypt abscesses[3]. There is 
currently no single “gold standard” diagnostic test or ex-
amination to differentiate CD and UC. Instead, diagnosis 
is based on a combination of  symptoms, clinical exami-
nations, laboratory findings, radiology, and endoscopy 
with histology, which also is used to assess severity and 
to predict the outcome of  disease. Even when the tests 
are performed by expert clinicians they can result in diag-
nostic uncertainty[10,14,15,17,40]. This section will report some 
of  the biomarkers commonly used to diagnose IBD. For 
a review of  additional IBD biomarkers we refer to the 
work of  Iskandar et al[4].

Antibodies and serum biomarkers
The two best-studied serological markers in IBD patients 
are anti-Saccharomyces cerevisiae antibodies (ASCA) and anti-
neutrophil cytoplasmic antibody (ANCA)[41].

ASCA is an antibody with affinity for antigens in the 
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the review by Tamboli et al[51].

Fecal biomarkers
Stools are in direct contact with the inflamed intestinal 
area and site for the gut microbiome, both from which 
potential biomarkers are likely to originate. This is in 
contrast to serum biomarkers, which could increase on 
account of  a variety of  conditions, making stools an ob-
vious place to search for biomarkers[40]. Fecal markers are 
especially useful for the diagnosis of  CD patients, where 
the inflammation is patchy, may affect any part of  the 
gastrointestinal tract, and therefore might be missed by 
colonoscopy[52]. The host-microbe interactions have been 
recognized as central for understanding human physi-
ological diversity, and the human microbiome project 
has been launched to unravel the medical significance of  
the human microbiome[53]. Several studies have identified 
certain bacterial groups which are more abundant (En-
terobacteriaceae, Ruminococcus gnavus, and Desulfovibrio) or less 
abundant (Faecalibacterium prausnitzii, Lachnospiraceae, and 
Akkermansia) in IBD[16], implicating that the host-microbe 
interaction might be involved, reviewed by Rosenstiel[54]. 
Novel biomarkers with high sensitivity and specificity 
may, therefore, be identified from stools. 

The two most commonly used fecal markers for IBD 
screening are calprotectin and lactoferrin (Table 1)[8]. Cal-
protectin is a calcium- and zinc-binding protein occurring 
in large amounts in neutrophil granulocytes, where it ac-
counts for 5% of  the proteins. It is a very stable marker 
and is resistant to colonic bacterial degradation, and can 
be stored at room temperature for more than a week[55]. 
The concentration of  fecal calprotectin is proportional to 
the neutrophil cell infiltrate in the bowel mucosa, and it is 
a very sensitive marker for intestinal inflammation[8,17,40]. 
However, calprotectin is not a specific marker for CD or 
UC, and increased levels can also be found with neopla-
sia, other forms of  IBD, infections, and polyps[17], as well 
as with use of  non-steroidal anti-inflammatory drugs, 
increasing age[56] and upper gastrointestinal disease, such 
as small bowel bacterial overgrowth[57].

Lactoferrin is an iron-binding glycoprotein expressed 
by activated neutrophils[58]. During inflammation, lacto-
ferrin is released by the injured tissue and has been found 
to modulate inflammation and act in the defense against 
infections as a part of  the innate immune system[59]. It is 
resistant to degradation and proteolysis, and unaffected 
by freeze thaw cycles, making it a useful biomarker[17]. 
As such, it is an ideal marker for intestinal inflammation. 
However, like calprotein it is unspecific for CD and UC, 
but can distinguish active IBD from inactive IBD and ir-
ritable bowel syndrome[60]. Several studies report similar 
performance of  calprotectin and lactoferrin tests[6,60-64], 
and neither can be used to differentiate CD from UC 
with a high sensitivity and specificity. 

To sum up, no reliable biomarkers exist usable as a 
single “gold standard”. Therefore, to establish a diagno-
sis, histological examination of  biopsies from the termi-
nal ileum and colon is typically used in combination with 

cell wall of  the yeast Saccharomyces cerevisiae. In comparison 
to UC patients, CD patients are often positive for ASCA 
(Table 1)[41-43]. However, a substantial amount of  healthy 
controls are also positive for ASCA positive[44], indicating 
that specificity and sensitivity for CD patients are rela-
tively low; limiting the diagnostic value of  the marker in 
differentiating CD from UC.

ANCAs are antibodies with affinity for neutrophil 
granules. The antibodies have been found in a variety of  
immune conditions, including Wegener’s granulomato-
sis and rheumatoid arthritis (RA)[4]. When staining for 
ANCA, different patterns have been observed for UC and 
CD patients using immunofluorescence microscopy (Table 
1), and mainly UC patients display perinuclear ANCA 
(pANCA) staining compared to CD patients[41,42,45]. None-
theless, like the case of  ASCA, a substantial amount of  
healthy controls are pANCA positive[44].

Lastly, C-reactive protein (CRP) is one of  several pro-
teins that increase in serum upon acute phase IBD. CRP 
is almost exclusively produced in the liver, upon stimula-
tion by interleukin (IL)-6, tumor necrosis factor (TNF)-
alpha and IL-1-beta produced at the site of  inflammation. 
As such, an increased CRP-level is a marker for inflam-
mation, but is not specific for CD or UC[8,40,46,47]. In some 
cases, but far from always, CD is associated with a strong 
CRP serum increase, whereas UC usually only results in 
a modest response. However, the difference insufficient 
to differentiate CD patients from UC patients[48-50], and 
the reason for the different responses remains to be thor-
oughly accounted for[40]. 

Other serum biomarkers used include white blood cell 
count, platelets, and albumin, which are all non-specific 
for IBD and can be seen in inflammatory diseases and 
cell stress[40]. More CD serologic markers are described in 

Table 1  Known common inflammatory bowel disease 
biomarkers

Biomarker Specificity Usability

Serum biomarkers
   ASCA 39%-79% of CD patients 

positive, 5%-15% UC 
patients[41-43]

14%-18% of controls tested 
positive, limiting the diag-

nostic value[44]

   pANCA 20%-85% of UC patients 
positive, 2%-28% of the 

CD patients[41,42,45]

32% of controls tested posi-
tive, limiting the diagnostic 

value[44]

   CRP Marker for acute 
inflammation

Cannot differentiate CD from 
UC. However, usable for 

monitoring disease state[48-50]

Fecal biomarkers
   Calprotectin Sensitive marker for 

intestinal 
inflammation[8,17,40]

Cannot differentiate CD from 
UC. Used to monitor disease 

state[17]

   Lactoferrin Can distinguish active 
IBD from inactive IBD 

and irritable bowel 
syndrome[60]

Unspecific for CD and UC. 
However, usable for moni-

toring disease state[60]

ASCA: Anti-Saccharomyces cerevisiae antibodies; ANCA: Anti-neutrophil 
cytoplasmic antibody; IBD: Inflammatory bowel diseases; UC: Ulcerative 
colitis; CD: Crohn’s disease; CRP: C-reactive protein.
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patient disease history and one or more of  the above 
mentioned markers[17,65]. Hence, much effort is invested 
in analyzing the IBDs using various strategies, to identify 
usable biomarkers and explain the disease etiologies.

KNOWN PROTEOMICS BIOMARKERS 

FOR INFLAMMATORY BOWEL DISEASE
Proteomics studies can be performed in a discovery-
based manner, where relative protein abundance levels 
between two or more samples are detected, and PTMs 
can be identified. Recent development of  proteomics 
platforms has brought the technology to the point where 
several thousand proteins can be identified and (relatively) 
quantified in a single analysis or a subset by targeted ap-
proaches[6,10,31,36-39]. As inflammation takes place in the in-
testine, the gut-tissue represents an obvious place to look 
for novel biomarkers, which afterwards may be searched 
for in for example feces and blood and used as a disease 
marker. Several proteomic studies have successfully been 
aimed at identifying IBD biomarkers to investigate dis-
ease etiologies and aid in establishing the correct diagnose 
of  UC and CD patients (Table 2). However, until now 
none of  the identified biomarkers have been implemented 
in daily use[15].

The first group to publish a discovery-based pro-
teomics study of  the IBDs was Barceló-Batllori et al[66] in 
2002. The aim of  the study was to identify potential cy-
tokine regulated proteins in colon epithelial cells isolated 
from IBD patients, which might be involved in the patho-
genesis of  IBDs. Human adenocarcinoma cells were 
in vitro exposed to known cytokines expressed in IBD, 
namely interferon-gamma, IL-1-beta and IL-6 (TNF-
alpha was excluded as it is known to induce apoptosis 
in such cells). Using proteomics, the protein profiles of  
the cells were analyzed before and after exposure to the 
cytokines. All proteins from the cells were first separated 
using two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE). By staining all protein in the gels, differ-
ent samples (gels) can be compared in terms of  protein 
abundance based on the staining intensities, and differen-
tiating protein spots can be visually identified. Spots of  
interest were cut from the gel with a knife and the pro-
teins were enzymatically digested to specific peptides us-
ing the protease trypsin (in-gel digestion). The digestion 
of  proteins is an essential step for protein identification, 
as no MS technique currently exist that can identify thou-
sands of  intact proteins in a complex sample in a high 
throughput manner. This is only possible when using 
digested proteins (peptides). The proteins were identified 
based on the peptides using MS, with the technique called 
matrix-assisted laser desorption/ionization-time of  flight 
(MALDI-TOF) MS (Figure 2A). MALDI-TOF MS is a 
sensitive technique, but it involves placing a few drops of  
the sample on a plate which is left to dry prior to analysis. 
During analysis a laser is used to evaporate small spots 
from the dried droplet and ions in the produced gas are 

analyzed by MS. In the study, several cytokine regulated 
proteins were identified. Subsequently, human epithelial 
cells were isolated from UC patients and CD patients. 
Based on the findings, the samples were analyzed for the 
enzyme indoleamine-2,3-dioxygene using antibodies by 
western blotting. The group found an overabundance of  
the enzyme indoleamine-2,3-dioxygene in CD and UC 
compared to normal mucosa, hypothesizing an involve-
ment of  the Kynurenine pathway of  tryptophan metabo-
lism in the IBDs. Indoleamine-2,3-dioxygene activity has 
furthermore been found to be essential in dendritic cells 
to induce co-cultured T cell apoptosis[66].

When analyzing protein spots cut from gels the 
MALDI-TOF MS method is applicable, but the analysis 
of  an entire 2D-PAGE gel is unfeasible, due to the com-
monly several thousand detectable spots. The technique 
is therefore less suitable for high-throughput identifica-
tion of  many thousand proteins. Therefore, when analyz-
ing digested 2D-PAGE gels one usually only investigates 
changing protein spots and omits any information re-
garding non-changing protein spots. Information regard-
ing non-changing proteins might prove equally important 
as changing proteins for studies seeking to describe 
disease etiologies. However, for biomarker studies 2D-
PAGE strategies represent a feasible and proven way of  
identifying biomarker candidates. MALDI-TOF MS can 
also be conducted using intact proteins without prior 
enzymatic protein digestion. A variant of  MALDI-TOF 
MS is to spot the protein mixture on a modified surface, 
to which the intact proteins bind and subsequently the in-
tact masses of  the proteins can be obtained by MS. This 
technique is called surface-enhanced laser desorption/
ionization time of  flight mass spectrometry (SELDI-TOF 
MS) (Figure 2A). However, when studying intact proteins 
using MALDI-TOF MS or SELDI-TOF MS, one usually 
does not obtain identification of  the detected signals.

Electrospray ionization (ESI) remains the only MS 
technique for identifying and quantifying several thou-
sands of  proteins in a high-throughput manner (Figure 
2B). ESI involves spraying the digested proteins directly 
into the MS. By incorporating liquid chromatography (LC) 
with columns prior to the ESI process, the peptides can 
be separated and sequentially eluted over several hours. 
This gives the MS systems enough time to analyze a large 
proportion of  the eluted peptides which subsequently 
can be identified. In this way, large-scale proteomic stud-
ies can be performed in a high-throughput manner using 
ESI LC-MS. These studies yield (relative) quantitative in-
formation of  thousands of  identified proteins in a single 
experiment, and thus might provide better information 
for explaining disease etiologies. In 2004, Hardwidge 
et al[67] published such a study, which was the first large 
scale proteomic analysis of  a human cellular response 
to a pathogen. Discovery-based proteomics was applied 
to investigate the protein profiles (cellular response) of  
human Caco-2 intestinal epithelia cells before and after 
infection with E. coli. The group did not work directly 
with IBD, but the results are applicable to the diseases, 
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Table 2  Proteomics biomarker candidate studies and main findings

Ref. Sample Analysis Findings and perspectives

Barcelo-Batllori et al[66], 
2002 

In vitro colon epithelial 
cells and purified 
epithelial cells from UC 
and CD patients

2D-PAGE protein 
quantitation, and in-gel 
digestion and MALDI-TOF 
MS and Western blot protein 
identification

The enzyme indoleamine-2,3-dioxygene was more abundant in cells 
from CD and UC patients compared to normal mucosa. Tryptophan 
and arginine metabolism may play a role in the IBDs

Hardwidge et al[67], 2004 Human Caco-2 intestinal 
epithelia cells before and 
after infection with E. coli

ESI LC-MS protein 
identification and 
quantitation, Western blot 
verification

125 proteins more abundant and 139 proteins less abundant after 
infection, some related to innate immune responses. These proteins 
might be relevant to look for in future biomarker studies

Hsieh et al[68], 2006 Colonic biopsies 
from UC, nonspecific 
infectious colitis patients 
and controls

2D-PAGE protein 
quantitation, and in-gel 
digestion and MALDI-TOF 
MS protein identification

6 proteins were found to be more abundant in UC and 13 less 
abundant. The result indicates that mitochondrial dysfunction might 
be involved in UC the etiology. Four biomarker candidates were 
identified, however, they require validation

Shkoda et al[69], 2007 Intestinal tissue cells 
purified from patients 
suffering from CD, UC, 
and colon cancer

2D-PAGE protein 
quantitation, and in-gel 
digestion and MALDI-
TOF MS and Western blot 
identification

Proteins associated with signal transduction, stress response and 
energy metabolism were differently abundant in inflamed and non-
inflamed tissue. 32% of the differentially regulated proteins were 
involved in energy metabolism

Meuwis et al[10], 2007 Serum from UC and CD 
patients

SELDI-TOF MS m/z signal 
profiling, MALDI-TOF MS 
and Western blot protein 
identification

Successful in differentiating CD from UC patients with a sensitivity 
of 85% and a specificity of 95% from several m/z signals. Four 
biomarker candidates were identified, all known acute inflammatory 
markers, limiting the diagnostic value. However, the feasibility of 
serum biomarker studies was demonstrated

Nanni et al[71], 2007 Serum from UC, CD 
patients and healthy 
controls

Solid-phase bulk protein 
extraction, MALDI-TOF MS 
signal profiling

Able to separate the three groups with 97% prediction results. The 
signals were not identified, but the feasibility of serum biomarker 
studies was demonstrated

Meuwis et al[70], 2008 Serum from responding 
and non-responding CD 
patients to infliximab

SELDI-TOF MS signal 
profiling, MALDI-TOF MS, 
Western blot and ELISA 
protein identification

Able to predict responders with a sensitivity of 79% and a specificity 
of 80%. Increased amount of PF4 was associated with non-response 
to infliximab with MS but not ELISA, so usability of PF4 as a 
biomarker seems limited

Nanni et al[72], 2009 Intestinal epithelial cells 
from CD patients and 
healthy controls

1D-PAGE and in-gel 
digestion, ESI LC-MS 
protein identification and 
quantitation

Proteins more abundant in CD patients include several proteins 
involved in inflammation processes, and less abundant include 
Annexin A1, involved in the anti-inflammatory action. Follow-
up research is required to assess the feasibility of the biomarker 
candidates

Hatsugai et al[73], 2010 Peripheral blood 
mononuclear cells from 
UC and CD patients, and 
healthy controls

2D-PAGE quantitation, and 
in-gel digestion and MALDI-
TOF MS protein identification

Successfully discriminated UC from CD based on seven differently 
present proteins, all associated with inflammation oxidation/
reduction, the cytoskeleton, endocytotic trafficking and transcription.
The biomarker candidates require validation using a larger number 
of patients, but seems promising

M’Koma et al[74], 2011 Mucosal and submucosal 
layers of samples 
originating from CC and 
UC patients

MALDI-TOF MS m/z signal 
characterization, no protein 
identification

Five m/z signals were detected in the submucosal layer, which could 
separate the two groups with an accuracy of 75 percent. The signals 
needs to be identified, however, the disease groups can be separated 
on basis of the mucosal and submucosal profiles

Presley et al[75], 2012 Microbes and human 
proteins at the intestinal 
mucosal-luminal 
interface from CD and 
UC patients, and healthy 
controls

Oligonucleotide ribosomal 
RNA fingerprinting, SELDI-
TOF MS and MALDI-TOF 
MS identification

35% of the detected bacterial phylotypes were present in different 
amounts in the diseases, indicating the involvement of host-microbe 
interactions in IBD. The microbiome might prove useful as a target 
for therapy

Han et al[14], 2013 Colonic tissue biopsies of 
Korean IBD patients

ESI LC-MS protein 
identification with label-free 
quantitation

27 potential biomarkers were identified for UC, 37 biomarkers 
for CD and 11 proteins commonly associated with IBD. Three 
novel biomarkers were identified for active CD: Bone marrow 
proteoglycan, L-plastin and proteasome activator subunit 1. The 
biomarker candidates require validation, but might prove feasible as 
new diagnostic and therapeutic targets

Seeley et al[76], 2013 Histological tissue layers 
from UC and CC patients

MALDI-TOF MS m/z signal 
characterization, no protein 
identification

114 different m/z signals were found to be different between the two 
groups. The signals remain unidentified

Gazouli et al[77], 2013 Serum samples from 
responding and non-
responding CD patients 
to infliximab treatment

2D-PAGE quantitation, and 
in-gel digestion and MALDI-
TOF MS protein identification

15 differently abundant proteins between responders and non-
responders to infliximab were identified.
The biomarker candidates require further validation

IBD: Inflammatory bowel diseases; UC: Ulcerative colitis; CD: Crohn’s disease; MALDI-TOF MS: Matrix-assisted laser desorption-ionization time-of-flight 
mass spectrometry; 2D-PAGE: Two-dimensional polyacrylamide gel electrophoresis; ESI: Electrospray ionization; SELDI-TOF MS: Surface-enhanced laser 
desorption/ionization time of flight mass spectrometry; LC: Liquid chromatography.
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as the involvement of  host-microbe interactions in the 
IBDs have been suggested[54]. The cells were lysed, and 
the lysates were chemically modified using chemical la-
bels to allow for a relative comparison between the pro-
tein abundances measured by MS. Using ESI LC-MS, the 
group recorded 10921 peptide fragments mass spectra, 
from which they were able to identify 2000 proteins. Two 
hundred and sixty four proteins had a known biological 
function and were found to have at least a 2-fold abun-
dance difference between infected and non-infected, 
roughly half  were more abundant post infection. Some 
of  the MS-findings were verified with western blots, and 
significant changes were found in amount of  actin-related 
proteins before and after infection. 

Even though ESI LC-MS has advantages in terms of  
high-throughput, many biomarker studies have success-
fully employed MALDI-TOF MS protein identification 
in IBDs. In 2006, Hsieh et al[68] applied discovery based 
proteomics using such a platform. The group analyzed 
the etiology and pathogenesis of  UC using colonic bi-
opsies to detect any significant difference in the protein 
profiles. The biopsies were obtained from four UC pa-
tients, three patients with nonspecific infectious colitis 
and five individuals with no obvious colonic disease. 
The proteins were separated by 2D-PAGE and a total of  
1000 protein spots were compared visually between the 
diseased vs normal colon mucosa tissues. Forty protein-
spots were found to be consistently different in intensity. 
Spots of  interest were cut from the gel, tryptic digestion 
was performed and 19 proteins were identified using 
MALDI-TOF MS. Hereof, 13 identified proteins were 
less abundant in the UC-group and six proteins were 
more abundant. Eight of  the less abundant proteins 
were identified as being mitochondrial proteins, suggest-
ing that mitochondrial dysfunction might be involved in 
UC.

A year later in 2007, Shkoda et al[69] also identified 
a potential association between dysfunction in the en-

ergy metabolism and IBDs. The group applied a similar 
strategy and platform to investigate the loss of  intestinal 
cell function, a critical component in the initiation and 
perturbation of  chronic intestinal inflammation, and was 
the first to compare inflamed and non-inflamed tissue 
from the same patient. Intestinal cells were purified from 
intestinal tissue obtained from patients suffering from 
CD, UC, and colon cancer. The proteins were separated 
by 2D-PAGE and analyzed by MALDI-TOF MS and 
western blotting. 41 proteins were found to be differently 
abundant between inflamed and non-inflamed tissue, 
including proteins associated with signal transduction, 
stress response and energy metabolism. Thirty-two per-
cent of  all detected differentially regulated proteins asso-
ciated with IBD were involved in energy metabolism. In 
2007, Meuwis et al[10] published the first proteomic serum 
profiling study using SELDI-TOF MS in IBD, a variation 
of  MALDI-TOF MS. The study included 30 patients 
with CD, 30 patients with UC, 30 inflammatory controls 
and 30 healthy controls. By characterizing the serum 
only by the m/z signals and not identified proteins with 
SELDI-TOF MS, the group was able to differentiate CD 
from UC with sensitivity of  85% (51/60) and specificity 
of  95% (57/60). Several of  the unidentified signals were 
subsequently identified by MALDI-TOF MS, western 
blotting, and ELISA assay. Four biomarker candidates 
were identified: platelet aggregation factor 4 (PF4), my-
eloid related protein 8, fibrinopeptide A and haptoglobin 
alpha-2 subunit. All four proteins are known acute in-
flammatory markers to be expected in the IBDs, but the 
study succeeded in demonstrating that the separation of  
CD and UC patients based on serum markers is possible, 
highlighting the potential of  serum profiling.

A year later, Meuwis et al[70] used the same platform 
and strategy to analyze if  serum from 20 CD patients 
could be used to predict response to infliximab treatment. 
Infliximab is a monoclonal antibody against TNF-alpha, 
and was the first anti-TNF-alpha agent accepted for 
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Figure 2  Two commonly used mass spectrometry techniques. A: Matrix-assisted laser desorption/surface-enhanced laser desorption/ionizatio time of flight mass 
spectrometry (MS), where the peptide or protein sample is dried on a target plate. Subsequently, a laser is used to evaporate the dried sample, and the generated gas 
phase ions are analyzed by the mass spectrometer; B: Liquid chromatography (LC)-electrospray ionization (ESI) MS, where the liquid peptide (or protein) sample is 
separated on a LC column, and sequentially eluted often over several hours. The eluted peptides are injected directly into the mass spectrometer by ESI and analyzed.
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IBD treatment. The protein profiles were characterized 
in serum prior to and post treatment with SELDI-TOF 
MS. The group verified the four previous biomarkers, 
and especially increased amount of  PF4 was associated 
with non-response to infliximab. However, the associa-
tion could not be confirmed by ELISA, and did not cor-
relate significantly with other disease markers. Even so, 
the study was able to predict responders with a sensitivity 
of  79% (55/70) and a specificity of  80% (56/70). Even 
though the study did not succeed in identifying a usable 
biomarker for the prediction of  responders, the study 
highlighted the potential in proteomic studies and re-
sponse marker discovery.

In 2007, Nanni et al[71] optimized the methodological 
approach used to evaluate serum with MALDI-TOF MS. 
Using a solid-phase bulk protein extraction protocol fol-
lowed by MALDI-TOF MS, they analyzed serum from 
15 CD, 26 UC and 22 healthy individuals and were able 
to separate the three groups with 97% prediction results. 
Two years later, Nanni et al[72] conducted a study using 
high-throughput ESI LC-MS to investigate protein varia-
tions in the intestinal epithelial cells from CD patients. 
However, in contrast to Hardwidge et al[67] in 2004 who 
used chemical labelling of  the peptides to measure the 
relative abundances, Nanni et al[72] employed a label-
free strategy, and relied on the accurate detection of  the 
peptide masses. In this way, significant savings can be 
achieved for large studies and the sample preparation 
protocols simplified. Intestinal epithelial cells were iso-
lated from samples originating from two CD patients and 
two control patients. The cells were lysed and the pro-
teins were separated by 1D-PAGE, where the proteins 
are separated only in one dimension in contrast to 2D-
PAGE, which allowed the entire visualized gel lane to be 
cut into pieces and digested with trypsin. The resulting 
peptides were analyzed by ESI LC-MS and by compar-
ing the peptide intensities, relative protein abundances 
could be calculated. Proteins which were found to be 
more abundant in the epithelial cells from CD patients 
include heat shock protein 70, tryptase alpha-1 precursor 
as well as several proteins involved in inflammation pro-
cesses. The nuclear protein Annexin A1, involved in the 
anti-inflammatory action, and the malate dehydrogenase 
enzyme was found to be less abundant. The feasibility of  
the biomarker candidates remains to be validated. How-
ever, of  great importance is the demonstration of  the 
utility of  label-free ESI LC-MS analysis for the identifica-
tion of  differences in protein abundances for IBD.

In 2010, Hatsugai et al[73] performed the first study 
which successfully discriminated UC from CD complete-
ly. The group analyzed peripheral blood mononuclear 
cells from 17 UC patients, 13 CD patients and 17 healthy 
controls. The proteins were separated by 2D-PAGE and 
more than 1000 protein spots were detected in each gel. 
Five hundred and forty-seven protein spots were selected 
for the quantitative analysis, and 34 protein spots were 
significantly different between the UC and CD groups. 
Using 58 protein spots, the UC and CD patients could 

be differentiated. The 58 protein spots were furthermore 
subjected to in-gel tryptic digestion followed by MALDI-
TOF MS protein identification. Eleven of  the proteins 
were successfully identified, and were found to be func-
tionally related to inflammation, oxidation/reduction, the 
cytoskeleton, endocytotic trafficking and transcription. 
The profiles could, furthermore, predict disease severity 
and the UC patients’ responses to treatment. 

In 2011, M’Koma et al[74] analyzed mucosal and sub-
mucosal layers of  samples originating from Crohn’s coli-
tis (CC) and UC, using MALDI-TOF MS. Five unknown 
m/z MS signals were detected, which could separate the 
two groups. The study did not identify the origin of  the 
signals, but highlighted the possibility of  finding bio-
markers in the intestinal tissue.

As mentioned earlier, even though we are far from 
having a complete picture of  the intestinal micro-biome, 
changes in the bacterial composition have been detected 
in IBD. In 2012, Presley et al[75] investigated the host-
microbe interaction at the intestinal mucosal-luminal 
interface of  14 CD patients, 21 UC, and 16 healthy con-
trols. The mucosa prevents microorganisms from enter-
ing the host tissue. Using a novel saline-lavage technique, 
saline was injected during colonscopy and extracted again 
to avoid interference from the intestinal layer contents 
resulting from a biopsy sample. The bacterial ribosomal 
RNA genes were analyzed by oligonucleotide fingerprint-
ing and the proteins were analyzed by SELDI-TOF MS 
and MALDI-TOF MS. A combined proteome was con-
structed, constituting the proteomes from all detected 
organisms. Of  the 3374 detected bacterial phylotypes, 
35% significantly differentiated the diseases, indicating 
that host-microbe interactions might be involved in IBD, 
presenting new possibilities for diagnosis and therapy.

In 2013, Han et al[14] analyzed colonic tissue of  Ko-
rean IBD patients in a high-throughput manner using 
ESI LC-MS and label-free quantitation. The study in-
cluded four UC patients, three CD patients and two with 
inflammatory related polyps related to UC. The biopsies 
were homogenized and digested with trypsin without 
prior prefractionation and on average 324 proteins were 
identified for each group. Even though the number of  
identified proteins is relatively low considering the 2000 
proteins Hardwidge et al[67] identified in 2004, 27 potential 
biomarkers were identified for UC, 37 biomarkers for CD 
and finally 11 proteins that were commonly associated 
with IBD. Three novel proteins, bone marrow proteogly-
can, L-plastin and proteasome activator subunit 1 were 
identified as potential biomarkers for active CD. These 
biomarkes need validation, however, the feasibility of  
conducting high-throughput proteomics with label-free 
strategies in biomarker discovery was demonstrated.

A study published in 2013 by Seeley et al[76] investigat-
ed histological layers of  62 confirmed UC and CC tissues 
by MALDI-TOF MS. A total of  114 m/z MS signals 
were found to be statistically different between the two 
groups, however the signals have yet to be identified.

Finally, in 2013, Gazouli et al[77] published a study 
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where the response of  18 CD patients to infliximab 
treatment was correlated with known serum biomark-
ers. Serum samples were analyzed using 2D-PAGE, and 
240 protein spot were selected for in-gel digestion and 
subsequent MALDI-TOF MS protein identification. The 
group was successful in identifying 15 proteins which 
were differentially present in the serum of  CD patients 
depending on the response to infliximab. The proteins 
apolipoprotein A-I, apolipoprotein E, basic complement 
C4, plasminogen, serotransferrin, beta-2-glycoprotein 1, 
and clusterin were found to be more abundant in the pa-
tient groups with clinical and serological non-responders 
and responders, than in the group of  patients with clini-
cal and serological remission. Additionally, leucine-rich al-
pha-2-glycoprotein, vitamin D-binding protein, alpha-1B-
glycoprotein and complement C1r subcomponent were 
found to be more abundant in the serum of  the group of  
patients with remission. Interestingly, the group was un-
able to confirm the findings by Meuwis et al[70], that PF4 
could be a biomarker for infliximab response, emphasiz-
ing that the biomarker candidates need further validation. 
Nonetheless, the study was successful in demonstrating 
the feasibility of  identifying biomarkers in the serum us-
able to predict treatment outcome.

As apparent, many studies have successfully applied 
proteomic strategies to identify biomarkers, investigate 
IBD pathogenesis and identify prognostic markers in 
serum, stools, and tissue. Several biomarkers have been 
found (Table 2), most related to unspecific inflammation, 
and all biomarker candidates identified so far lacks fol-
low-up validation studies. However, even though many of  
the identified biomarkers are related to inflammation, the 
studies have demonstrated the feasibility and potential of  
the proteomics platform in IBD, and given clues to the 
mechanisms of  the IBDs. A few studies have successfully 
differentiated CD patients from UC patients. However, 
only based on unidentified m/z signals and not using 
identified protein or peptide biomarkers, from which the 
disease etiologies might be better explained. Nonetheless, 
these studies demonstrate the presence of  usable bio-
markers yet to be identified. Identified biomarkers hold 
the potential for designing diagnostic ELISA tests and 
protein array chips, where antibodies are used to detect 
the abundance of  one or more antigens[78,79]. Such arrays 
could constitute new clinical tools for diagnosis, progno-
sis and identify novel targets for therapy.

The studies have demonstrated the presence of  bio-
markers, in serum, in the intestinal tissue and in stools. 
Many studies have aimed at performing global discovery-
based proteomics in the intestinal tissue, and it has been 
demonstrated that high-throughput techniques such as 
ESI LC-MS, employing labelling or label-free quantitation 
are feasible ways to identify biomarkers in highly com-
plex samples. The advantage of  high-throughput protein 
identification and quantification strategies are especially 
apparent when disease etiologies are to be examined.

Furthermore, few studies have investigated the pos-
sible association between various PTMs and the IBD dis-

ease etiologies. Such an association is known from other 
inflammatory diseases; an example being the inflammato-
ry joint-disease rheumatoid arthritis (RA) where the PTM 
citrullination is known to be involved in the etiology[80-83].

POSTTRANSLATIONAL MODIFICATIONS 

AS BIOMARKERS
Today, more than 200 distinct PTM’s are known[84]. 
The PTMs are, to a large extend, important for the 
physiological function of  the protein and the half-life 
of  PTMs range from milliseconds to years[85]. Unfortu-
nately, they are also often low abundance, highly diverse 
and complex, and thus can be challenging to detect and 
characterize[25,27,86]. Hence, PTMs represent promising 
targets for biomarker discovery studies. For a review on 
protein regulation by PTMs in the IBDs, we refer to the 
work by Ehrentraut et al[5]. Common in vivo PTMs include 
phosphorylation, which is a reversible modification of  
the amino acids tyrosine, serine and threonine. Phos-
phorylation is known to be involved in activation and 
inactivation of  enzyme activity, modulation of  molecular 
interactions and cell signaling through specific domains. 
Acetylation can target any N-terminal, and it is believed 
that 84% of  all human proteins undergo this modifica-
tion[87]. The PTM affects the protein stability, and histone 
acetylation is known to play a role in gene regulation. 
Glycosylation is another central PTM. It is reversible and 
known to be involved in cell-cell recognition and signal-
ing, and regulation of  proteins. Disulfide bond formation 
between two cysteines is a key element in the stabilization 
of  proteins and protein complexes, such as, antibodies by 
forming intra- and intermolecular crosslinks. Deamida-
tion of  asparginine or glutamine is a possible regulator 
of  protein-ligand and protein-protein interactions, and 
ubiquitination is a marker for protein recycling/destruc-
tion[25]. Several PTMs are known to be involved in the 
inflammatory responses, and PTMs could be involved 
in the IBD disease etiologies. Lastly, citrullination is the 
irreversible deimination of  arginine into citrulline, in vivo 
catalyzed by the peptidylarginine deiminases, a calcium 
binding family of  enzymes[88,89]. The exact role of  the 
modification remains largely unknown, but the modifica-
tion is believed to alter the fold of  the proteins, change 
the protein polarity, and/or lead to denaturation in order 
to render the protein more prone to enzymatic degrada-
tion[80,88,89]. Citrullination has been associated with several 
diseases, including Alzheimer’s disease[90], and RA where 
an anti-citrullinated protein antibody was identified[80-83]. 
Smoking has been associated with increased citrullina-
tion, and smoking is the best known environmental fac-
tor for the development of  RA[91-95]. Several studies have, 
furthermore, associated smoking with an increased risk 
of  developing CD and UC[96-100]. In RA, it is believed that 
citrullination of  proteins results in the generation of  new 
antigens being presented to the immune system, which 
in turn triggers an autoimmune response[83]. It therefore 
seems plausible that citrullination may have a similar role 
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in the IBDs as well as other inflammatory diseases. How-
ever, as with many PTMs the MS-driven detection of  
citrullinated proteins in a high-throughput manner is not 
straight forward[84,101-104]. Nonetheless, if  disease-specific 
citrullinated proteins could be identified, these could be 
utilized in ELISA or protein array chips for prognostics 
and/or diagnostics. An example of  the utilization of  a 
similar biomarker is the diagnosis of  RA patients, where 
the presence of  anti-citrullinated protein antibodies in 
the serum is used to detect the disease with a sensitivity 
of  71% and specificity of  95%[80-83].

CONCLUSION
The diagnosis of  UC and CD patients remains difficult, 
especially in the early stages of  the diseases, and early 
and accurate diagnosis of  IBD-patients is crucial. Several 
studies have successfully identified promising biomarkers 
in stools, serum and tissue, demonstrating the presence 
of  IBD biomarkers. However, none of  the identified bio-
markers have been implemented in clinical daily use, and 
the diagnosis is based on a combination of  disease his-
tory, colonscopy inflammation biomarkers and histologi-
cal evaluation.

Few studies have aimed at investigating the global 
proteome of  intestinal tissue using high-throughput 
techniques such as ESI LC-MS, and the potential of  
such analysis seems immense. The recent development 
within the field of  high-throughput protein identifica-
tion using MS, now allows for identifying and quantifying 
several thousand proteins in a few hours of  analysis time. 
Besides protein abundances, PTMs represent promis-
ing targets for biomarker discovery studies. An analysis 
of  tissue, serum or stools therefore seems promising to 
identify novel biomarkers. Such information could be 
used to make accurate diagnostic and prognostic tools 
to differentiate patient groups and predict treatment 
responses. Antibodies against one or more identified di-
agnostic targets could be used in ELISA or protein array 
chips, which in turn can be used to detect the abundance 
of  the given antigen. Besides aiding physicians in making 
a correct diagnosis and treatment strategy, knowledge of  
disease specific proteins and PTMs might identify disease 
pathways and new targets for therapeutic agents, leading 
to improved pharmaceutical drugs.

Conclusively, protein identification and quantification 
using mass spectrometry holds great promise for the iden-
tification of  novel diagnostic and prognostic biomarkers 
for the IBDs, and might help explain the disease etiolo-
gies, ultimately leading to improved treatment strategies.
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Introduction
The modification of proteins is a common biological process. 

After translation of the messenger RNA into protein, most proteins 
are covalently modified at least once [1]. These posttranslational 
modifications (PTMs) are often crucial to ensure the correct 
physiological function of the given protein. More than 200 distinct 
PTMs have been identified [2]. Furthermore, the PTMs can determine 
the activity state, localization, turnover, and interaction with other 
proteins and substrates [1,3-5]. In this study, we optimized the mass 
spectrometry (MS) driven identification of the PTM citrullination. 
Citrullinated proteins and auto-antibodies against these have been 
associated with several diseases including: rheumatoid arthritis (RA), 

Alzheimer’s disease, and cancer [6-8]. MS remains the only method 
for identifying the exact site of citrullination, however, the correct 
identification of citrullinated peptides from MS data by automated 
search engines remains troublesome [4,9].

The posttranslational modification citrullination
Citrullination is the deimination of the amino acid (aa) arginine. 

In the reaction, one of the side-chain nitrogen atoms of arginine is 
hydrolyzed, yielding the non-standard amino acid citrulline (Figure 
1) along with ammonia as a side product. The reaction was first 
described by Fearon [10] in 1939, and citrullination can take place in 

Abstract

in vivo citrullinated proteins; 

Our in vivo and in vitro studies clearly demonstrate the inability of trypsin to cleave after citrulline residues. 

demonstrated likely pitfalls of applying the strategy.

In conclusion, manual annotation of citrullinated peptide spectra remains essential to ensure correct annotation. 
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alkaline solutions at ambient temperature. Protein citrullination is in 
vivo catalyzed by a family of calcium-binding enzymes, namely the 
peptidylarginine deiminases (PADs). At physiological pH, arginine has 
a +1 charge due to the guanidine group, whereas citrulline is neutral. 
Thus, each citrullination event lowers the overall charge of the protein 
[5,11]. Essentially, the PTM leads to the loss of one positive charge and 
a monoisotopic mass difference of +0.984016 [4]. The loss of positive 
charge influences the overall charge of the protein. This in turn affects 
the charge distribution, isoelectric point, and hydrogen bond forming 
abilities of the protein [5]. The exact role of the modification remains 
largely unknown, but it is believed to alter the protein fold, change 
the protein polarity, or lead to denaturation in order to render the 
protein more prone to enzymatic degradation [5,11,12]. An example 
of a citrullinated protein is myelin basic protein, which accounts for 
up to 35% of the total myelin protein. Myelin is a major part of the 
central nervous system, where it functions as a non-conducting isolator 
between the nerve fibers [13,14]. Myelin exists in different charge 
isomers that differ by the degree of citrullination [11,15]. Finally, 
citrullination is known to play a role in the disease etiology of the 
joint disease rheumatoid arthritis (RA), and citrullinated proteins and 
peptides have previously been identified in the synovial fluid from these 
patients [12,16,17]. Moreover, RA is today diagnosed by detecting the 
presence of anti-citrullinated protein antibodies in the serum, with a 
sensitivity of 71% and a specificity of 95% [16]. The second generation 
test for anti-citrullinated protein antibodies (anti-CCP2) is regarded 
as the golden standard in diagnosing RA, however, the identification 
of novel disease associated citrullinated peptides may improve the 
anti-CCP2 test and allow for identifying clinically distinct RA patient 
subgroups [16]. Based on what is known about citrullinated proteins 
and RA, disease associated citrullinated proteins may be relevant for 
other inflammatory diseases as well. The knowledge of such specific 
citrullinated proteins will allow for analyzing disease pathways, unravel 
disease etiologies, and function as targets for novel diagnostic and 
therapeutic agents.

Detection of citrullinated peptides by mass spectrometry
In bottom up proteomic strategies, proteins are typically 

enzymatically digested by the protease trypsin prior to mass 
spectrometric analysis. Trypsin cleaves the C-terminal side of the 
basic aa arginine or lysine, unless either is succeeded by a proline 
[18]. As citrulline does not have the positive charge of arginine, the 
general assumption is that citrullination will result in a missed cleavage 
by trypsin [19-22]. This correlates well with the kinetic function 
of trypsin, and observations of trypsin cleavage properties [18,23]. 
However, tryptic peptides without a missed cleavage after citrulline 
have also been reported [4,24]. This could likely be due to over cleavage 

by trypsin or incorrect annotations made by the automated search 
engines. Therefore, as stated by De Ceuleneer et al. [4] in 2012, caution 
has to be taken when interpreting a missed cleavage as an indication of 
a citrullinated peptide. 

In the present study, we decided to analyze the end product of 
tryptic digested peptides citrulline containing peptides and proteins 
using liquid chromatography (LC)-tandem MS sequencing. The 
sequences were chosen from identified disease relevant citrullinated 
proteins found in literature. We, furthermore, analyzed synovial 
fluid from a RA patient to make a similar assessment on an in vivo 
sample. This also allowed us to assess the number of citrullinated 
proteins found in the synovial fluid. Finally, we assessed the quality 
of automated citrullination annotation in the Mascot search engine, 
common to most proteome laboratories.

Materials and Methods
Digestion of peptides

A total of 24 synthetic peptide sets containing either arginine or 
citrulline (Table 1) were designed and purchased with carbamoylmethyl 
modified cysteine residues (JPT Peptide Technologies GmbH, Berlin, 
Germany). The aa sequences originated from reported citrullinated 
tryptic peptides added to 0.05 μg from in vivo modified proteins, and 
some sites were reported as C-terminal citrullinated. The peptide 
sequences were selected to ensure that nearly all peptides had at least 
one lysine or arginine to confirm the successful digestion. The freeze-
dried peptides were resuspended according to the manufacturer’s 
instructions, and the masses were verified by matrix assisted laser 
desorption/ionization (MALDI) MS (data not shown). Tryptic digestion 
was performed in 5% acetonitrile (ACN) and 50 mM ammonium 
bicarbonate. 0.5 μg crudepeptide was added to 0.05 sequencing 
grade trypsin (Promega, Fitchburg, USA). The samples were digested 
overnight at 37°C and acidified with formic acid (FA) to a concentration 
of 5% followed by nanoLC-MS/MS analysis. The undigested samples 
were treated identically, but the addition of trypsin was omitted. The 
peptides were LC-MS analyzed one sample at a time, except in one case 
where two samples were injected simultaneously to verify the observed 
change in retention time (RT). All mass-calculations were performed 
in GPMAW 9.02 (Lighthouse Data, Odense, Denmark).

Synovial fluid sample preparation 
Synovial fluid was obtained from a 69 year old female RA patient, 

who was tested positive for anti-cyclic citrullinated peptide antibodies 
and rheumatoid factor. The digestion of synovial fluid prior to MS 
analysis was performed using the filter aided sample preparation 
Protein Digestion Kit (Expedeon, San Diego, USA) according to 
manufacturer’s instructions using 30 kDa cutoff spin filters. 90 μg 
total SF protein was digested using two μg sequencing grade modified 
trypsin (Promega), and the samples were digested overnight at 37°C. 
After trypsin digestion, the samples were acidified with trifluoroacetic 
acid (TFA), desalted with TAGRA C18 columns (Nest Group, 
Southborough, USA), and finally resuspended in 2% acetonitrile 
(ACN)1% FA.

Mass spectrometry 
The synthetic peptide samples were analyzed by automated LC-

electrospray ionization (ESI) MS/MS using a 1200 series Agilent 
nanoflow HPLC (Agilent Technologies, Santa Clara, USA) system 
coupled online by a nanospray ion source (Proxeon, Odense, Denmark) 

Figure 1: in vivo
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SP# Protein Name Protein ID Sequence Ref. % RT shift
1 13-DS R/Cit KGLFR-32 [20] 2.4
2 - R/Cit KSFIK-285 [20] 3.0
3 - 415-EELGSKAKFAG R/Cit NF R/Cit K-434 [20] 1.6
4 Vimentin AAH66956 31-VTTSTRTYSLGSAL R/Cit R-50 [21] 1.4
5 - AAH66956 K KS R/Cit LGDLYEEEMR-155 [21] 2.6
6 - AAH66956 371-NMKEEMARHL R/Cit K-390 [21] 1.4
7 - AAH66956 371-NMKEEMA R/Cit HLR K-390 [21] 2.0
8 protein-arginine deiminase type-4 201-LHVA R/Cit SEMDKV R/Cit R/Cit GK-220 [30] 3.6
9 - 375-GLK K R/Cit R-394 [30] 3.4
10 - RKGFR R/Cit K-499 [30] 2.0
11 24-LS R/Cit TVR R-43 [31] 1.6
12 72-EMHGK K R/Cit R-91 [22] 1.6
13 - 154-SGVTK R/Cit LTDTTK-173 [22] 1.4
14 29-AEGGGV R/Cit RVVE R/Cit K-48 [32] 0
15 - R/Cit GKSSSYSK-581 [32] 0.4
16 - 583-FTSSTSYN R/Cit GDSTFESKSYK-602 [32] 1.0
17 Myelin basic protein 158-A R/Cit R/Cit HRDTGILDSIGR-177 [33] 2.6
18 - 245-LSR R/Cit R-264 [33] 2.0
19 - R/Cit ASDYKSAHKGFK-276 [33] 0.6
20 - 284-LSKIFKLGG R/Cit DSR R-303 [33] 0.6
21 266-Y R/Cit R-285 [24] 0
22 - K R/Cit R-273 [24] 3.4
23 - R/Cit RAR-74 [24] 2.0
24 132-SI R/Cit KIVNLK-151 [24] 3.0

Table 1:

indicates citrulline.

to a hybrid microQTOF mass spectrometer (Bruker, Bremen, 
Germany). One pmol sample was loaded on an in-house packed 10 cm 
reversed phase C18 column using a single column system (Dr. Maisch, 
Germany; Reprosil-pur C18-AQ). The sample was eluted with a linear 
gradient of 98% solvent A (0.1% FA, 0.005% heptafluorobutyric acid) 
and 2% solvent B (90% ACN, 0.1% FA, 0.005% heptafluorobutyric acid), 
which was increased to 40% solvent B on a 30 minutes ramp gradient at 
a constant flow rate of 200 nL/min. The mass spectrometer was used in 
data dependent mode to automatically switch between MS and MS/MS 
acquisition, selecting the three most abundant ions. The resulting raw 
files were analyzed using Bruker Daltonics Data Analysis v 3.4 (Build 
192), and extracted ion chromatograms (XIC) were constructed with 
all predicted tryptic peptides ± m/z 0.01, under the assumption that 
trypsin cleaves after arginine, lysine, and citrulline.

The synovial fluid sample was analyzed on an automated LC-ESI MS/
MS setup using an UltiMate™ 3000 UPLC system upgraded with a RSLC 
nanopump module. The system was coupled online with an emitter for 
nanospray ionization (New objective 360-20-10) to a Q Exactive mass 
spectrometer (Thermo Scientific, Waltham, USA). Five μg sample were 
loaded onto a C18 reversed phase column (Dionex Acclaim PepMap 
RSLC C18, 2 μm, 100 Å, 75 μm×50 cm) and eluted with a linear gradient 
of 96% solvent A (0.1% FA, 0.005% heptafluorobutyric acid) and 4% 
solvent B (90% ACN, 0.1% FA, 0.005% heptafluorobutyric acid), which 
was increased to 35% solvent B on a 120 minutes ramp gradient at a 
constant flow rate of 300 nL/min. The mass spectrometer was used in 
a data dependent mode, selecting the 12 ions with the highest intensity 
for HCD fragmenting. Fragmented ions were dynamically excluded for 
30 sec. The resulting raw files were analyzed using Thermo Proteome 
Discoverer v 1.4 (build 288) connected to a Mascot server with a local 
Homo sapiens Uniprot database. The raw files were searched against 
the database using the following parameters: maximum three missed 

cleavages, 10 ppm precursor mass tolerance, 30 mmu fragment mass 
tolerance, variable modifications: Citrullination (R), Deamidation 
(NQ), Oxidation (M), static modifications: carboxymethyl (C), and 
percolator with 1% false discovery rate (FDR). All peptides annotated 
as citrullinated or deamidated were subsequently manually assessed. 
For a successful annotation of citrullination, the PTM should either be 
visible on the fragment ion, or by the subsequent fragment ion series. 
Raw files were inspected in Qual Browser Thermo Xcalibur v 2.2 (build 
42).

Results and Discussion
Tryptic cleavage of citrulline containing peptides

To demonstrate the overall effectiveness of the protease trypsin 
to cleave at modified residues, we investigated a total of 24 peptide 
pairs (Table 1). In the first set of experiments, the theoretical outcome 
by in situ digestion were examined and compared to the empirical 
data. Protein-arginine deiminase type-4 can be citrullinated at 
position 495Arg. A synthetic peptide pair SP 10 and SP 10Cit with 
arginine or citrulline respectively were made with the aa sequence 
480-PAPDRKGFRLLLASPR/CitSCYK-499 (Table 1). The digestion 
experiment demonstrated that trypsin cleaves after arginine, but 
not citrulline (Figure 2). For SP 10, prior to digestion, only the 
synthetic peptide was detected in the XIC. After digestion, peptides 
corresponding to PAPDR, LLLASPR and SCYK were detected, 
corresponding to a complete cleavage after 495Arg (Figure 3). This 
was not the case for the citrullinated peptide, SP 10Cit, where peptides 
corresponding to PAPDR and LLLASPCitSCYK were detected after 
digestion. All investigated peptides demonstrated this behavior, and 
tryptic cleavage after a citrulline residue was never observed.

Commonly, in solution trypsin digestion protocols, a trypsin-
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to-protein ratio of 1:50 to 1:100 is employed and a digestion time 
varying from a few hours to overnight digestion [18]. To ensure a 
complete tryptic digestion, we employed a significantly higher trypsin 
concentration in the performed tryptic digestions (1:10) combined 
with 12 h incubation at 37°C [25]. However, cleavage after citrulline 
could not be detected for any of the investigated peptides, whereas the 
arginine and lysine cleavage sites were fully cleaved. Our study thereby 
demonstrates that tryptic cleavage after citrulline is not occurring to a 
detectable extent under standard digestion conditions.

Citrullination and retention time shift
Citrullination results in an increased hydrophobicity of the 

modified peptide, and as an outcome citrullinated peptides will have a 
longer RT on a reversed phase high-performance LC column [26]. The 
XIC of the coinjection of SP 3 and SP3cit (Figure 4) demonstrates that 
the RT shift between these two peptides on this system and gradient is 
3.0%. The RT shifts for the peptide sets were extracted across different 
LC runs (Table 1). For 22 of the 24 peptide sets, the RT shift was greater 
than 0.4% (7 s on the 30 min gradient), which in this experiment was 
enough to ensure baseline separation. The results demonstrate that 
coelusion for most peptides will not occur, which confirms the findings 
by Raijmakers et al. [26]. This becomes important when considering 
the +0.984016 Da mass shift caused by citrullination (and deamidation) 
which is close to that of a single neutron +1.008665 Da. As a result, if 
a citrulline and an arginine containing peptide are coeluting, the m/z 
signal from the citrullinated peptide will fall within the isotopic cluster 
of the non-citrullinated peptide. This will cause an apparent change in 
the isotopic cluster [27]. Due to the typical isolation window used on 
mass spectrometers (m/z 1 to 3), both the modified and unmodified 
peptide would in this scenario be selected for fragmentation, which 
most likely would hinder a successful identification of the PTM [4]. 
An alternative solution to dealing with coelusion would be to run the 

samples on a MS with ion-mobility, as this would likely separate the 
citrullinated peptides from the non-citrullinated peptides regardless of 
LC separation. 

In a tryptic digest containing citrullinated proteins and non-
citrullinated proteins, a likely scenario in in vivo samples, the site of 
citrullination will in the non-modified peptide be a tryptic cleavage site. 
The mass of the citrullinated peptide will, therefore, in most cases not 
overlap with the mass of the non-citrullinated peptide. However, when 
using other proteases such as LysC the RT shift becomes important 
for the successful identification of both peptides [4]. This is relevant 
when assessing the ratio of citrullinated peptides, as e.g. LysC will result 
in two comparable peptides. De Ceuleneer et al. [27] demonstrated in 
2012 that the degree of skewed isotope pattern can be used to quantify 
the amount of citrullinated peptide, by designing gradients where 
the two peptides do coelute. However, in order to have an overlap of 
elusion, the LC gradient must be designed accordingly as at least 22 of 
our 24 peptide sets did not fulfill this requirement on our setup. This 
might limit the feasibility of the approach for complex samples.

Tryptic missed cleavage as a citrullination verification strategy
The identical mass shift of deamidation of asparginine or glutamine 

causes it to be mistaken for citrullination and vice versa by automated 
protein identification search engines, such as Mascot (Matrix Science, 
Boston, USA). This is especially pronounced if only one of the 
modifications is allowed as a variable modification in the search (data 
not shown). Resultantly, a manual verification of citrullinated peptide 
candidate tandem mass spectra remains necessary for unambiguous 
site specific identification. However, our findings support that a missed 
cleavage can be used to significantly reduce the number of reported 
citrullinated peptide spectra, which needs to be manually verified, since 
a deamidation of asparagine or glutamine will not lead to a tryptic 
missed cleavage. Combining the correct mass increment with the MS/

Figure 2:
Arg cit, the fragment 

.
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MS information, RT shift (if the non-citrullinated peptide is available) 
and hindered cleavage by trypsin seems to be a valid approach for a 
reliable identification of citrullinated peptides. It should be noted 
that in vivo samples may contain tryptic peptides with a citrullinated 
C-terminal, if the C-terminal of the original protein ends on a modified 
arginine. Using the above described identification parameters these 
peptides will be dismissed as false positives.

To verify the in vitro findings, synovial fluid from a RA patient 
was analyzed. The data was processed using Proteome Discoverer with 
Mascot as search engine, and a total of 364 proteins were identified 
at 1% FDR. All peptides annotated as being deamidated (NQ) or 
citrullinated (R) and contained at least one arginine were inspected.

Ten peptides were annotated as being deamidated (and not 
citrullinated), and contained at least one arginine. Of these, one was 
found to actually be citrullinated.

A total of 58 peptides were annotated as being citrullinated. 37 of 
these 58 peptides (64%) could be annotated directly and unambiguously 
from the fragment mass, and 7 of the 58 peptides (12%) by the masses 
of flanking fragments. However, 14 of the 58 peptides (24%) were 
found not to be citrullinated (Figure 5A).

When investigating non-citrulline peptides that were incorrectly 
annotated in greater detail, 10 of the 14 peptides (64%) were marked 
as having a citrullinated arginine on the C-terminal (Figure 5B). The 
remaining 4 of the 14 peptides (36%) contained an internal arginine 

residue. The detected mass shift was a result of the secondary isotope 
peak having been selected for MS/MS fragmentation, and not the 
monoisotopic peak. This was also the case for some of the peptides 
being incorrectly annotated as C-terminal citrullinated. The secondary 
isotope leads to a +1.008665 Da mass shift, which can be mistaken for 
a citrullination or a deamidation, especially in low resolution fragment 
spectra.

One of the 44 correctly annotated citrullinated peptides (2%) 
contained a citrullination on the C-terminal. Upon further analysis, 
the peptide was identified as the Complement C3f fragment (PMID 
P01024). The citrullination was found to be on position 1320, the 
C-terminal aa of the C3f fragment. C3f is a peptide that is released 
in vivo when C3b is converted to C3ib by the serine protease Factor I 
during complement activation [28,29]. Therefore, it seems likely that 
this is an example of the citrullinations that might be missed when 
implementing the no C-terminal citrullination limitation. Thus, such 
peptides will be lost in the data analysis when searching for citrullinated 
peptides and not allowing C-terminal citrullinations.

Finally, 30 of the 37 citrullinated peptides that could be 
unambiguously annotated, belonged to proteins previously identified 
as being citrullinated in synovial fluid by Van Beers et al. [17] (Table 2). 
Seven of the synovial fluid proteins have to the best of our knowledge 
not prior been identified as being citrullinated.

C-terminal peptides such as C3f are present; however, as 
demonstrated, by far the majority of the C-terminal citrullinated 

Figure 3:
489-499 is cleaved into aa 489-495 and aa 496-499.

Figure 4:
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peptides identified were incorrectly annotated. It therefore seems 
plausible that many peptides assigned as being C-terminal citrullinated 
in literature are due to deamidations being mistaken for citrullinations 
or that the secondary isotope peak of the peptide was selected for 

fragmentation. Hence, a manual verification of the fragment spectra 
seems necessary if a C-terminal citrulline is to be confidently annotated. 
Another means of unambiguously identifying a citrullination, is to 
use a chemical modification, as described by De Ceuleneer et al. [30]. 

Figure 5: A: B: Distribution of cause for incorrect 
citrullination annotation by Mascot.

Protein name Protein ID Sequence Mod.Res.
Actin, cytoplasmic 1 Cit 96

Cit 220
704-VGFYESDVMG Cit GHAR-719 715

Apolipoprotein A-I Cit 239
Apolipoprotein A-IV 276-GNL Cit 279
Apolipoprotein C-III Cit 60
Apolipoprotein E 186-EGAE Cit GLSAIR-198 190
Apolipoprotein L1 O14791 Cit GVK-334 331
Complement C1r subcomponent Cit GGGALLGDR-494 484

Cit-1303 1303
Cit 1352

Cit GDSTFESK-599 591
Cit HR-512 510

Cit 272
115-GDFSSANN Cit DNTYNR-129 123
53-Cit 53

Fibronectin Cit 265
Fibronectin Cit 2354
Haptoglobin 117-L Cit TEGDGVYTLNNEK-131 118

46-LLMYGASS Cit 55
136-TVG Cit 139
658-MNF Cit 661

Plasminogen 88-M Cit DVVLFEK-96 89
Protein AMBP Cit 297

187-NSAAN Cit 191
Cit 1317

Cit R-1301 1300
Cit ENLD Cit DIALMK-467 456,461

434-YE Cit NIEK-440 436
Serum albumin Cit 105

Table 2: 
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The citrulline residue is modified by the addition of an imidazolone 
derivative, which results in a mass shift of +50 Da. This method has 
the advantage of being highly specific for citrulline residues however, 
as noted in the article the method requires a high concentration of the 
citrullinated peptide(s) and the method is not suitable for complex 
protein samples. The missed cleavage strategy is applied post acquisition 
and search hence no chemical modification is required and the method 
is compatible with standard shotgun proteomics on complex samples.

Conclusion
Citrullination has been associated with several diseases, and auto-

antibodies against citrullinated proteins are today used as an important 
clinical diagnostic biomarker for characterizing rheumatoid arthritis. 
The exact physiological role of citrullination in relation to diseases is 
incomplete, and specific analyses are needed to expand upon current 
knowledge. However, the essential MS driven verification of the exact 
site of modification remains problematic.

Using 24 sets of synthetic peptides containing citrulline and 
arginine, with sequences from previously identified citrullinated 
proteins reported in the literature, we have demonstrated the inability 
of trypsin to cleave after a citrulline residue. Furthermore, our 
study confirms that the RT shift between a citrullinated and a non-
citrullinated peptide on a short reversed phase (C18) column and a 
30 minutes gradient in most cases is enough to ensure that the two 
peptides will not coelute. C-terminal citrullinated tryptic peptides can, 
therefore, only occur if a given protein or protein fragment ends on 
a citrullinated arginine residue, which is the case for the citrullinated 
protein fragment C3f. Deamidation of asparagine or glutamine will not 
lead to a missed cleavage. Therefore, a missed cleavage can be used as a 
marker to reduce the number of reported citrullinated peptide spectra 
which needs to be manually validated. In an in vivo synovial fluid sample 
from a RA patient, 64% of the false positively reported citrullinations 
could be readily dismissed using this strategy. In addition, 7 proteins, 
not previously reported as being citrullinated, have been identified in 
the RA synovial fluid.
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ABSTRACT: Synovial fluid in an articulating joint contains
proteins derived from the blood plasma and proteins that are
produced by cells within the joint tissues, such as synovium,
cartilage, ligament, and meniscus. The proteome composition
of healthy synovial fluid and the cellular origins of many
synovial fluid components are not fully understood. Here, we
present a normative proteomics study using porcine synovial
fluid. Using our optimized method, we identified 267 proteins
with high confidence in healthy synovial fluid. We also
evaluated mRNA expression data from tissues that can
contribute to the synovial fluid proteome, including synovium,
cartilage, blood, and liver, to better estimate the relative
contributions from these sources to specific synovial fluid
components. We identified 113 proteins in healthy synovial
fluid that appear to be primarily derived from plasma transudates, 37 proteins primarily derived from synovium, and 11 proteins
primarily derived from cartilage. Finally, we compared the identified synovial fluid proteome to the proteome of human plasma,
and we found that the two body fluids share many similarities, underlining the detected plasma derived nature of many synovial
fluid components. Knowing the synovial fluid proteome of a healthy joint will help to identify mechanisms that cause joint
disease and pathways involved in disease progression.

KEYWORDS: Synovial fluid, synovium, plasma, porcine, human, proteomics, transcriptomics, origin, PTM, method optimization

■ INTRODUCTION

Synovial fluid is present in all joint cavities, where it protects
the articular cartilage surfaces, in part by reducing friction.
Synovial fluid, furthermore, facilitates the transport of nutrients
and waste products including proteins and metabolites between
the vascularized synovium and the avascular cartilage.1−3 Many
components of synovial fluid are derived from blood plasma,
and these two body fluids share many similarities in terms of
protein composition.4,5 However, synovial fluid also contains
proteins secreted from the surrounding tissue, including the
articular cartilage and synovium.6 The protein concentration in
synovial fluid from healthy knee joints is approximately 25 mg/
mL, i.e., ∼1/3 of the concentration found in blood plasma, and
albumin constitutes approximately 12 mg/mL.1,3,7−10

Joint diseases, in particular osteoarthritis (OA) and
rheumatoid arthritis (RA), are the leading cause of disability
in people over 55 years.6 It has been estimated that, as of 2005,
27 million adults in the United States have clinical OA, and in
2009, OA was the fourth most common cause of hospital-

ization.11,12 Furthermore, joint injuries, such as anterior cruciate
tear, that predispose to precocious joint failure have become
epidemic in young athletes.13,14 Although changes in the
composition of synovial fluid have been described in patients
with joint disease, there do not exist reliable biomarkers for
early disease diagnosis or biomarkers that accurately depict
response to therapy.1,15−17 As a consequence, OA is often not
diagnosed before irreversible damage has occurred.15,18,19 Since
synovial fluid is in direct contact with the joint tissues, it
provides an attractive source of biomarkers candidates for
monitoring joint health and for furthering the understanding of
the disease mechanisms.3,18 Previous studies of synovial fluid
have mainly been focused on various diseased states. However,
the protein concentration, content, and volume of synovial fluid
is known to change dramatically during active joint diseases,
and few studies have been focused on synovial fluid in healthy
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state or the likely origins of the synovial fluid proteins.3,17

Balakrishnan et al.20 compared the human synovial fluid
proteome from OA and RA patients. Synovial fluid was
immune-depleted of the most abundant proteins, followed by
liquid chromatography−tandem mass spectrometry (LC−MS/
MS) analysis, which led to the identification of 575 proteins, of
which 135 demonstrated a greater than 3-fold abundance
change between the two groups. In a similar study, Mateos et
al.1 identified a total of 136 different proteins using two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE)
protein separation, followed by in-gel trypsin digestion and
protein identification by LC−matrix-assisted laser desorption/
ionization time-of-flight (MALDI TOF/TOF) MS. When
assessing the total number of different proteins to be expected
in synovial fluid, analyzing 2D-PAGE images seems to be a
valid approach. Chen et al.10 analyzed synovial fluid from
patients with joint swelling using several precipitation strategies
and detected 456 protein spots on 2D-PAGE images. Smith et
al.21 detected 1000 protein spots on 2D-PAGE images of
synovial fluid from RA patients, which was estimated to
represent 300 individual proteins. However, neither of the two
latter studies identified the proteins within the protein spots.
2D-PAGE in-gel digestion strategies, while highly informative,
are not suitable for high-throughput proteome analyses.19

Therefore, we investigated the use of in-solution proteomics
strategies with the aim to increase high-throughput protein
identification and quantitation. In this normative proteomics
study of synovial fluid from healthy porcine knee joints, we
report results from applying our optimized method, using
porcine synovial fluid. Domesticated or minipigs are a highly
relevant anatomically large animal model organism to study
several human diseases, including acute joint injury, OA, and
other inflammatory disease.22−26 The homology between the
porcine genome and the human genome is conserved to a
much greater extent than that between human and mouse or
other rodents.27 Furthermore, the porcine model has previously
been used to study anterior cruciate ligament injury and
surgical and tissue engineering approaches for healing.28−30 We
also report mRNA sequence data from healthy porcine
synovium that we used to estimate the contribution to the
synovial fluid proteome from this tissue, and we compare this
to the relative contribution from plasma (e.g., proteins secreted
into plasma by the liver or by blood cells) and articular
cartilage.

■ EXPERIMENTAL PROCEDURES

Collection of Synovium and Synovial Fluid Samples

Six adolescent Yucatan minipigs (Coyote CCI, Douglas, MA),
aged 12−15 months, were obtained for use in this study. All
minipigs were housed and monitored by the Animal Resources
at Boston Children’s Hospital (ARCH) and handled according
to approved Institutional Animal Care and Use Committee
(IACUC) protocols. Minipigs were acclimated to the ARCH
environment for a minimum of 3 days prior to experimental
handling.
Nonbloody synovial fluid was obtained from the joints by

aspiration using a 21 gauge needle. Samples were centrifuged at
3000g at room temperature for 10 min to pellet and remove
cells and cellular debris. In some cases, 3 mL of sterile saline
was injected into the knee joint to facilitate fluid extraction;
after saline injection the knee was bent 10 times to ensure
homogeneous fluid distribution and mixing. The saline/

synovial fluid mix was then processed as above. Following
centrifugation, the supernatants were stored at −80 °C.
Furthermore, a human synovial fluid sample was obtained
from a RA patient according to an approved IRB protocol
(IRB-P00006443) to evaluate the integrity of the UniProt Sus
scrofa protein database.
Euthanasia of the animals was induced by intramuscular

injection of atropine (0.04 mg/kg), Telazol (4.4 mg/kg), and
xylazine (2.2 mg/kg) and finalized by intravenous injection of
Fatal Plus (86 mg/kg). At the time of euthanasia, synovia from
the knee joints of the hind limbs were harvested. Care was
taken to sample only the synovial membrane without any
subintimal structures, such as fat or blood vessels. Each tissue
specimen was snap frozen in liquid nitrogen and stored at −80
°C.

Protein Concentration

Total protein concentration for each sample (diluted 1:30 in
water) was determined for normalization of sample material
using a colorimetric (Bradford) protein assay kit (Bio-Rad,
Hercules, CA) according to the manufacturer’s instructions,
with bovine serum albumin used as the standard.

SDS-PAGE

Thirty micrograms of total synovial fluid protein was prepared
for sodium dodecyl sulfate (SDS)-PAGE in Laemmli sample
buffer (Bio-Rad, Hercules, CA) according to the manufacturer’s
instructions. SeeBlue Plus2 pre-stained standard (Invitrogen,
Carlsbad, CA) was used as the protein molecular weight
standard. The sample was fractionated using NuPAGE 4−12%
Bis-Tris minigels (Invitrogen) at 150 V for 65 min in MOPS
SDS-running buffer (Invitrogen). The gel was stained using
Coomassie blue, SimplyBlue SafeStain (Invitrogen), according
to manufacturer’s instructions.

Synovial Fluid Protein Digestion

Three trypsin digest protocols were evaluated:
(1). Filter-Aided Sample Preparation (FASP) Digestion.

Performed using the FASP protein digestion kit (Protein
Discovery, San Diego, CA) according to manufacturer’s
instructions using 30 kDa cutoff spin filters. Ninety micrograms
of total synovial fluid protein was digested overnight at 37 °C
with 2 μg of sequencing grade modified trypsin (Promega,
Fitchburg, MA). To assess the need of glycan removal when
working with synovial fluid, 500 U peptide-N4-(N-acetyl-beta-
glucosaminyl)-asparagine amidase (PNGase F) (New England
BioLabs, Ipswich, MA) was added to these samples prior to the
trypsin digestion step, and samples were incubated overnight at
37 °C, after which the normal FASP protocol was continued.
After trypsin digestion, the samples were desalted with TARGA
C18 columns (Nest Group, Southborough, MA) and
resuspended in 5% acetonitrile (ACN) and 5% formic acid
(FA) prior to analysis.

(2). Urea In-Solution Digestion. Performed according to
Gallien et al.31 Ninety micrograms of total synovial fluid protein
was diluted with 8 M urea in 100 mM ammonium bicarbonate
to a final volume of 25 μL. The sample was reduced with
dithiothreitol at a final concentration of 12 mM for 30 min at
37 °C and alkylated with iodoacetamide at a final concentration
of 40 mM for 1 h at room temperature in the dark. The samples
were diluted with 100 mM ammonium bicarbonate to a total
volume of 100 μL, 2 μg of trypsin was added, and the sample
was digested overnight at 37 °C. The samples were desalted

Journal of Proteome Research Article

dx.doi.org/10.1021/pr500587x | J. Proteome Res. XXXX, XXX, XXX−XXXB



with TARGA C18 columns (Nest Group) and resuspended in
5% ACN, 5% FA prior to analysis.
(3). In-Gel Digestion. Three gel-lanes, each loaded with

150 μg total synovial fluid protein, were divided into 10
sections each and subjected to standard in-gel tryptic digestion
as previously described,32−34 followed by analysis.

Human Plasma Protein Digestion

Human plasma was acquired as part of an ongoing method
optimization study using a deidentified, discarded cord plasma
sample and thus are not considered research of human subjects.
One hundred micrograms of plasma protein was digested using
the FASP protein digestion kit (Protein Discovery, San Diego,
CA) with a modification to the recommended protocol. This
modification involved the use of a 10 kDa MWCO filter instead
of the stock 30 MWCO filters. A trypsin/LysC mix (Promega,
Madison, WI) was added to the FASP filter at 1:25 ratio for
digestion. The samples were then incubated at 37 °C overnight,
and the resulting peptides were recovered as recommended by
the manufacturer’s protocol. The peptides were desalted using
Oasis HLB columns (Waters, Milford, MA) and resuspended in
2% ACN in 0.1% FA prior to analysis.

LC−MS/MS Measurement and Proteomics Data Analysis

Two different high-resolution/high-accuracy mass spectrometer
systems were used for the shotgun proteomic analysis: (1) For
post-translational modification (PTM) analysis and method
optimization, synovial fluid samples were analyzed on a
TripleTOF 5600 (AB Sciex, Framingham, MA) connected
online with a nanoflow UPLC and a NanoFlex system
(Eksigent/AB Sciex). The samples were loaded onto a 15 cm
reversed-phase C18 200 μm chip with 2 μL/min in 100%
solvent A (0.1% FA). The samples were then separated using a
15 cm reversed-phase C18 75 μm chip and eluted with a linear
gradient of 2% solvent B (0.1% FA in ACN), which was raised
to 35% solvent B over 120 min (60 min for in-gel digested
samples) at a constant flow rate of 500 nL/min. (2) The six
FASP digested synovial fluid samples used to determine the
synovial fluid protein list and abundances as well as the trypsin-
digested human plasma samples were analyzed on a Q Exactive
(Thermo Scientific, Waltham, MA) connected online to an
EASY-nUPLC 1000 (Thermo Scientific). The samples were
loaded onto a 10.5 cm reversed-phase C18 PicoChip with a
flow rate of approximately 1 μL/min in 98% solvent A and 2%
solvent B and were eluted with eluent B using a linear gradient
that was raised to 35% over 120 min at a constant flow rate of
300 nL/min.
The AB Sciex.wiff data files were analyzed using ProteinPilot

4.5 (rev. 1656, Paragon Algorithm 4.5.0.0). To identify the
most commonly single observed PTMs, data files were searched
in thorough mode with a focus on biological modifications in
ProteinPilot to include more than 300 different PTMs.
The .raw data files from synovial fluid and human plasma

analyzed on the Q Exactive were searched using MaxQuant
1.4.1.2.35 All standard settings were employed with carbami-
domethyl (C) as a static modification and deamidation (NQR),
oxidation (M), and protein N-terminal acetylation included as
variable modifications. Label-free quantitation of all proteins
was performed in MaxQuant based on integrated precursor
intensities. Protein abundances are represented as protein
intensity-based absolute quantitation values (iBAQ) and are
reported for all proteins having at least two quantifiable unique
peptides in at least three LC−MS runs.36

The human plasma sample was searched against the UniProt
Homo sapiens reference proteome database with isoforms
(downloaded 7/18/2014, containing 89 032 entries). The
porcine synovial fluid data was searched against the UniProt
S. scrofa reference proteome database (downloaded 11/09/
2013, containing 26 070 entries). The human RA synovial fluid,
used to evaluate the UniProt S. scrofa database, was searched
against all reviewed H. sapiens UniProt proteins (downloaded
08/10/2013, containing 20 277 entries). All proteins and
peptides are reported below a 1% false discovery rate (FDR)
cutoff, and protein posterior error probability (PEP, equivalent
to expectancy) was investigated to ensure only confident
protein identifications.35 For the PTM analysis, the search
results were analyzed using ProteinPilot Descriptive Statistics
Template, version 3.001, and for the protein abundance
analysis, the iBAQ values were analyzed using Perseus, version
1.4.1.3, and IBM SPSS Statistics (version 21). Venn diagrams
were created with BioVenn37 and Venny.38

Assignment of Formerly Glycosylated Asparagine Residues

Four criteria were required to assign N-glycosylation sites: (I) a
1% FDR cutoff to all peptide spectral matches (PSMs); (II) all
site assignments required the presence of a consensus site (CS)
for N-glycosylation, i.e., NX(S/T), where X may be any amino
acid except proline; (III) once CS status was established for all
peptide assignments, an asparagine deamidation at the
asparagine within the CS was required; and (IV), finally, all
true site assignments were required to come from sample
preparations that were treated with PNGase F. The FDR of site
assignment was estimated by evaluation of the random rate of
site assignment among control samples that were not treated
with PNGase F. In this way, the rate of PSMs leading to the
identification of a deglycosylated peptide may be compared.

RNA Extraction

Total RNA was extracted from frozen synovium tissue using the
PureLink RNA mini kit (Ambion, Austin, TX), treated with
PureLink DNase I (Life Technologies, Grand Island, NY)
according to the manufacturer’s protocol, and quantified.
Briefly, frozen tissue samples were placed in tubes containing
5 metal lysing beads (Metal Bead Lysing Matrix, MP
Biomedicals, Solon, OH) and 1 mL of TRIzol (Life
Technologies). Tissue was homogenized using a FastPrep24
(MP Biomedicals, Solon, OH) at 6 m/s for 40 s. This was
repeated two additional times, with samples briefly placed in
liquid nitrogen between homogenization runs. Following total
RNA extraction and quantitation via spectrophotometry using a
Nanodrop 1000 (Thermo Scientific, Wilmington, DE), samples
were submitted for quality analysis on a Bioanalyzer model
2100 (Agilent Technologies, Santa Clara, CA). Each RNA
sample had an RIN > 7.20, indicating that they were of
sufficient quality for sequencing.39

Library Preparation

A mRNA library for each tissue sample was prepared as
previously described using the TruSeq RNA sample preparation
kit, v2 (Illumina, San Diego, CA).40 Briefly, mRNA was
enriched from total RNA, chemically fragmented, reverse-
transcribed using random hexamers, and ligated to barcoded
adapters per the manufacturer’s instructions. The cDNA
fragments were amplified via PCR, and the libraries were
washed with AMPure XP beads (Beckman Coulter Inc.,
Danvers, MA) to remove primer dimers. One microliter
aliquots from each library were run on a 4−20% TBE gel (Life
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Technologies, Grand Island, NY) for verification. Equal
amounts of DNA from separately barcoded cDNA libraries
were pooled (n = 12 per lane) and sent for 50 base pair paired-
end sequencing on an HiSeq 2000 (Illumina).
RNA-Seq Data Analysis

Reads were mapped to the pig genome (Susscr3) using RUM.41

Known genes were annotated with an R script based on data
available from ENSEMBL. Expression level of each gene was
quantified by the reads per kilobase of exon per million mapped
reads (RPKM). The repeatability of the RNA-seq data was
measured by comparing libraries generated from the right and
left knees of the same animal and calculating the Pearson
correlation coefficient (R2) with respect to the genome-wide
RPKM values. The calculated RPKM values were averaged
across 12 samples for each gene, and these mean values were
used in ranking the genes with respect to their expression levels.
In order to estimate the likely source of proteins detected in

the synovial fluid, we additionally reviewed mouse liver,42

mouse blood,40 and human articular cartilage (authors’
unpublished data) RNA-seq data. On the basis of homology
information retrieved from the ENSEMBL database, we
matched average RPKM values for each transcript with the
proteins detected in the synovial fluid, and we identified the
proteins for which all four mRNA expression values were
available. We then determined the subset of proteins with a
signal peptide. Among these proteins, we identified those with
at least 2-fold higher mRNA levels in the synovium compared
to all of the other individual tissues, and we then performed the
same calculations for liver, cartilage, and blood.

■ RESULTS AND DISCUSSION

Optimizing Preparation and Digestion Methods for
Synovial Fluid

Initially, we determined whether precipitating the synovial fluid
proteins increased the diversity of the detectable protein bands
by Coomassie-stained SDS-PAGE. However, similar to Chen et
al.,10 we found that precipitation appeared to reduce
polypeptide diversity rather than increase it (data not
shown); thus, we chose not to use precipitated samples for
our subsequent analyses. Likewise, because albumin can
function as a protein carrier for a wide range of proteins, we
chose not to deplete albumin or other abundant proteins from
our samples to avoid changing protein abundance profiles and
removing important proteins that might bind the depletion
targets.1,10,43−45 Zhou et al.46 reported that removing albumin
led to the depletion of many proteins in human serum,
including clinically useful biomarkers.
We compared urea in-solution digestion to FASP to find the

most efficient digestion method without prior prefractionation
for synovial fluid and used the robust and proven in-gel
digestion as a reference. Urea in-solution digestion yielded the
lowest number of 127 identified proteins. In contrast, FASP
and in-gel-based digestion each yielded 227 protein identi-
fications, indicating similar performance of the two digestion
techniques. However, 170 of the 227 identified proteins were
found in at least two of the three synovial fluid samples when
using the FASP protocol in contrast to only 145 of the 227
proteins in the case of the in-gel digestion protocol (Figure 1).
Furthermore, despite substantial overlap among the data sets,
roughly 26% of proteins found in at least two of the three
synovial fluid samples with FASP were missed by in-gel
digestion, and 12% of the in-gel digestion proteins were missed

with FASP. Additionally, 17% of the proteins unique to the in-
gel digestion were keratins, supporting the notion that in-gel
digestion protocols can be prone to keratin contamination.
Besides this difference, no other bias was found with regard to
which groups of proteins were identified uniquely with the
different digestion methods. This indicates that the FASP
protocol gives more consistent data than the in-gel digestion
protocol. It is possible that depletion strategies can increase the
number of identified proteins further; however, this was not
investigated in this study.
The UniProt S. scrofa reference proteome is not as well

annotated as the human proteome. Therefore, in order to
determine whether our proteomic method is as sensitive for
detecting pig synovial fluid proteins as it would be for human
synovial fluid proteins, we performed the same FASP digestion
protocol on a synovial fluid sample from a RA patient. In the
four technical replicates, we identified, on average, 173 different
proteins in the human sample, which seems to be comparable
to the 179 different proteins found, on average, in the individual
porcine synovial fluid FASP LC−MS runs. The protein
composition of synovial fluid is known to be altered during
active joint diseases, so the protein overlap was not
investigated.3,17 Nonetheless, the similar number of identified
proteins with the two databases indicates that the UniProt S.
scrofa reference proteome is adequate for the analysis of the
porcine synovial fluid.
Importance of Accounting for Post-Translational
Modification in Protein Identification

Many PTMs occur in vivo or are introduced during sample
preparation prior to MS analysis in vitro.47−50 Therefore, to
identify which PTMs should be considered for the database
search of MS data from FASP-digested synovial fluid samples,
we analyzed the identified peptides from this method in
ProteinPilot Descriptive Statistics Template (Table 1). Several
PTMs were identified, and all were likely artifacts from the
sample preparation. Chloroacetamide can be used as an
alternative alkylating agent to iodoacetamide to reduce the
number of alkylation related artifacts.47 However, due to the
low number of detected peptides with these artificial
modifications, this was not investigated further.
Synovial fluid is known to be rich in glycoproteins, which

prompted us to evaluate the effect of removing N-linked
glycans on the number of identifiable peptides and proteins.2

We compared two synovial fluid samples using the FASP

Figure 1. Digestion method evaluation. Number of proteins uniquely
identified in at least two of the three synovial fluid samples, using
FASP digestion, urea in-solution digestion, and in-gel digestion.
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protocol, with and without deglycosylation by PNGase F (±).
As expected, PSMs resulting in identification of deglycosylated
peptides considered to be previously N-glycosylated was
increased ∼40-fold in the PNGase F-treated samples in
comparison to that of the untreated samples (Table 2).

Twenty-eight and 34 unique deglycosylated peptides in the
biological repeats were identified using the four criteria
described in the Experimental Procedures section, compared
to only two peptides in each of the untreated samples
(Supporting Information Table 1). However, all deglycosylated
peptides belonged to proteins that had already been identified
from other peptides and thus resulted in no new protein
identifications. Twenty-eight and 34 unique deglycosylated
peptides are relatively low numbers for an analysis of a
biological fluid known to be rich in glycoproteins, which may
be due to a number of factors: First, the proteome of synovial
fluid may not be particularly complex. This hypothesis is
consistent with the proteomics data we observed in this study
and with previously reported 2D-PAGE analyses.1,10,17 Second,
N-glycosylation, which is the only glycosylation amenable to
PNGase F treatment protocols, may not be highly prevalent in
synovial fluid. Synovial fluid contains significant amounts of
glycosaminoglycans, possibly lessening the biologic necessity
for N-glycosylation.51,52 Third, the finite dynamic range of the
MS analysis might cause abundant peptides to hinder the
detection of less abundant ones. A study that exclusively focuses
on O-glycosylation in synovial fluid and combines data from
depleted and nondepleted samples will likely identify more
extensive glycosylation than that reported here.
Identifying the Transcriptome of Healthy Pig Synovium

In order to identify synovial fluid proteins that are secreted by
the synovium cells, i.e., transcribed and translated, we generated
sequencing data of mRNA as active transcripts for pig

synovium. We prepared and sequenced knee synovium from
the right and left legs of 6 pigs. On average, we obtained 12.4
million sequencing reads per library, of which 90% mapped to
the pig genome and 81% aligned uniquely. We then calculated
RPKM values for individual genes and compared their
expression level within each individual animal’s left and right
knee (Figure 2a). Intra-animal Pearson correlation coefficients
exceeded 0.85, indicative of reproducible data (Figure 2d). The
top 20 abundant protein-coding mRNAs that did not originate
from the ribosome or mitochondria exhibited minimal variation
in abundance, as they ranked in the top 1% of all sample-
specific RNA-seq data sets that we analyzed (Figure 2c).
Focusing on transcripts encoding proteins containing signal

peptides, which are most likely secreted or targeted to cell
surfaces, we observed high expression of known connective
tissue proteins such as decorin (DCN), fibronectin (FN1),
collagen type III (COL3A1), and clusterin (CLU) (Figure 2b).
Importantly, the principal lubricating protein in synovial fluid,
lubricin (PRG4) made by type B synoviocytes, was also highly
expressed. From these data, we produced a pig synovium
transcriptome database (Supporting Information Table 2),
which is composed of transcripts encoding known and
predicted proteins.

Identifying the Proteome of Healthy Pig Synovial Fluid

We opted for the FASP digestion strategy for the detailed
triplicate proteomic analysis of synovial fluid from 6 healthy
pigs. This choice was based on the number of identified
proteins, sample amount requirement, processing time, and
instrument time. We identified 374 different proteins in total
using the UniProt S. scrofa database and the synovium
transcriptome database, and 42 proteins were identified solely
in the transcriptome database. This seemed to be a large
fraction assuming an adequate performance of the UniProt pig
database, so all identified proteins were sorted by PEP
(equivalent to expectancy35), with a high PEP value indicating
a lower confidence in the identification (Figure 3a). Proteins
unique to the transcriptome database displayed high PEP
values, indicating that the number of identified proteins is too
low for the global FDR calculation. To address this issue, all
proteins with PEP > 1 × 10−3 were removed from further
analysis, which came to 92 identified proteins, of which 36 were
unique to the transcriptome database. Furthermore, we
manually assessed the fragment spectra for proteins identified
based on a single peptide and removed poor spectra with many
unassigned high-intensity signals, which resulted in one
additional protein being removed. After these two filtering
steps, 267 proteins remained, of which 6 were unique to the
transcriptome database (Figure 3b). Five of the 6 unique
proteins were immunoglobulin lambda like proteins (UPID:
IGLV-7 to IGLV-11), and the identified peptides originate from
a variable region of the lambda chain, which is not annotated in
the UniProt database. The remaining protein, ribonuclease 4
(UPID: I3LDZ2_PIG), was present in the UniProt database,
but it had not been identified. We included several keratins (10,
14, 3, and 75) in the synovial fluid proteome because keratin-
coding mRNA was detected in the articular cartilage. However,
we cannot preclude some of the keratins being contaminants
from sample preparation.
Of the identified 267 different proteins in synovial fluid

(Supporting Information Table 2), 194 proteins (73%) were
identified in all pigs, indicating similar protein expression
patterns between the pigs and a high method robustness. The

Table 1. Most Commonly Observed PTMs of the FASP-
Digested Synovial Fluid Samples Based on the Most
Frequent Single Features

rank

modification and position
(N-terminal; C-terminal;
acceptor amino acid)

modification
mass (Da)

no. MS/
MS events

modified
sites of
possible
(%)

1 Carbamidomethyl (C) 57.0215 13 201 100.0
2 Deamidated (N) 0.9840 1024 8.7
3 Acetyl at N-term 42.0106 563 2.9
4 Carbamidomethyl at

N-term
57.0215 535 2.7

5 Glu → pyro-Glu at N-term −18.0106 522 24.1
6 Deamidated (Q) 0.9840 440 2.9
7 Carbamyl (K) 43.0058 434 2.0
8 Carbamidomethyl (K) 57.0215 420 1.9
9 Carbamyl at N-term 43.0058 416 2.1

Table 2. Summary of Overall Numbers of PSMs in the
Deglycosylation Experiments

sample
total no.
of PSMs

PSM identifying
deglycosylated

peptides

deglycosylated
peptide PSMs/all

PSMs (%)

+ PNGase F 1 4827 91 1.9
+ PNGase F 2 4878 86 1.8
− PNGase F 1 4068 3 0.07
− PNGase F 2 4372 2 0.05
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difference in identified proteins between the pigs likely
originates from biological diversity, which is to be expected,
and the finite dynamic range of the MS analysis.53 To
investigate the relative protein abundances in synovial fluid,
we investigated individual synovial fluid protein abundance by
calculating iBAQ values.36 The protein abundance in synovial
fluid, as estimated by the 203 iBAQ quantifiable proteins, spans
5 orders of magnitude (Figure 4). As expected, albumin was the
most abundant protein, and no apparent bias could be found
regarding the abundances of serum-derived proteins (RPKM <

5) compared to proteins expressed by the synovium in the joint
(RPKM > 5) (see below).

Estimating the Relative Contributions of Plasma,
Synovium, and Cartilage to the Synovial Fluid Proteome

Synovial fluid is a transudate of blood that has additional
components added by the surrounding joint tissue including
synovium, cartilage, and, in the knee, ligaments and menisci. To
determine whether a likely tissue source for a synovial fluid
protein can be predicted, we compared protein expression with

Figure 2. RNA-seq of pig synovium is repeatable and indicates high expression of several transcripts encoding secreted proteins. (a) Table indicating
the total number of reads and percentages of successfully mapped reads. More than 90% of reads on average are mapped to the pig genome
(Susscr3), and more than 80% of reads are mapped uniquely. (b) Top 20 protein coding genes (based on expression level measured with RPKM)
that do not originate from the mitochondria or the ribosome. (c) Box plot indicating the variation in the expression-based rank order of genes listed
in (b) in all 12 libraries analyzed. The highest variation is in the rank of PRG4; however, it remains within the top 1% of genes in all libraries. (d)
Scatterplots indicating high similarity (R2 > 0.85) between the synovial transcriptomes of paired left and right legs of all pigs. Data indicate RPKM,
and each dot represents a single gene. Transcripts for the secreted proteins decorin (DCN) and lubricin (PRG4), red blood cell-derived beta
hemoglobin (HBB), an adipocyte-derived transcription factor (PPARG), and secreted protein leptin (LEPT) are indicated with red colored symbols
and closely follow the y = x line (solid red line) in each plot. Importantly, transcripts for matrix-degrading enzymes and inflammatory cytokines are
not abundant, clustering in the bottom left corner of the panels.
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the pig synovium transcriptome, a human articular cartilage
transcriptome we previously generated, and published mouse
liver42 and blood40 transcriptomes (Supporting Information
Table 2). As expected, albumin in synovial fluid solely derives
from blood, as its transcript is highly expressed only in liver
(Figure 5).
When we compared the proteins detected in the synovial

fluid with the mRNA expression levels in four possible sources,
we found that the majority of proteins corresponded to highly
expressed transcripts regardless of the source and that liver and
synovium likely made the greatest contribution (Figure 5a).
Further analysis of our data revealed that 171 proteins detected
in the synovial fluid had a signal peptide and that liver, blood,
and articular cartilage mRNA expression data were available for
149 proteins (Supporting Information Table 2). Of these 149
common proteins in the synovial fluid proteome, 113 most
likely derive from plasma transudate since their transcript
abundance is 2-fold or higher in liver or blood than that in
synovium or cartilage. In contrast, 37 synovial fluid proteins
have transcripts whose expression in synovium is at least 2-fold
higher than that in other tissues, while 11 proteins have at least
2-fold or higher transcript expression in articular cartilage.
Several proteins serve as positive controls in validation of our
estimations. For example, aggrecan, type II collagen, cartilage
oligomeric matrix protein, and cartilage intermediate layer
protein 2 are detected in the synovial fluid, and the

corresponding transcripts are expressed at greater levels in
articular cartilage than in other tissues. Similarly, proteins
involved in post-translational modification of type I collagen
(such as procollagen C-endopeptidase enhancer) and con-
nective tissue markers (such as fibronectin 1 and clusterin)
were expressed at higher levels in synovium than in other
tissues. Thus, the putative origins of a substantial number of
synovial proteome constituents can be predicted from the RNA
sequencing data. For those 17 proteins whose mRNAs are
expressed by multiple tissues, tissue-specific changes in mRNA
abundance will need to be correlated with changes in synovial
protein abundance to reliably determine their most likely tissue
of origin.
We have additionally detected several proteins without a

signal peptide, which are likely residual fragments that remained
in the synovial fluid following apoptosis. Some examples of
these are hemoglobin (HBA and HBB), which are expressed at
extremely higher levels in blood than the remaining tissues, and
beta-actin, a ubiquitously expressed protein whose mRNA was
detected at high levels (RPKM > 180) in all four tissues. Also of
interest are proteins not found in healthy pig synovial fluid and
expressed at low levels in healthy synovium. Increased amounts
of matrix metalloproteinases, including MMP13 and
ADAMTS4, have been reported in synovial fluid from humans
with OA, while proteins involved in the inflammatory/immune
response, including complement activation, were found in
patients with RA.1 These proteins were neither detected in
healthy pig synovial fluid nor were their transcripts abundant in
healthy synovium. Therefore, in addition to monitoring
changes in protein abundance for the healthy synovial fluid
proteome, it will be of interest to compare proteomes and
transcriptomes of healthy and diseased joints to identify
pathways that may be integral to disease processes or
mechanisms. Previous comparisons of synovial fluid obtained
from patients with RA and OA identified 135 proteins at least
3-fold differentially abundant between the two groups.20

Comparison of Synovial Fluid and Plasma

Finally, to identify similarities between synovial fluid and blood
plasma, from which many of the synovial fluid components
were found to originate, we characterized the human plasma
proteome (Supporting Information Table 3) and identified and
quantified a total of 168 human plasma proteins. The detected
iBAQ values of the human plasma proteins span 5 orders of

Figure 3. Analysis of identified synovial fluid proteins. (a) Identified proteins at 1% FDR sorted by PEP. Proteins unique to the transcriptome
database (red squares) were, for the most part, identified with low confidence; hence, all proteins with PEP > 1 × 10−3 (red line) were removed from
further analysis. (b) Synovial fluid proteins identified using the UniProt database and the transcriptome database fulfilling the filtering criteria. Of the
267 synovial fluid proteins, 140 had RPKM > 5 in the synovial mRNA libraries, indicating they are expressed by synovium.

Figure 4. Protein abundance distribution in synovial fluid. Frequency
histogram of the calculated iBAQ values for all proteomics quantifiable
proteins. The relative proportion of proteins whose mRNA transcript
abundances were less than or greater than 5 RPKM in the synovial
membrane transcriptome are colored blue and yellow, respectively.
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magnitude, similar to what was found for the synovial fluid,
demonstrating the large degree of protein abundance variation
encountered in the two body fluids. However, the actual range
of protein abundances in plasma and synovial fluid is expected
to be several orders of magnitude larger, due to the limited
dynamic range of the MS analysis.54 Probing the top 10 most
abundant proteins in both fluids, the most abundant protein is
serum albumin, as expected (Table 3). Other shared high-
abundance proteins include serotransferrin, apolipoprotein A,
and several immunoglobulins. Serotransferrin and apoliopopro-
tein A are binding and transporting proteins of iron and lipids,
respectively.55,56 The high abundance of the transporter
proteins and immunoglobulins points to the shared functions
of the two body fluids as a transport media of cellular products.
The main difference between the high-abundance proteins in
the plasma and synovial fluid proteomes is the high abundance
of hemoglobin in the synovial fluid, which is detected with a
lower abundance in plasma (rank 25). In both fluids, the
protein is a likely contaminant from red blood cells prior to

fluid centrifugation. Fibrinogens, involved in blood clotting,
were identified with high abundance in plasma in contrast to
that in synovial fluid, as expected.
Our findings demonstrate the high degree of similarity shared

by the synovial fluid proteome and the plasma proteome as well
as the serum-derived nature of many synovial fluid components.
The expected high degree of similarity found between human
plasma and porcine synovial fluid, furthermore, indicates that
porcine model systems of synovial joints are suitable for studies
focusing on human joint diseases.57

■ CONCLUSIONS

We evaluated different proteomic strategies for analyzing
healthy synovial fluid. We utilized porcine synovial fluid
because this animal is used to model human joint disease. In
this study, we developed a FASP-based analysis pipeline that
consumes only 0.1% of the starting sample material and 10% of
the MS instrument time used by, e.g., Balakrishnan;20 thus, our
method lends itself to clinical proteomics studies on larger

Figure 5. mRNA expression levels associated with the proteins detected with MS. (a) Tissue-specific histograms indicating the number of detected
proteins corresponding to each transcript. Genes are ranked based on mRNA expression along the x axis, and the secondary y axis (in red) indicates
the expression levels in RPKM (in log scale). (b) Table indicating the top 20 mRNAs in synovium with detectable protein products in synovial fluid.
Gene expression data derived from published and unpublished studies on tissues with potential influence on protein expression repertoire of serum
and synovial fluid are also presented in the three columns on the right. Blood and liver mRNA data originate from mice, and articular cartilage
mRNA data originate from humans. (c) Table indicating the top 20 proteins with no detectable mRNA expression in the synovium: note that the
majority of mRNA species corresponding to these proteins are abundantly expressed by liver cells.

Table 3. Top Ten Most Abundant Proteins in Human Plasma and Porcine Synovial Fluid Ranked from the Most Abundanta

rank human plasma human UPID porcine synovial fluid human UPID

1 Serum albumin P02768 Serum albumin P02768
2 Ig gamma-1 chain C region P01857 Hemoglobin subunit alpha P69905
3 Ig kappa chain C region P01834 Ig lambda chain C region P0CG04
4 Apolipoprotein A-I P02647 Hemoglobin subunit beta P68871
5 Ig lambda-2 chain C regions P0CG05 Serotransferrin P02787
6 Ig gamma-2 chain C region P01859 Immunoglobulin lambda variable 8-61 Q5NV62
7 Serotransferrin P02787 Immunoglobulin kappa variable 6−21 P01834
8 Alpha-1-antitrypsin P01009 Apolipoprotein A-I P02647
9 Apolipoprotein A-II P02652 Hemopexin P02790
10 Alpha-2-macroglobulin P01023 Alpha-2-HS-glycoprotein P02765

aAs determined by iBAQ values.
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cohorts. Applying this fast and efficient workflow, we
completed a normative proteomics study of synovial fluid
from healthy knee joints and identified more than 250 proteins
using very stringent identification criteria. Preprocessing with
PNGase F to remove N-glycosylation was not found to be
essential for the proteomic analysis of synovial fluid. Through
an analysis of high-occurrence peptide PTMs, we found that
proteomics projects using the FASP protocol for synovial fluid
analysis, and possibly for other biological samples as well,
should include peptide N-terminal acetylation, deamidation of
asparginine and glutamine, and peptide N-terminal pyro-
glutamic acid in the data analysis for comprehensive peptide
identification.
Going beyond the conventional LC−MS-based proteome

mapping, we also classified and predicted the likely tissue
origins for the majority of the detected proteins in healthy
synovial fluid by cross-referencing the proteome with the RNA
transcriptomes from synovium, cartilage, blood, and liver.
Although many proteins derive from plasma transudate, as
expected, an important subfraction appears to be solely
expressed by synovium or cartilage. Changes in the abundance
of these latter proteins in synovial fluid or in blood may be
useful biomarkers of disease onset or progression. For synovial
fluid proteins whose transcripts are expressed in multiple
tissues, it will be necessary to correlate tissue-specific changes in
mRNA expression with changing synovial fluid protein
abundance in order to determine these proteins’ principal
tissues of origin. Finally, as many proteins were found to likely
originate from plasma, we compared the identified porcine
synovial fluid proteome to the proteome of human plasma. We
found that the two body fluids share many similarities in terms
of protein functions and localizations, underlining the detected
plasma derived nature of many synovial fluid components.
Our methods and the resulting proteome and transcriptome

data sets will be useful when comparing porcine synovial fluid
in healthy and diseased states. Importantly, the high homology
between pigs and humans should make these methods and data
sets valuable for human studies.
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