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Preface

Methods combined with separation techniques such as HPLC or 
electrophoresis	 for	 detection,	 identification,	 and	 quantification	 of	
proteins in complex biological matrices are essentially requisite to 
understand biochemical events in living cells, tissues, and organs. 
Especially,	in	searching	for	the	difference	in	proteins,	the	specifically	
expressed proteins in various circumstances, such as between 
diseased and normal state, aging, exposed and unexposed by drugs, 
and so forth, a reproducible quantitative method to distinguish 
between minute changes in amounts of proteins is required. This 
book focuses on describing the advantages and disadvantages of 
each of such methods in terms of accuracy, sensitivity, and especially 
reproducibility.	Its	other	key	feature	is	the	description	of	the	effective	
application of these methods, which result in many discoveries 
regarding the role of the proteins expressed in living cells.
 In the last decade, more than a thousand papers were published 
on the proteome analysis acquired by the application of these 
methods in various areas of life sciences. For junior researchers, 
the	first	major	interest	should	be	the	selection	of	the	method	when	
they start their proteome analysis in valuable biological specimens. 
However, there are few textbooks or monographs showing the 
evaluation of each method. That is why this book is published.

Kazuhiro Imai

Summer 2013
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1.1 Overview of the Method

Fluorometry is one of the extremely sensitive methods for detect-
ing small amounts of biomolecules: hormones, amines, amino acids, 
peptides, proteins, carbohydrates, lipids, or nucleic acids. Thus, it 
should be most suitable for the detection, quantification and iden-
tification of the expressed proteins in proteomics studies. However, 
many of proteins do not fluoresce, so that fluorescent derivatization 
with reagents is necessary for the sensitive detection of proteins. 

Chapter 1

Fluorogenic Derivatization Followed 
by HPLC Quantification and Final 
Identification of Proteins by HPLC-
Tandem Mass Spectrometry  
(FD-LC-MS/MS) Method

Quantitative Proteome Analysis: Methods and Applications
Edited by Kazuhiro Imai and Sam F. Y. Li
Copyright © 2013 Pan Stanford Publishing Pte. Ltd.
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Research Institute of Pharmaceutical Sciences, Musashino University,  
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k-imai@musashino-u.ac.jp



2 Fluorogenic Derivatization Followed by HPLC Quantification

In this case, fluorogenic reagents that generate fluorescence after 
derivatization without fluorescence themselves are strongly recom-
mended because of low background fluorescence affording highly 
sensitive detection of the derivatives. A few fluorogenic reagents 
for amines can be taken for the above use: orthophthalaldehyde [1] 
and fluorescamine [2]. As to the derivatization of cysteine residues 
in proteins, thiol specific reagents are requisites. Ammonium-7-
fluoro-2,1,3-benzoxadiazole-4-sulfonate (SBD-F) [3] and 7-chloro-
N-[2-(dimethylamino)ethyl]-2,1,3-benzoxadiazole-4-sulfonamide 
(DAABD-Cl) [4] are most appropriate among the existing reagents 
for the following reasons. First, their relatively small molecules en-
able them to react completely with cysteine residues in proteins un-
der a mild condition. Second, derivatized proteins are hydrophilic 
and thus do not precipitate after the complete derivatization. Third, 
their derivatives are highly fluorescent with longer emission wave-
length than natural fluorescence of biomolecule (less than 400 nm).
 A chromatographic technique, high-performance liquid 
chromatography (HPLC) is also a powerful tool for separation 
of compounds in a complex matrix of bio-samples. However, it 
has not been usually used for protein separation in bio-samples 
except for the recently developed FD-LC-MS/MS method [3–6] for 
proteomics analysis. It consists of fluorogenic derivatization (FD) 
of proteins using fluorogenic reagent such as SBD-F or DAABD-Cl, 
followed by HPLC separation, detection and quantification of the 
derivatized proteins, isolation of the subject proteins, enzymatic 
digestion of the isolated proteins, and identification of the proteins 
utilizing HPLC and tandem MS with a database-searching algorithm. 
The schematic diagram of the FD-LC-MS/MS method is shown in 
Fig. 1.1. First, a proteins mixture is derivatized with a fluorogenic 
reagent and analyzed by HPLC-fluorescence detection. Next, a 
derivatized subject protein can be isolated without losing any amino 
acid sequence information including protein isoforms and post-
translational modification, and then digested by trypsin. Finally, the 
obtained peptides mixture is subjected to HPLC, which is connected 
to electrospray ionization (ESI)-MS/MS, to identify the isolated 
protein using the probability-based protein identification algorithm. 
The derivatized proteins are detected and quantified at the femtomol 
level [3, 4]. The quantification is performed by calculating the peak 
intensity of the derivatized protein that corresponds to the amount 
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of the derivatized protein existed. The accuracy of the method was 
acquired based on the reproducibility of the peak heights using the 
three representatives of the high, medium, and low peaks obtained 
from each individual mouse liver sample [7]: The relative standard 
deviation (RSD,%) for each between-day peak was less than 16 (a 
relatively high peak), 17 (medium peak), and 23% (a relatively low 
peak) (n = 3). The reproducibility of the retention time was also 
calculated using the relatively low peak, resulting in the between day 
RSD of 0.41% (n = 3).
 A remarkable feature of the method is the use of the fluorescence 
for the sensitive detection [3, 4] and of HPLC for the reproducible 
quantitation of the derivatized proteins [7] as mentioned above. It 
also requires only simple apparatus, consisting of a pump, a column, 
and a fluorescence detector. Currently, a comprehensive profiling 
analysis in HPLC-fluorescence detection needs a 10 h operation. 
However, in case the elution time of a subject protein is determined, 
it would be possible to reduce the time required for an arbitrary anal-
ysis on the subject protein by re-optimizing the separation condi-
tions. It would also be possible to reduce the overall analysis time by 
adopting a higher-performance column, such as a recently available 
non-porous reversed phase column. Moreover, any pre-treatments 
of the sample are not required in the procedure of the method since 
only fluorogenic derivatized proteins are detected without detection 
of non-fluorescent compounds on LC-chromatogram. In contrast, 
other proteomics analytical methods, such as two-dimensional poly-
acrylamide gel electrophoresis (2D-PAGE) and liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS: for example, ICAT and 
iTRAQ), require certain pre-treatments steps (precipitation, labeling, 
clean-up with column and enzymatic protein digestion: reviewed in 
[8]). In 2D-PAGE methods, pre-treatment procedure (precipitation 
etc.) for the sample is essential to obtain clear 2D electrophero-
grams, because the composition of the sample is greatly influential 
to the resolution of every protein in electrophoresis. In case of ICAT 
and iTRAQ, each sample pre-treatment procedure is required since 
it influences the numbers of peptides observed by LC-MS analysis. 
However, such pre-treatment procedures would lower the sensitiv-
ity and reproducibility of the method owing to the loss of proteins 
existed in the sample during pre-treatment steps.

Overview of the Method
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5Apparatus and Method

 For a comparative analysis of the amount or species of proteins 
among two or more samples, namely a differential proteomics 
analysis, the FD-LC-MS/MS method is also useful. Actually, as shown 
in Fig. 1.1, a peak height on a LC-chromatogram of a subject sample 
can be compared with the corresponding peak height on that of the 
control sample in differential proteomics analyses (normal versus 
diseased cell, diseased versus treated cells etc.). Each fluctuating 
protein peak among samples is isolated and then identified by LC-
MS/MS. The correspondence of the protein peak is judged from 
not only the specific retention time of the derivatives but also 
confirmation of the protein following isolation and identification 
of the proteins. As described in the text, the FD-LC-MS/MS method 
has been applicable to the extracts of mice liver [7], breast cancer 
cell lines [9], mice brain [10], Thoroughbred horse muscle [11], 
mice plasma [12], and Caenorhabditis elegans [13]. Further use of 
the method would reveal the role of certain proteins in the special 
biochemical events occurring in living animals.

1.2 Apparatus and Method

1.2.1 Apparatus

As described in Section 1.1, the FD-LC-MS/MS method does not 
require particular reagents, machines, or systems. In fluorogenic 
derivatization, all the necessary reagents including DAABD-Cl are 
available on the market. A HPLC system consists of a Hitachi L-7000 
or L-2000 series and a fluorescence detector (Jasco FP-2025 plus or 
Hitachi L-2480). A protein column (Intrada WP-RP, 250 × 4.6 mm 
i.d., Imtakt Co.) is used for separation of the derivatized proteins. For 
identification of the derivatized protein that is isolated and tryptic 
digested, a nano-LC-ESI-tandem MS spectrometer (HCT plus, Bruker 
Daltonics) is used with the probability-based protein identification 
algorithm (MASCOT version 2.1.03, Matrix Science).

1.2.2 Method

Preparation of Samples and Determination of Total Proteins: Proteins 
are extracted as follows: Tissues are homogenized in 5 times volume 
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of 10 mM CHAPS aq. with a Teflon pestle on ice. In case of the cell 
lysate, the lysate is dissolved in 10 mM CHAPS aq. and extracted with 
20 times repeated pipeting on ice. The homogenate is centrifuged 
20,400 g for 15 min at 4°C. The supernatant is then collected and 
stored as a soluble fraction at –20°C until use.
 Fluorogenic Derivatization and HPLC conditions: Protein samples 
obtained from mice liver, breast cancer cells or Thoroughbred horse 
muscle are diluted with 10 mM CHAPS aq. to 4.0 mg/mL, while sam-
ples from mice brain were 20 mg/mL. Ten microliter of the sample 
were mixed with 60 µL of a mixture of 0.83 mM Tris (2-carboxye-
thyl) phosphine hydrochloride (TCEP), 3.3 mM ethylenediamine-
N,N,N¢,N¢-tetraacetic acid sodium salt (Na2EDTA), 16.6 mM CHAPS 
in the pH 8.7 buffer solution (6.0 M guanidine hydrochloride, Tokyo 
Chemical Industry), 25 µL of the buffer solution and 5.0 µL of 140 
mM DAABD-Cl in acetonitrile. After the reaction mixture is placed 
on a 40°C water bath for 10 min, 3.0 µL of 20% trifluoroacetic acid 
(TFA) is added to stop the derivatization reaction. Twenty microlit-
ers of the reaction mixture (8.0 µg for mice liver, breast-cancer cells 
and horse muscle or 40 µg for mice brain) was injected into the HPLC 
system at a flow rate of 0.55 mL/min. As described above, the system 
consisted of a pump, a fluorescence detector and a protein column. 
Fluorescence detection was carried out at 395 and 505 nm of excita-
tion and emission wavelengths, respectively. To further improve the 
column separation, column oven is set at 60°C. The mobile phase 
consists of acetonitrile, TFA and water with or without isopropanol. 
Protein mixtures are separated in 10 h. The mobile phase composi-
tion and gradient condition need to be optimized for each sample.
 Identification of the derivatized proteins: Each eluate of the 
subject proteins is concentrated in vacuo and followed by the tryptic 
digestion. Twenty µL of peptide mixture is subjected to a nano-LC-
ESI-tandem MS spectrometer (HCT plus, Bruker Daltonics) with 
an Ultimate/Famous/Switchos suite of instruments (LC Packings, 
Dionex). The MS/MS data is extracted as mgf files using Data 
Analysis 3.2 software (Bruker Daltonics). Peptides are identified by 
searching the mgf files against the National Center for Biotechnology 
Information (NCBI)-Cl, which picks the proteins including cysteine 
residues from the NCBI database using the MASCOT version 2.1.03 
search engine.
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1.3 Applications of the Method

Among the applications of the FD-LC-MS/MS method to the 
extracts of mice liver [7], breast cancer cell lines [9], mice brain 
[10], Thoroughbred horse muscle [11], mice plasma [12] and 
Caenorhabditis elegans [13], this review describes the results of the 
differential analyses concerning disease-related proteins in livers of 
hepatitis-infected mouse model [7], breast cancer-related proteins 
in breast cancer cells and normal epithelial cell [9], age-related 
proteins in small regions of mouse brain [10] and skeletal muscle 
proteins in fast Thoroughbred horses [11].

1.3.1 Differential Analysis of Disease-Related Proteins 
in Livers of Hepatitis-Infected Mouse Model

Hepatitis C virus (HCV) is the main cause of chronic hepatitis, 
which ultimately results in the progression of hepatocellular 
carcinoma (HCC) [7]. Moriya et al. have suggested that the HCV 
core protein plays a critical role in the progression of HCC and that 
the transgenic mice provide a good animal model for determining 
the molecular and pathological events in hepatocarcinogenesis 
with HCV infection [14–17]. Differential profiling analysis of 
proteins was performed using liver tissue from HCV core gene 
transgenic (Tg) and non-transgenic (NTg) mice by the FD-LC-MS/
MS method. Tg/NTg ratios were calculated on the heights of the 
peaks corresponding to specific retention. Many proteins were up- 
or down-regulated during the progression of HCV-associated liver 
disease. Fifteen proteins were significantly altered in their levels of 
protein contents. The remarkable decrease in major urinary protein 
(MUP) and eukaryotic translation elongation factor 1 α 1 (EF-1α1) 
represents an early event in the progression of HCV-associated 
liver disease (at 6 months; early stages). MUP has been known as 
a negative tumor marker [18]. Suppression of EF-1α1 expression 
prevents the induction of apoptosis, with the regulation reflected in 
an antiapoptotic mode [19]. At 12 months of age (medium stages), 
proteins related to respiration, the electron transfer system, and 
defense against reactive oxygen species (ROS) were significantly 
up-regulated. Finally, at 16 months (late stages), proteins related to 
defense, oxidation and apoptosis significantly decreased. Cystatin B 
[20] and carbamoyl-phosphate synthetase 1 (CPS1) [21] are known 
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to be down-regulated in tumor and/or carcinoma and exhibited 
a significant decrease with the present method. As a whole, the 
investigation of the differential expression of proteins in Tg and NTg 
mice revealed that many proteins related to biological functions such 
as respiration, protein synthesis, defense, oxidation and apoptosis 
fluctuate during the progression of chronic hepatitis C. Accordingly, 
a next step of proteomics investigation should be performed for 
a mitochondrial fraction, that is related to respiration, electron 
transport system, glycolytic system and apoptosis, and a study is 
now under investigation in our laboratory.
 Anyway, these fluctuations may reflect a gross effect derived from 
the loss of liver function in the various stages of chronic hepatitis in 
HCV infection.

1.3.2 Differential Analysis of Breast Cancer-Related 
Proteins in Comparison among Breast Cancer Cells 
and a Normal Epithelial Cell

Breast cancer is a principal cause of death among women, mainly 
in old age. A few molecular markers for diagnosis and therapy 
have been found by mRNA profiling analysis [22, 23] and several 
proteomics studies [24, 25]. These include the milk mucins secreted 
by the tumor, the expressed estrogen receptor (ER), the human 
epidermal growth factor receptor type 2 (HER2) and a mucin-like 
carcinoma antigen CA15-3 [24]. The expressions of ER and HER2 are 
indicators, respectively, of treatment with the anti-estrogen drug, 
tamoxifen [25] and the monoclonal antibody, herceptin. However, 
not all breast-cancer cells expressed ER and a significant increase 
in the expression of HER2 was seen in only 25–30% of patients [26], 
thus limiting their use in therapy. In addition to that, CA15-3 was 
proposed as a marker for distant metastasis but was abandoned due 
to its poor reliability. Considering such background, other molecular 
markers for diagnosis and therapy of breast cancer are required. 
Differential proteomics analysis between breast cancer cells and a 
normal epithelial cell was performed using FD-LC-MS/MS method 
(Fig. 1.2) [9]. Seven breast cancer cell lines including metastatic 
cancer cell MDA-MB-231 were taken for investigation with a normal 
human mammary epithelial cell (HMEC) as a normal cell. To identify 
the differently expressed proteins, 13 proteins both universally 
expressed in the seven cancer cells and differently expressed from a 
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normal cell were selected. This analysis demonstrated an exclusive 
expression of Ran binding protein-1 (RanBP-1) and peroxiredoxin-1 
(Fig. 1.2) in cancer cells, with several up-regulated proteins, cofilin-1, 
Raf-1 kinase inhibitor protein (RKIP), profilin-1, Ras-related nuclear 
protein (Ran), thioredoxin-1, and Ras homology GDP dissociation 
inhibitor (RhoGDI). Also demonstrated were down-regulated 
proteins, stratifin, galectin-1, annexin-2, and elongation factor Tu 
(EF-Tu). Tropomyosin-1 was specifically expressed in a normal cell. 
In addition, among the seven cancer cells, differently expressed 
proteins were investigated in correlation with invasive and metastatic 
cancer cell MDA-MB-231 and with ER and HER2 receptors. Up-
regulated RKIP in cancer cells would involve ER-positive, while 
down-regulated annexin-2, galectin-1 and EF-Tu would involve 
HER2-positive. The presence of cooperatively expressed annexin-2 
and galectin-1 in a breast cancer cell without tropomyosin-1 was 
suggestive of the metastatic property. In conclusion, differential 
analysis of proteins using FD-LC-MS/MS method could propose a 
novel pathway correlated to invasive and metastatic breast cancer.

Figure 1.2 The chromatograms obtained from a breast cancer cell 
(HCC1428: red) and a normal epithelial cell (HMEC: black). 
The arrow shows a specific protein (peroxiredoxin-1) in the 
breast cancer cell.

Applications of the Method
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1.3.3 Differential Analysis of Age-Related Proteins in 
Small Regions of Mouse Brain

In recent years, several laboratories attempted to identify the age-
related proteins in mouse brain using the 2-DE method with whole 
brain as samples [27–31]. However, the brain functions differ among 
the regions and identification of age-related proteins in each region 
of brain is most important. The sensitivity acquired using the 2-DE 
method was insufficient to reveal the age-related proteins in each 
region. As a matter of fact, only three proteins were identified out 
of the 17 age-related proteins in mouse brain region detected by 
Tsugita et al. [32]. Thus, we investigated whether FD-LC-MS/MS 
method is applicable for identification of age-related proteins in 
small region of mouse brain [10]. Considering this background, 
differential proteomics analysis of aging in cerebral cortex (Ctx), 
hippocampus (Hippo) and brainstem (BS) of mouse brain was 
performed. We employed mice aged 4 weeks (childhood), 12 weeks 
(early adulthood) and 20 weeks (late adulthood). To reveal age-
related altered proteins in brain regions (Ctx, Hippo and BS), the 
peak heights were compared with each other in the developmental 
stages (4, 12 and 20 weeks). As a result, 28 proteins were obtained 
as age-related altered proteins and were identified. Fifteen proteins 
were found to be altered significantly in Ctx and related to ribosome, 
cytoskeleton, synapses, glycolysis and antioxidant. In Hippo, 10 
altered proteins were classified as ribosomal protein, cytoskeletal 
protein, synaptic protein, myelin protein and other proteins. In 
BS, three proteins were found in this analysis and classified as 
cytoskeleton protein, another class of proteins and enzyme. Seven 
altered proteins have been reported for the first time in the present 
work; coffilin-1 (Ctx), TI-225 (Ctx), peptidylprolyl isomerase A (Ctx), 
unnamed protein product (Ctx and Hippo), Syn2 protein (Hippo), 
and cysteine rich protein (crip2) (Hippo). Considering the obtained 
proteins, the time-series alteration of the most altered proteins in 
Ctx and Hippo was consistent with that of each ribosomal protein, 
while the expression of Syn2 protein (Hippo) increased with age. 
And there were fewer altered proteins in BS than in other regions, 
suggesting that the number of neuron functional units in the brain is 
rarely altered with aging BS. Consequently, the use of the FD-LC-MS/
MS method enables the differential proteomics analysis of aging in 
segmented brain tissue sample and identification of 28 age-related 
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altered proteins in mouse brain regions, seven of which have been 
reported for the first time in this work.

1.3.4 Differential Analysis of Skeletal Muscle Proteins in 
Fast Thoroughbred Horses

Since horses have extensive interactions with humans in both a wide 
variety of sports (e.g., horse racing) and in working for transport. In 
particular, the Thoroughbred horse is a remarkable animal, with both 
speed and endurance during running. To train a faster-running horse, 
the breeding and the training of Thoroughbred horses have been 
examined for more than 300 years [33–39]. To extend the applicability 
of the FD-LC-MS/MS method, we applied it to Thoroughbred horse 
muscle [11]. Thoroughbred horse muscle samples were analyzed 
and compared between trained and detrained horses. To quantify 
the changed protein expressions during exercise, the protein 
expressions obtained from the tissue after training was compared 
with that from the same sample after detraining. As a result, a great 
number of proteins were obtained as the training-to detraining ratio 
(+/–) of the changed proteins. Considering the differences observed 
above, we speculated that there might be relationship between the 
changes in protein expressions during exercise in each horse and 
physical ability of each horse, such as the running speed. The oxygen 
uptake (VO2) values are related to endurance and are often used 
as an indicator of fast running [34, 35]. Using the VO2max values 
as indicators of running speed, the correlations between VO2max 
(post-training) and +/– ratio were calculated. Consequently, 16 
protein peaks involved in energy production, such as aerobic and 
anaerobic energy supply, exhibited a good correlation coefficient. 
Identified proteins have contained muscle creatine kinase (M-CK) 
and glycolytic enzymes. The +/– ratios of both M-CK and glycolytic 
enzymes significantly correlated with the VO2max values. M-CK and 
glycolytic enzymes are related to anaerobic energy supply, while 
the VO2max value indicates aerobic capacity in theory. However, 
the product of anaerobic glycolysis, pyruvate, is transported into 
mitochondria, and then the metabolized product enters the aerobic 
TCA cycle; thus, an increase of the anaerobic glycolitic pathway 
might result in an increase of the aerobic TCA cycle, which produces 
ATP efficiently. Considering this cooperative between the enzymes 

Applications of the Method
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of the anaerobic pathway, including M-CK and glycolysis, and the 
proteins involved in the aerobic pathway, it was speculated that 
these anaerobic pathways effectively activated the aerobic pathway 
in faster running horse. In conclusion, horse muscle tissues could be 
applicable for the analysis of the protein expression using the FD-
LC-MS/MS method. Moreover, the changes in protein expressions 
during exercise were related to running speed of horses, suggesting 
that the anaerobic pathway effectively activated the aerobic pathway 
in faster-running horses.

1.4 Conclusion

The FD-LC-MS/MS method that we have developed has two unique 
features in using a fluorogenic reagent DAABD-Cl to derivatize 
proteins and HPLC to separate the derivatized proteins. The reagent 
gives low background fluorescence affording the sensitive detection 
of derivatized proteins, while HPLC contributes the reproducible 
quantitation of proteins. Actually, its application data has proved the 
method to be highly sensitive and reproducible for the peak heights 
and retention times, indicating that the method is accurate.
 In each application (mice liver, breast cancer cell lines, mice 
brain and Thoroughbred horse muscle), a differential proteomics 
analysis has been performed. According to hepatitis-infected mouse 
liver analysis, the present method suggested to be worthwhile for 
clinical proteomics analysis. In breast cancer cell analysis, the 
protein expression levels in eight different cell lines were compared 
simultaneously, which has given results that suggested a novel 
pathway correlated to invasive and metastatic breast cancer. The 
analysis of segmented mouse brain demonstrated that the method 
is applicable for a small organ and the age-related proteins in mouse 
brain regions were elucidated. In Thoroughbred horse skeletal 
muscle analysis, the enzymes involved in the aerobic pathway have 
been obtained as altered proteins during exercises, suggesting that 
the anaerobic pathway effectively activated the aerobic pathway in 
faster-running horses.
 In the future, it should be extended to differential proteomics 
analyses of many biological samples revealing the roles of certain 
proteins in the special biochemical events within living animals.
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Finding differentially expressed proteins is an important component 
in many areas of biological research. A common approach is to 
separate the proteins by chromatography or electrophoresis followed 
by identification using mass spectrometry. Two-dimensional 
electrophoresis is commonly employed as the electrophoretic 
method and enables very-high-resolution separations. In the mid 
1990s, the term proteomics was coined to describe this research 
area, establishing an additional expression-based dimension to 
genomics.

2.1 Introduction

Since its inception in 1975, 2D electrophoresis has been one of 
the most commonly used techniques for differential expression 
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proteomics. This technique, while often very successful, comes with 
certain inherent caveats. It tends to require a significant amount of 
hands on time, and, for quantitation purposes, technical replicates 
are usually required in addition to biological replicates because 
of variations introduced by the technique itself. Because of that, 
many researchers today forgo 2D electrophoresis and turn to liquid 
chromatography-mass spectrometry (LC-MS) instead. However, 
LC-MS and 2D electrophoresis have very different advantages, and 
despite many efforts, there is still a significant amount of information 
to be gained by 2D electrophoresis that cannot be obtained as easily 
by LC-MS. One of these advantages is the ease of visualization of 
proteins with the same molecular weight but different isoelectric 
points (pIs), allowing for the simple location of proteins with post-
translational modifications (PTMs). Also, when carried out correctly, 
the quantitative comparison of many biological replicates is greatly 
simplified.

2.2 Two-Dimensional Difference Gel 
Electrophoresis

Many improvements have been made to the traditional 2D gel 
technique to enhance the automation and throughput. One of 
the greatest advances was the introduction, in the early 1990s, of 
commercially available immobilized pH gradients on strips instead 
of the classical carrier ampholyte based tube gels. This approach 
provided both enhanced reproducibility and ease of handling 
over the tube gels of the past. Other product advances include the 
ability to multiple strips and gels in parallel, pre- made buffers, 
and better software, all of which have helped significantly reduce 
the hands-on time. Reproducibility, however, remained an issue. 
The introduction of fluorescent dyes, that can be used to label the 
lysine or cysteine residues of proteins prior to electrophoresis and 
allows for multiplexed 2D helps overcome this issue. The charge- 
and molecular weight–matched fluorescent dyes allow for the 
same protein from different samples (labeled with different dyes) 
to co-migrate to the same position in the gel. This technology is 
called two-dimensional difference gel electrophoresis (2D DIGE). 
2D DIGE introduced the ability to remove non-biological variation 
from the system, by including an internal standard that allows for 
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global normalization1 and is at the core of this technology.2 The 
internal standard is a pooled mixture of all the samples in a given 
experiment, and an aliquot of this same mixture is applied to each 
gel in the experiment.3 This internal standard is commonly labeled 
with the Cy2 dye. Since one of the samples is now in effect the same 
on all gels, it can be used to normalize out experimental variation 
between gels. The internal standard also allows for higher quality 
automated matching, since in effect, every gel contains the same 
sample mixture in the Cy2 channel.
 Additional advantages of 2D DIGE are a significant reduction 
of the number of gels that need to be run and increased limits of 
detection and dynamic range due to the fluorescent Cy dyes used.

2.2.1 Minimal Dyes

In the minimal labeling approach, three charge- and molecular 
weight–matched dyes are available, which excite at 488 nm (CyTM2), 
532 nm (Cy3), and 635 nm (Cy5) respectively. The term minimal 
refers to the strategy to use stoichiometry to ensure no protein is 
ever labeled more than once. In fact, only 1–3% of lysine residues 
(on any given protein species) are labeled. Due to the separation in 
excitation and emission spectra, it is possible to visualize all three 
dyes without cross talk using an appropriate imaging system. In this 
approach, every gel contains two real samples (Cy3 and Cy5), for 
example, a treated and a control sample, and the internal standard 
in the third channel, usually Cy2.

2.2.2 Saturation Dyes

An alternative approach to using the minimal labeling concept is 
to use specially designed saturation dyes that are matched for both 
charge and molecular weight. These dyes conjugate to reduced 
cysteine residues on the proteins and the strategy employed is 
usually to optimize the reduction of these amino acids to allow 
maximal binding to all available cysteine groups. This results in an 
enhanced limit of detection allowing for a reduced amount of sample 
being necessary for labeling (10 mg rather than the 50 mg used for 
minimal labeling). Many applications make use of this approach; 
one of the main applications is where sample is limited, such as with 
laser capture microdissection.4,5

Two-Dimensional Difference Gel Electrophoresis
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2.3 Quantitative Aspects of 2D DIGE

In the early years of 2D electrophoresis, statistics were unfortunately 
not usually a consideration. This has led to unreliable and poorly 
reproducible results. Much effort has been applied by the proteomics 
community to investigate the need for statistics, and trying to 
establish guidelines, one such organization is the Association of 
Biomolecular Resource Facilities (ABRF).
 All quantitative measurements are usually based on relative 
quantitation. Relative quantitation is based on the assumption that 
every sample contains the same amount of total protein. Most 2D 
software analysis packages will include a tool that allows the cross 
normalization of loading differences. In the case of DeCyderTM, this 
is accomplished in a module called DIA (Difference-In Gel Analysis), 
which takes advantage of a normal distribution to normalize loading 
differences. For special cases, mentioned under applications in a 
later section, this normalization procedure can also be accomplished 
by spiking in known amounts of specific proteins.
 The most basic requirement for statistical calculations is the use 
of replicates, which is now thankfully becoming more common for 2D 
users. Originally, both technical replicates (to handle experimental 
variation) and biological replicates (to handle inherent biological 
variation) were needed. While 2D DIGE removes the need for 
technical replicates, biological replicates are still needed to remove 
biological variation. When replicates are used, the p-value cut offs 
selected often ignore the problem of multiple comparisons. In a 
typical gel, about 1000 real proteins can be detected. If we are using 
a t-test, we are in fact applying 1000 univariate tests. In the past, 
a significance level of p = 0.05 was often mistakenly used. Without 
adjustments, that means that the probability of type I errors (false 
positives) is 5% of 1000, or 50 false positives. In order to control the 
overall p-value, an adjustment to the p-value is required6 to reflect 
the same probability applied to 1000 spots.
 Type I errors are not the only consideration; type II errors (false 
negatives) have to be controlled as well. Depending on the desired 
minimum abundance differences to be detected, false negatives have 
to be controlled by replicates.7
 The number of replicates, especially for clinical samples, quickly 
becomes overwhelming, and pooling strategies can be applied 
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that allow a reduction in the number of gels, while still being able 
to exclude some outliers.8 An excellent overall review of 2D DIGE 
with respect to quantitation was written by Lilley and Friedman.9 
Another aspect of 2D DIGE is the potential of labeling bias, which 
can be avoided in one of two ways, either by performing a dye flip/
reverse labeling, or by using a two-dye approach, the latter having 
the additional advantage of resulting in a decrease in data scatter 
(reduction of coefficient of variance).10

 The use of advanced statistics, particularly the use of multivariate 
statistics, has been commonly employed for microarray studies, 
and recently has also been used in the proteomics community. 
Researchers use statistical tools integrated into analysis software 
such as DeCyder EDA11 as well as external biostatistical tools to apply 
to proteomics data.12 This approach allows for easier analysis of 
more than two sample types, unknown groupings can be discovered, 
outliers eliminated, and data visualized.
 Generally, for good quantitation, appropriate software is critical. 
Requirements are stable and reliable detection and matching 
algorithms, the capability to co-detect, and the ability to take 
advantage of the internal standard for normalization. Software 
packages that are able to carry out statistical calculations for the 
user will enhance robustness of results.

2.4 Application Examples 

Differential proteomics utilizing 2D DIGE in particular are used in a 
large variety of applications. Much research is performed with regard 
to finding biomarkers for cancers, prion disease, schizophrenia,13 
heart disease,14 and Alzheimer’s disease,15 to name a few. The sample 
type used extends from cell lines to tissues and serum derived from 
any number of model animals to clinical samples. Biomarkers can 
be used for diagnostic purposes to elucidate pathways of disease 
progression and to identify potential drug targets. In preclinical 
studies, the impact on the proteome by the addition of drugs to 
cell lines and animals, can also be monitored with 2D DIGE. The 
particular usefulness of 2D DIGE over other differential proteomics 
techniques is its capability to find abundance differences down to 
20%. Also, with the inherent biological variation (especially with 
clinical samples), the comparison of many replicates is a necessity. 
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Other research areas include stem cell research, agricultural research, 
and quality control in the production of biopharmaceuticals. The 
following section will discuss some of these topics in more detail.

2.4.1 Cancer-Related Research

One of the most common areas of expression-based proteomics is 
located in cancer research. One in every three people is estimated to 
be diagnosed with some kind of cancer in their lifetime. Proteomics 
can help to build a foundation to better understand cancer, and use 
these findings to develop and improve diagnosis and treatment. 
There are three main areas: finding biomarkers, identifying 
potential drug targets, and evaluating the impact of drugs on the 
proteome. Finding biomarkers is especially crucial to both determine 
subclasses of cancer to allow for personalized treatment and for 
early recognition.
 Cancer biomarkers and disease progression investigated with 
the aid of 2D DIGE exceeds well over 100 publications based on 
highwire: http://highwire.standard.edu. Cancers researched 
include lung cancer,16 colorectal cancer,17 breast cancer,18 and 
prostate cancer, to name some of the most deadly ones. Prostate 
cancer is a typical example to illustrate the need and usefulness 
of differential proteomics. Prostate cancer is the leading cause of 
cancer-related deaths in America. Gleason grading is currently 
the primary method for prediction, with only a few protein-based 
biomarkers available, prostate specific antigen (PSA) being the most 
common. Unfortunately, PSA results lead to both false negatives (one 
in three prostate cancer cases do not result in higher PSA levels) and 
false positives leading to unnecessary invasive procedures.19 More 
biomarkers relating to cancer progression, early detection, and 
differentiating of subclasses are desirable. While no biomarkers or 
panel of biomarkers for reliable early detection of prostate cancer 
are currently available, the use of 2D DIGE, particularly with the 
use of appropriate statistics, has resulted in good progress. Fun 
et al. applies 2D DIGE data in conjunction with nuclear magnetic 
resonance (NMR) to look at the metabolic profile in serum of 
prostate cancer patients with Gleason scores 5–7.20 Other research 
establishes common pathways of disease progression by combining 
2D DIGE data with systems biology,21 implicating proteins involved 
in calcium regulation,22 and confirmation of early stage biomarkers 
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established by orthogonal methods.23 Cancer research is the single 
most common research topic for 2D DIGE.

2.4.2 Other Diseases

Cancer is not the only disease that requires molecular biomarkers, 
as symptoms can be non-specific (Alzheimer’s disease), or can only 
be established at the death of a patient (Creutzfeldt–Jakob disease 
[CJD]).24 For other diseases, differential proteomic studies during 
their progression can help elucidate a new view of causes and hence 
treatment (addiction,25 schizophrenia.26) As with cancer, these 
studies require many clinical samples to be compared to one another, 
and 2D DIGE is currently the most quantitative way to do this.

2.4.3 Agricultural Research

Proteomics in agricultural research is also gaining great importance. 
An area of great concern has been mad cow disease, a prion disease. 
Currently, this disease can only be diagnosed after butchering, which 
allows for possible contamination of adjacent meat. Ideally, it should 
be possible to test easily accessible fluid such as urine for diagnostic 
markers ahead of time, and such studies are currently being 
investigated.27 Another topic of increasing importance is genetically 
modified foods. Food safety and the unintended side effects of 
genetic modifications of both crops28 and livestock29 can be partially 
elucidated by identifying the change in protein abundance combined 
with systems biology.
 Another great area of interest for differential proteomics research 
is the investigation of crop plants, especially related to stress-induced 
response.30

2.4.4 DIGE and RNA

For the past 10 years, efforts to correlate mRNA and protein expres-
sion have been abundant. Depending on the proteome investigated, 
transcription and translation correlates at best at about 40%. Some 
reasons for this are experimental difficulties, especially regarding 
the accurate quantitation of protein levels and experimental chal-
lenges of protein identification. Biological causes play a larger role. 
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One of the main biological reasons is that translation is not only de-
pendent on mRNA concentration but also on rate of translation.31

 Other discrepancies are based on secondary expression events. 
A notable study by Muniyappa et al. illustrates the use of 2D DIGE.32 
They found an overexpression of miRNA-29a to have protective 
effects. Comparing the predicted changes in the proteome, only 
correlated 20% of the time; however, this could be due to biological 
reasons such as most proteins identified are secondary targets, 
or reduced importance of the canonical region. Regardless, this 
approach, where a vector is added to increase one particular RNA 
sequence, allows researchers to better understand the cause and 
effect of transcription and translation.

2.4.5 Drug Studies

The impact of drugs on the proteome can be monitored with the aid 
of differential proteomics. The levels of protein expression can be 
monitored for their beneficial or deleterious effects.
 An example comparing the proteome of patients responding to 
a certain drug with those who are resistant is shown in a clinical 
study.33 Other studies are often performed in cell lines or animal 
models, and thus the number of replicates required is less than that 
for clinical studies, but many different sample types often need to 
be compared.34 Often, both dosage and time course are studied in 
parallel. Both in vivo and in vitro studies offer important answers 
regarding drug resistance, side effects, and insight into the biological 
pathways affected by certain drugs.

2.4.6 Stem Cell Research

Proteomic studies are useful in many areas of stem cell research. 
Typical areas of stem cell research relate to cardiovascular and 
neurological repair, treatment of arthritis, spinal cord injuries, and 
Alzheimer’s disease. Some of the challenges in the use of stem cells 
are their origin (embryonic stem cells, adult stem cells, etc.) and the 
ability to verify successful differentiation without undifferentiated 
cell impurities. Some markers, often membrane proteins, have been 
established to date.35 Differential proteomics, both 2D DIGE and 
LCMS can be used to find panels of markers to determine stem cell 
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differentiation. To investigate the possibility of using stem cell lines 
that are not embryonic, it needs to be verified that the proteome of 
cells differentiated from different types of stem cells or stem cell 
lines are in fact the same.36 2D DIGE can also be used to find markers 
in cancer cells that lead to the differentiation of cancer stem cells, 
or identify the molecular mechanism that leads to proliferation and 
differentiation of cancer stem cells.37 In addition, proteomic studies 
also offer a way to address questions regarding stem cell response to 
disease/injury. There are many other uses of proteomics in stem cell 
research and is an expanding field.

2.4.7  Biopharmaceutical: Quality Control and Process 
Development

The examples discussed so far have been relatively common in 
studying differential expression. However, 2D DIGE also has a use in 
the biopharmaceutical industry.
 The past decade has seen a dramatic increase in biopharmaceutical 
research with an average of 15 biopharmaceuticals approved by 
the FDA annually. These drugs range from monoclonal antibodies 
and vaccines to interleukins and interferons and have been 
used successfully to treat numerous diseases, including cancer, 
autoimmune disease, inflammation, asthma, colitis, and others 
(http://www.biopharma.com/approvals_2010.html). Two recent 
examples are infliximab for arthritis and trastuzumab for breast 
cancer. 
 The development of biopharmaceuticals undergoes multiple 
stages. First drug targets are identified and best “binders” are 
optimized. In the next stage, the preliminary drug goes through clinical 
trials and formulation studies. The last stage is the development and 
scale-up of production methods. Biopharmaceutical manufacturing 
requires the selection of an appropriate host species, such as Chinese 
Hamster Ovary (CHO) cells or a bacterial host, such as Escherichia 
coli, a decision usually dictated by the best yield of the biomolecule 
of interest. The final stage requires the optimization of growth, 
harvest, and purification conditions.
 The purification of biopharmaceuticals, whether from CHO 
cells or bacteria, presents a particular challenge. For most research 
science purposes, purity requirements are rarely greater than 95%. 
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For biopharmaceuticals, the regulatory requirements are strict, 
with generally less than 1% impurities allowed by the regulatory 
authorities, like the FDA. Actual levels depend on the particular host 
cell, the drug itself, as well as its dosage and application. For example, 
drugs administered over a long period of time or at high dosages have 
extremely high purity requirements. Certain animal derived media 
additives for cell growth pose a potential additional risk. Consistent 
purity guidelines are elusive, since limited adverse effects of residual 
host cell protein or animal additives have been reported. However, a 
cautionary attitude prevails due to wise concerns of possible allergic 
reactions and other toxic effects.38

 At this time, neither has a general strategy specific to the removal 
of host cell protein (HCP) and media additives been developed nor 
are general methods for purity checking approved.
 Purity is usually checked with an enzyme-linked immunosorbent 
assay (ELISA), specifically developed for every process, and every 
drug. However, ELISA will only detect overall residual HCP, and the 
same signal could represent a large range of HCP proteins. Hence, 
orthogonal methods, such as sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS PAGE) and 2D electrophoresis are often used 
for better resolution. While SDS PAGE is still used more commonly, it 
has shortcomings, in missing the resolution afforded by PI and often 
the use of less sensitive post stains (e.g., Coomassie). As impurities 
(as discussed above) are of great concern, other techniques are being 
considered more and more.
 Among such techniques are 2D in general and 2D DIGE in 
particular. In a proof-of-principle experiment, monoclonal antibodies 
(MAb) were expressed in CHO cells in different cell culture media 
followed by affinity purification. Harvest, flow-through, and eluate 
were tested for residual HCP with ELISA and 2D DIGE. The results 
showed that while overall HCP levels were determined to increase 
with ELISA and most spots were shown to increase with 2D DIGE 
based on the different growing conditions, individual proteins could 
also be shown to decrease with 2D DIGE, a trend that would have 
been lost with ELISA alone.39

 In addition to optimizing media and rationally designing 
purification, the 2D DIGE approach can be used to determine optimal 
cell lines, viability, temperature and aggregation in downstream 
process development.40
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2.5 Special Applications

2.5.1  Pre-Fractionation

A common issue in proteomics is resolving power. While 2D 
electrophoresis is superior to other methods in this respect, 
proteins can still co-migrate in the gel. Different methods of pre-
fractionation have been employed in the past to help rectify 
this problem. Examples of pre-fractionation techniques include 
various chromatography techniques (ion exchange, reverse phase, 
hydrophobic interaction chromatography, HIC), preparative 
isoelectric focusing (IEF), depletion of particular abundant proteins 
such as albumin, enrichment of glycosylated or phosphorylated 
proteins,41 and the fractionation of cellular organelles.42 While this 
challenge is common to all 2D electrophoresis techniques, 2D DIGE 
provides a particularly straightforward way to verify reproducibility 
as illustrated in the next sections.
 A caveat of every sample preparation step, especially pre-
fractionation, is the possible introduction of additional experimental 
variation. Using 2D DIGE is a great way to validate that pre-
fractionation techniques do not add additional variation. As an 
example, we have pre-fractionated an E. coli sample labeled with 
Cy2, Cy3, and Cy5 dyes using anion exchange chromatography.43 
We carried out a same/same experiment with three replicate runs 
and quantitatively analyzed the resulting three replicates of 24 
chromatography fractions using 2D DIGE and the associated analysis 
software. With this procedure, we examined nine pooled fractions 
and compared them with an un-fractionated sample. The total 
number of spots detected was 4197 from all fractions combined, 
versus 820 spots from the un-fractionated sample. We were able 
to show that the same protein, whether unlabeled or labeled 
with different CyDye DIGE fluors, eluted from the anion exchange 
column in the same fraction. In addition, we demonstrated that the 
pre-fractionation using anion exchange chromatography is highly 
reproducible under these conditions, and that this is thus a valid 
method for pre-fractionation of complex protein.

2.5.2  DIGE and Sample Preparation

Another example of using 2D DIGE technology for determining 
the best sample preparation method is by comparing different 
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extraction buffers (Data file 28-9488–39 AA, GE Healthcare). The 
2D DIGE multiplexing technique was used to estimate which sample 
extraction buffers would result in the extraction of the most proteins 
from various tissues.

2.5.3 Cell Surface Labeling with 2D-DIGE

Traditional cellular fractionation carries out actual physical 
separation of different organelles. 2D DIGE is able to visualize 
proteins labeled on the cell surface and compare it with those 
proteins inside the cell.44

 This technique takes advantage of the fact that for labeling to 
occur the pH has to be higher than 8. So, when labeling intact cells, 
if there is any chance that a label can enter the cell, they will not 
label the proteins on the inside, since the biological pH is closer to 
7. If another fraction of the same cells is first lysed, the pH adjusted, 
and then labeled (with a different CyDye), and both fractions are run 
on the same gel, intra cellular proteins and surface proteins can be 
compared.45

2.5.4  Membrane Proteins

One of the issues associated with 2D gels (particularly immobiline-
based 2D work) is the variability in success of recovery of the very 
hydrophobic proteins. One of the ways to work around this problem 
is to work with blue native gel electrophoresis coupled with SDS 
PAGE–this allows for the ability to look at protein complexes and can 
be further utilized by using the 2D DIGE technology.46

 Another option to blue native for the first dimension separation 
prior to SDS PAGE is to use cationic detergent such as 16 BAC 
(benzyldimethyl-n-hexadecylammoniumchloride) to help with 
solubilizing the membrane proteins.47

2.5.5  Study of Redox Potential

Another approach using the saturation dyes is to study redox 
potentials. In the paper by Hurd et al.,48 they studied reactive oxygen 
species in the mitochondrial respiratory chain and monitored how 
their levels affected the thiol redox state of mitochondrial proteins 
using these saturation dyes.
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2.6 Conclusion

2D DIGE greatly expands on traditional 2D. Most importantly, the 
pre-labeling technique allows for multiplexing. This enables much 
improved quantitation leading to reproducible results. In addition, 
this pre-labeling approach gives rise to new application areas not 
available to traditional 2D.
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3.1 Introduction

Applications of mass spectrometry (MS) have expanded from the 
identification of proteins for proteome profiling to the quantitative 
comparison of proteome changes through various biological 
and physiological processes. Stable isotope labeling for protein 
quantitation is the most suitable method for use with MS. Various 
chemical derivatization methods have been developed for the 
incorporation of stable isotope tags onto peptides at their N- or 
C-terminals or on specific amino acids residues, such as cysteine, 
lysine, and tyrosine. One of these methods, the isotope-coded affinity 
tag (ICAT) technique, was developed to support comprehensive 
and quantitative protein expression profiling using reagents to 
chemically label specific cysteine residues with an affinity tag [1]. 
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This approach can be used to quantify relative protein expression 
levels based on the relative intensity of the heavy and light forms of 
ICAT-labeled cysteines containing tryptic peptides as measured by 
tandem MS. Cysteine-specific modification and affinity purification 
achieves a reduction in proteome complexity. The ICAT technique has 
been widely applied to quantitative proteome analysis of a variety 
of sample types, such as cultured cells, tissues, and body fluids. 
Subsequently, a second generation of ICAT reagent was developed 
that contains an acid-cleavable moiety for removing the affinity tag. 
There are numerous articles and reviews [2–8] on the methodology 
and applications of ICAT technology, summarized here.

3.2 ICAT Reagents

ICAT reagents were developed for quantitation of protein expression 
levels through isotope labeling, and simultaneously achieve a 
reduction in proteome sample complexity. Two types of ICAT 
reagents have been developed, described below.

3.2.1 Original ICAT Reagent (First-Generation)

The original ICAT (first-generation) method was developed by 
Aebersold et al. [1] and consists of a thiolate reactive group for 
selective labeling of cysteinyl residues of proteins, an isotopic linker 
that incorporated a stable isotope (hydrogen or deuterium), and 
a biotin tag moiety for selective isolation of ICAT-labeled peptides 
(Fig. 3.1a). There are two forms of isotopic linkers, containing either 
eight 1H atoms (light form, no deuterium) or eight 2H (d8) atoms 
(heavy form), with an 8 Da mass difference between them.
 The ICAT approach involves labeling two protein mixtures with 
the isotopically light and heavy ICAT reagents for comparison of 
their relative quantities (Fig. 3.2). The ICAT reagents are covalently 
bonded to the cysteine residues of the proteins. Proteins prepared 
from a control sample are treated with the light ICAT reagent, while 
proteins from the test sample are treated with the heavy reagent. 
After labeling, the two reacted protein mixtures are combined, 
digested with a protease such as trypsin, and the peptides are 
fractionated by cation exchange chromatography to remove several 
excess reagents such as residual tris(2-carboxyethyl)phosphine 
hydrochloride (TCEP), a reducing reagent. The cysteine-containing 



37

ICAT-labeled peptides are separated from the other peptides using 
avidin affinity chromatography. In this step, only the cysteine-
containing peptides are selected, effectively reducing the complexity 
of the proteome. The purified ICAT-labeled peptides are analyzed by 
high performance liquid chromatography–tandem MS (LC–MS/MS). 
The eluted peptides are ionized by electrospray ionization (ESI) and 
specific ions are selected for collision-induced dissociation (CID) in a 
data-dependent scan. The ICAT-labeled peptides are identified using 
the CID spectra and a sequence database search using a search engine 
such as Mascot (Matrix Science, Boston, MA) or SEQUEST (Thermo 
Scientific, San Jose, CA). Each pair of light and heavy ICAT-labeled 
peptides has an 8 Da mass difference in their mass measurements. 
The identified peptides are quantified by integrating the areas under 
the peaks of the extracted ion chromatograms for each isotope-
coded peptide pair (light and heavy). The relative quantification 
is determined by the ratio of the peak areas of the peptide signal 
intensities for the test sample vs. the control sample.
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Figure 3.1 Structures of the (a) original and (b) cleavable isotope-coded 
affinity tag (ICAT) reagents. A biotin tag is used for affinity 
isolation of ICAT-labeled peptides. The linker for the heavy 
reagent incorporates a stable isotope; the original ICAT reagent 
uses eight deuterium atoms to replace eight 1H atoms, and the 
cleavable ICAT reagent uses nine 13C atoms to replace nine 12C 
atoms. A thiol reactive group covalently and specifically binds 
to the cysteine residues of the proteins.

ICAT Reagents
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Sample A Sample B

Denature and Reduction

Stable isotope labeling

Heavy reagent
(cICAT Alkylation with 

Heavy reagent)

Mixing

Proteolytic digestion
(Trypsin)

SCX chromatography
Avidin affinity chromatography

Micro or nanoflowLC-MS/MS

Cleavage of affinity moiety

Figure 3.2 Workflow for quantitative analysis of proteome proteins using 
ICAT reagents.

 The original ICAT approach has several limitations: (1) 
Incorporation of deuterium affects the physicochemical properties, 
in that the d8-ICAT-labeled peptides tend to elute before the d0-ICAT-
labeled peptides in reverse-phase chromatography, which makes it 
difficult to quantitatively compare a single moment in time; (2) the 
biotin affinity tag is bulky and causes tag-related fragmentation of 
ICAT-labeled peptides in CID; (3) the rather hydrophobic biotin tag 
causes the peptides to elute within a fairly small time window; (4) 
potential isobaric ambiguity exists between the two ICAT-labeled 
peptides and the methionine oxidative peptides, due to the 8 Da 
mass difference between the heavy and light tag.

3.2.2 Cleavable ICAT (Second-Generation)

The second-generation ICAT (cleavable ICAT) approach incorporates 
an acid-cleavable bond, which allows the removal of the large affinity 
tag moiety prior to MS measurements, and substitutes 13C for 12C 
in the heavy isotope-labeled reagent rather than deuterium for 
hydrogen (Fig. 3.1b). The cleavable ICAT reagent contains nine 13C 
atoms in the heavy reagent instead of the eight deuterium atoms of 
the original ICAT reagent [9]. The polyethylene glycol linker of the 
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original ICAT reagent was replaced with an acid-cleavable linker. 
An acid-cleavable isotope-coded affinity tag reagent (ICAT) with an 
undisclosed structure is available from the manufacturer (AB SCIEX, 
Foster City, CA).
 The biotin tag of the cleavable ICAT reagent is removed by acid 
cleavage after avidin affinity chromatography. Following the avidin 
elution step, the cleavable ICAT-labeled peptides are evaporated and 
reconstituted in concentrated trifluoroacetic acid (TFA) to cleave 
the biotin moiety of the affinity tag from the peptides. This cleavage 
reduces the overall mass of the tag on the peptides and improves the 
peptide fragmentation efficiency of CID for sequence identification. 
After the cleavage of the avidin tag, the TFA is removed by evaporation. 
The purified cleaved ICAT-labeled peptides are analyzed by LC–MS/
MS in the same manner as the original ICAT method for identification 
and relative quantification of the labeled peptides.
 Cleavable ICAT uses 13C atoms instead of deuterium to prepare 
the heavy labeled reagent, and for the cleavable ICAT reagent, the 
mass difference between the light and heavy forms is 9 Da. One of the 
limitations of the first-generation ICAT reagents was that the d0- and 
d8-labeled peptides had slightly different elution profiles in reverse-
phase high-performance liquid chromatography (HPLC) separation 
due to the isotope effect. The cleavable ICAT reagent removes this 
limitation by incorporation of 13C atoms instead of deuterium in the 
heavy reagent [10].

3.3 Methods

It is recommended that the manufacturer’s instructions, cautionary 
statement, and data sheet be reviewed before using the ICAT reagent. 
The detailed cleavable-ICAT protocol and trouble-shooting methods 
have been reported by Shiio and Aebersold [8].

3.3.1 Denaturing and Reducing the Proteins

The protein concentration of the sample is determined using a 
Bradford assay prior to ICAT labeling. Eighty microliters of the 
denaturing buffer is added to test tubes containing 100 μg of the 
control sample and test sample. The protein samples are reduced 
by adding 2 μL of 50 mM TCEP (Sigma-Aldrich, St. Louis, MO) to 
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both the control and test sample tubes. After vortexing to mix and 
spinning, the samples are boiled for 10 min.

3.3.2 Labeling with Cleavable ICAT Reagents

Twenty microliters of acetonitrile is added to vials containing 
Cleavable ICAT Light and Heavy Reagents (AB SCIEX, Foster City, 
CA). The reduced protein samples are transferred into the vials 
containing the cleavable ICAT light and heavy reagents and are then 
mixed and spun. The samples are incubated for 2 h at 30°C in the 
dark.

3.3.3 Separation of Labeled Proteins by SDS-PAGE and 
In-Gel Digestion by Trypsin

As an optional step to reduce the protein complexity, the ICAT-labeled 
proteins can be separated by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). The labeled samples are combined 
into one tube and evaporated using a SpeedVac centrifugal vacuum 
concentrator (Thermo Scientific, San Jose, CA). The samples are 
then dissolved in 100 μL SDS-PAGE buffer and separated. The gel is 
stained with Coomassie blue and cut horizontally into several bands, 
and each band is subjected to gel trypsin digestion. Trypsin is added 
such that the ratio of the enzyme to the protein sample is 1:50 (wt/
wt), and the samples are incubated at 37°C for 12–16 h.

3.3.4 Cation–Exchange Chromatography of the 
Cleavable ICAT–Labeled Peptides

Strong cation exchange (SCX) chromatography is used to remove 
excess ICAT reagents. One hundred micrograms of the peptide 
mixture is diluted by adding 2 mL Cation Exchange Buffer (5 mM 
KH2PO4, 25% acetonitrile, pH 2.5–3.0; AB SCIEX) and loaded onto 
an SCX cartridge equilibrated with 2 mL of the cation exchange 
buffer. The SCX cartridge is washed with the cation exchange buffer 
and loaded to elute the cleavable ICAT–labeled peptide using Cation 
Exchange Buffer-Elute (5 mM KH2PO4, 25% acetonitrile, 350 mM KCl, 
pH 2.5–3.0; AB SCIEX). After the peptide elution, the SCX cartridge 
is washed by injecting 1 mL of Cation Exchange Buffer-Clean (AB 
SCIEX).
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 To further reduce the protein complexity, the cleavable ICAT-
labeled peptides can be fractionated using a high-resolution cation 
exchange column such as a polysulfoethyl A column (PolyLC, Inc., 
Columbia, MD) under gradient elution conditions.

3.3.5 Avidin-Affinity Chromatography and Cleavage of 
Biotin Moiety

The SCX-eluted fractions are neutralized to pH 8 using 100 mM 
NH4HCO3, pH 9.5 or according to the manufacturer’s instructions 
as necessary to bring the pH up to 8.0. Each neutralized peptide 
fraction is separately purified using the avidin bead supplied with 
the cleavable ICAT reagent kit. The SCX-eluted fractions are then 
loaded onto the avidin cartridge. To remove the non-labeled peptides 
and nonspecific peptides, the avidin cartridge is washed and the 
cleavable ICAT-labeled peptides are eluted with Affinity Buffer–Elute 
(0.4% TFA in 30% acetonitrile; AB SCIEX).
 Each avidin chromatography-eluted fraction is evaporated to 
dryness in a centrifugal vacuum concentrator. The biotin moiety is 
then cleaved under acidic conditions by adding 95 μL of cleaving 
reagent A and cleaving reagent B (AB SCIEX) and incubating for 2 h 
at 37°C. The cleaved sample is evaporated to dryness in a centrifugal 
vacuum concentrator for 30–60 min, and the biotin-cleaved peptides 
are reconstituted in 10–50 μL 0.1% TFA in 10% acetonitrile or 0.2% 
acetic acid–1% acetonitrile for MS.

3.3.6 Mass Spectrometry

MS data are collected using two different platforms: ESI MS with 
on-line nano- or microflow HPLC analysis and matrix-assisted laser 
desorption ionization (MALDI) MS with off-line separation using 
nano- or microflow HPLC fractionation.
 The peptide samples are subjected to LC–MS/MS analysis using 
an ion trap, quadrupole time-of-flight (Q-TOF), TOF/TOF, or orbitrap 
type instrument equipped with a nanoelectrospray source, operating 
in positive ion mode. Typical HPLC conditions are a linear gradient 
using an octadecyl silane (ODS) reverse-phase column running 
a mobile phase consisting of 0.1% formic acid and acetonitrile. 
Generally, MS and CID data are collected continuously using a data-
dependent scanning method. Information-dependent acquisition is 
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used to select the most abundant precursor ions excluding singly 
charged ions for CID and the dynamic exclusion method is used to 
prevent the selection of the same precursor ions.

3.3.7 Sequence Database Search for Identification and 
Protein Quantitation

After analysis by nano- or microflow LC–MS/MS, the tandem mass 
spectra data are searched against a protein sequence database using 
search software such as SEQUEST, Mascot, or Pro ICAT (AB SCIEX). 
Quantitation is based on the relative intensities of the extracted ion 
chromatograms for precursor ions. Pro ICAT software incorporates 
the LC–MS Reconstruct quantitation algorithm to conduct relative 
quantitation of proteins. Mascot Distiller software, including the 
Search Toolbox and Quantitation Toolbox, can conduct peak picking, 
sequence searches, and relative quantitation.
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Post-translational modifications (PTMs) regulate the activity and 
macromolecular interactions of many proteins. To date over 300 
PTMs have been described, and many of them play essential roles in 
the pathogenesis of diseases. With recent advances in biological mass 
spectrometry (MS), comprehensive and accurate measurements of 
PTMs at the proteome scale has become possible, allowing a better 
understanding of cellular processes and disease mechanisms. Here 
we review recent proteomics methods for detection of some of the 
biologically important PTMs, including acetylation, glycosylation, 
S-nitrosylation, phosphorylation, and ubiquitylation.

4.1 Introduction

Post-translational modification refers to the chemical modification of 
specific amino acid residue(s) of a protein after its translation. PTMs 

Chapter 4

Proteomic Analyses of Post-Translational 
Modifications

Quantitative Proteome Analysis: Methods and Applications
Edited by Kazuhiro Imai and Sam F. Y. Li
Copyright © 2013 Pan Stanford Publishing Pte. Ltd.
ISBN  978-981-4316-51-4 (Hardcover), 978-981-4316-98-9 (eBook)
www.panstanford.com

Wei-Chi Ku and Yasushi Ishihama
Graduate School of Pharmaceutical Sciences, Kyoto University,  
Kyoto 606-8501, Japan
yishiham@pharm.kyoto-u.ac.jp



46 Proteomic Analyses of Post-Translational Modifications

affect the protein’s properties, such as charge and conformation, 
resulting in changes of activity, binding affinity to other proteins, 
localization, and turnover. For example, signal transduction cascades 
usually operate through a series of protein phosphorylation/de-
phosphorylation events [8]. Recent evidence has shown that PTMs 
not only affect protein activity individually, but also act in combination 
to modulate molecular interactions via multi-site modification, e.g., 
the “histone code” [10]. Therefore, systematic investigation of PTMs 
on a large scale is important to understand their role in cellular 
processes.
 Traditionally, each PTM of interest has been studied at a specific 
amino acid residue in an individual protein by means of laborious 
biochemical approaches [93]. However, with the public release of 
complete human genome/proteome sequences and recent advances 
in mass spectrometry (MS)-based proteomics, it has become possible 
to identify PTM substrates, to map the PTM sites, and to quantitatively 
measure the dynamics of PTMs [3, 24, 30–31, 48, 93]. To date, more 
than 79, 171 experimentally proven or potential PTM sites in the 
human proteome have been recorded in the UniProt (http://www.
uniprot.org) database (based on the UniProtKB/Swiss-Prot Release 
2010_09). Table 4.1 summarizes some of the PTMs studied by means 
of MS-based proteomic approaches. A comprehensive list of post-
translational modifications can be found in the UNIMOD database 
(http://www.unimod.org) and the Association of Biomolecular 
Resources Facilities (http://www.abrf.org).

4.2 Proteomic Approaches for PTM Studies

Although modern MS is a powerful and sensitive tool for 
proteomics, PTM studies still face many challenges [24, 30–31, 
47, 93]. The relative low abundance of PTM proteins compared 
with unmodified proteins, the temporal dynamics of PTMs, and 
the spatial distributions of PTM proteins in subcellular organelles 
make direct measurement of PTMs with MS impossible. Therefore, 
enrichment or purification of PTM proteins of interest is important. 
Immunoaffinity purification using specific antibodies is the most 
common approach to enrich PTM proteins/peptides. The advantage 
of immunoaffinity purification is that sample complexity is greatly 
reduced for downstream LC-MS/MS analyses. However, high-quality 
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Table 4.1 Selected post-translational modifications commonly studied 
by means of proteomics approaches [24, 30–31, 47, 93]

Post-
translational 
modification

Site of 
modification*

Change 
in mass 

(Da)
Biological 
functions

Acetylation K (N-terminal, S, T) 42 Protein stability, 
protein–DNA 
interaction, 
regulation of 
enzyme activity.

Acylation
Palmitoyl
Farnesylation
Myristoyl 

C (K, S, T)
C
K, R, N-terminal, G

238
204
210

Cellular 
localization, 
protein–protein 
interaction, 
membrane 
tethering

Glycosylation
N-linked
O-linked

N
S, T

>800
203, >800

Protein stability, 
protein solubility, 
secretion, cell-cell 
recognition

Methylation K, R (D, E, H, P, 
C-terminal)

14, 28, 42 Regulation of gene 
expression, protein 
activity, protein–
protein interaction, 
chromatin 
dynamics, protein–
DNA interaction

S-Nitrosylation C 29 Protein activity, 
inflammation 
response, oxidative 
protection, 
protein–protein 
interaction, 
transcription 
regulation

Phosphorylation S, T, Y (H, R) 80 Protein activity, 
signaling, protein–
protein interaction

Ubiquitylation K (N-terminal) >1000 Protein stability, 
signaling, 
transcription 
regulation

*Amino acid residues within brackets denote less common sites of modification.
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antibodies are not always available for PTMs of interest. Based on 
the chemical properties of individual PTMs, alternative enrichment 
strategies may be considered (reviewed in Ref. [93]).
 In addition to the enrichment of PTM proteins/peptides, further 
separation methods are usually applied, e.g., one- or two-dimensional 
gel electrophoresis for proteins, and ion exchange chromatography 
and isoelectric focusing for peptides. Alternatively, subcellular 
fractionation of biological samples also helps to reduce sample 
complexity and provides additional localization information.
 Here, we review some commonly studied PTMs and MS-based 
proteomics approaches for these PTM studies.

4.2.1 Acetylation

Protein lysine acetylation, which is catalyzed by acetyltransferases 
using acetyl-CoA as the co-factor, was historically recognized to 
regulate gene transcription mainly by acting on histone proteins in 
the nucleus. The recent discovery of lysine acetylation of non-histone 
proteins, however, suggests a role of lysine acetylation in regulating 
cellular metabolism outside the nucleus [7, 92]. The reversible 
lysine acetylation of histones and nonhistone proteins has been 
shown to regulate a variety of physiological/pathological processes, 
such as aging, cancer, metabolism, inflammation, and cardiovascular 
protection [7]. Lysine acetylation, furthermore, shows cross talk 
with other PTMs such as protein phosphorylation, as exemplified by 
the DNA-damage-induced p53 activation signaling cascade [86].
 Although recent advances in MS-based proteomics allow PTMs 
to be studied at the whole-proteome scale, e.g., phosphorylation 
[59], the small difference between two lysine PTMs, i.e., acetylation 
(42.011 Da increment) and tri-methylation (42.047 Da increment), 
impedes unambiguous site determination of lysine acetylation. 
With the availability of high-resolution mass spectrometers, such as 
the LTQ-Orbitrap, and specific antibodies to acetyl-lysine, effective 
purification and accurate measurement of lysine acetylation have 
become possible [34]. In a recent comprehensive proteomic survey 
on protein lysine acetylation, ~3500 acetylation sites in ~1700 
acetylated proteins were identified in human cells, suggesting that 
lysine acetylation is a ubiquitous PTM, similar to phosphorylation 
[6]. The identification of protein acetylation in central metabolic 
enzymes in bacteria [80, 88, 91] and mammalian cells [6, 34, 67, 
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92] also demonstrates that protein acetylation is an evolutionarily 
conserved PTM to regulate cellular metabolism.
 Alternatively, protein acetylation can also be studied by metabolic 
labeling with acetyl-CoA analogs [87] or affinity probes [27]. 
However, there is potential for off-target labeling with these chemical 
analogs or probes. This is because acetyl-CoA is required for many 
enzymes in addition to acetyltransferases. Furthermore, differential 
selectivity of chemical analogs for different acetyltransferases 
may cause biased labeling of a subset of protein substrates. Future 
development of “universal” chemical probes or other chemical 
derivations may provide tools that would be complementary to 
antibody-affinity purification for unbiased and comprehensive 
identification of acetylated proteins.

4.2.2 Glycosylation

Protein glycosylation plays key functions in many biological 
processes, including cell-to-cell recognition, membrane fusion, 
enzymatic activities, coordination of immune functions, and protein–
protein interactions [13, 17]. Alteration of glycan structures on the 
glycoprotein or aberrant glycoprotein expression also correlates to 
the pathogenesis of many diseases, e.g., cancer and inflammation 
[12]. The two most common protein glycosylations are N-linked 
glycans, which attach to Asn residues in the motif Asn-X-(Ser/Thr) 
via N-acetylglucosamine, and O-linked glycans attached to Ser or Thr 
residues [54]. Other minor protein glycosylations on Cys, Lys, and 
Trp are also found in cells [25, 64].
 Although carbohydrates on glycoproteins have been difficult 
to analyze in the past due to their structural complexity, recent 
development of MS-based proteomic approaches has allowed 
the identification of glycosylation sites and provided structural 
information for glycans [21]. For example, the glycoproteins 
or trypsin-digested glycopeptides are first enriched by multi-
lectin affinity chromatography, and glycans are enzymatically or 
chemically released from the protein/peptide counterparts [21]. 
The glycoproteins can be chemically or enzymatically labeled with 
isotopic coded affinity tags (ICAT) [90] or 18O [32] to perform 
quantitative proteomics studies. The released glycans can be 
separately analyzed to obtain structural information [52, 89]. At 
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present, enormous efforts are being made to develop more sensitive 
MS methods for large-scale glycoproteomics studies.

4.2.3 S-Nitrosylation

Protein S-nitrosylation refers to the reversible covalent modification 
of the thiol group of cysteine residues by nitric oxide (NO). Protein 
S-nitrosylation plays an important role in NO-related and redox 
signaling pathways in many systems, from plants to mammalians 
[23, 43].
 Due to the labile nature of the S–NO bond and the low abundance 
of endogenously S-nitrosylated proteins in vivo, however, it is 
challenging to identify S-nitrosylated proteins and S-nitrosylation 
sites, especially by MS-based proteomics approaches [33, 81]. 
In contrast to measuring the total amount of S-nitrosothiols by 
colorimetric or chemiluminescence detection (reviewed in Ref. 
[50]), the biotin switch method, which was first introduced by Jaffrey 
et al., is the only viable MS-based method for the identification of 
protein S-nitrosylation at the proteomic level [29]. To date, over 
300 proteins have been reported to be S-nitrosylated or regulated 
by S-nitrosylation, using the biotin switch method coupled with MS 
detection [16, 42, 68].
 In the classic biotin-switch method as originally developed 
by Jaffrey et al. [29] (Fig. 4.1), free cysteines are first blocked by a 
thiol-reactive reagent, monomethyl thiosulphonate (MMTS), via 
disulfide bond formation. S–NO bonds of S-nitrosylated cysteine are 
then reduced with ascorbate. It should be noted that the reducing 
power of ascorbate is not strong enough to break disulfide linkages; 
therefore, specific reduction of the S-nitrosylated cysteine can 
be achieved. After chemical substitution with a biotin-containing 
affinity molecule, N-[6-(biotinamido)hexyl]-3′-(2′-pyridyldithio)
propionamide (biotin-HPDP), followed by further biotin affinity 
purification, the biotinylated proteins are identified by LC-MS/MS.
 Although the classic biotin-switch method has been widely 
applied for S-nitrosylation studies, some technical issues were 
raised [45]. For example, the disulfide bonds in proteins may 
hamper efficient trypsin digestion and downstream peptide 
identification. In addition, the decomposition of biotin-HPDP may 
produce a side reaction with free thiols, thereby introducing false-
positive signals via disulfide interchange [15]. To overcome these 
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problems, many technological improvements have been reported. 
By using an S-alkylating strategy to block free cysteines and to 
label S-nitrosylated cysteine, for example, disulfide interchange can 
be minimized and the endogenous disulfide bonds can be further 
reduced, allowing better digestion efficiency and identification 
confidence [2, 4]. In a recent study, Forrester et al. used a combination 
of a synthetic thiol-reactive resin and the iTRAQ labeling method to 
conduct a quantitative proteomics examination of S-nitrosylation 
[16]. For more comprehensive discussion of S-nitrosylation studies 
employing the biotin switch method, readers are referred to several 
recent review articles [15, 44, 49, 78].

-S-S-bio�n
-S-S-CH3

-S
-S

-SH
-S-S-CH3

-S
-S

-S-NO
-S-S-CH3

-S
-S

-S-NO
-SH

-S
-S

O

S

O

CH3SH3C

Blocking of free thiol

MMTS

Reduc�on of S-NO 
by ascorbate

Labeling of newly 
formed thiol

Bio�n-HPDP
N S S Biotin

Figure 4.1 Chemical derivation of S-nitrosylated cysteine by the biotin 
switch method. Adapted from Ref. [29].

4.2.4 Phosphorylation

Protein phosphorylation, which occurs on Ser, Thr, or Tyr, is 
also a reversible PTM catalyzed by kinases and phosphatases. 
Phosphorylation is perhaps one of the most important PTMs in 
cells. One-third of all proteins in a eukaryotic cell can undergo 
phosphorylation modifications [48]. Protein phosphorylation 
participates in the regulation of protein activities, signaling 
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transduction, protein–protein interaction, and control of 
transcription [26].
 MS-based approaches have been extensively applied to the 
study of protein phosphorylation at the proteome scale, i.e., the 
phosphoproteome [11, 46, 48, 76]. For example, Rush et al. used 
antibodies specifically targeting phospho-tyrosine to perform 
immunoaffinity profiling of tyrosine phosphorylation in cancer 
cells [65]. Due to the unavailability of phospho-serine and phospho-
threonine specific antibodies, alternatively, several chemical 
methods for phosphoproteins enrichment have been reported, 
such as immobilized metal ion affinity chromatography (IMAC) 
[70], metal oxide chromatography [28, 38], and β-elimination 
followed by Michael addition [18, 58, 77]. Modifications based on 
the above-mentioned strategies have been successfully applied for 
comprehensive phosphoproteomic studies [19, 37, 41, 63, 72, 79]. 
Recent developments and applications are discussed in the later 
part of this chapter.

4.2.5 Ubiquitylation

Protein ubiquitylation is the addition of ubiquitin, which is a small 
protein consisting of 76 amino acid residues, via its C-terminal residue 
(Gly76) to a substrate lysine residue by ubiquitin-ligase enzymes 
[22]. Protein ubiquitylation was first found to target proteins for 
proteasomal degradation, thereby playing an important role in the 
regulation of protein turnover in cells [22]. The later discovery of 
many ubiquitin-like modifiers, such as NEDD8 or SUMO, further 
extended the non-degradative functions of protein ubiquitylation to 
a variety of biological processes, such as DNA repair, transcription, 
endocytosis, sorting, and signal transduction (reviewed in Ref. 
[83]).
 Although it is inherently difficult to study protein ubiquitylation 
due to the rapid turnover of ubiquitylated proteins, several 
proteomics approaches have been developed (reviewed in Ref. [35]). 
For example, Peng et al. introduced a recombinant 6xHis-ubiquitin 
gene into yeast cells, and proteins labeled with 6xHis-ubiquitin were 
purified by His affinity chromatography. After trypsin digestion 
followed by strong cation exchange chromatography and reversed-
phase LC-MS/MS, 1075 proteins were identified from yeasts [60]. 
Furthermore, 110 ubiquitylation sites present in 72 substrate 
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proteins were also preciously determined by taking the advantage 
of a mass shift at lysine residue (+114.1 Da), which derived from di-
glycine residues (Gly-Gly) of ubiquitin after trypsin digestion [60].
 Matsumoto et al. performed immunoaffinity chromatography 
using a monoclonal antibody that specifically recognized ubiquitin-
protein conjugates, but not free ubiquitin, to purify ubiquitylated 
proteins from human HEK 293T cells [51]. By varying the purification 
environment (native or denaturing conditions), target proteins in 
substantially different functional categories were identified. In total, 
670 distinct proteins were identified; 345 proteins and 325 proteins 
were identified after denaturing and native purification, respectively 
[51]. The different subsets of ubiquitylated proteins identified under 
the two conditions may reflect potential regulation and quality 
control of different proteins, e.g., ribosomal proteins [51].
 Although the signature mass shift (+114.1 Da) at di-glycine-
containing lysine peptides from ubiquitylated protein has been 
widely applied to pin-point ubiquitylation sites, Nielsen et al. 
reported that an iodoacetamide-induced artifact, which mimics 
ubiquitylation signatures, may arise during sample preparation [57]. 
Therefore, because of the potential for false-positive identification, 
bona fide ubiquitylation sites should be verified by other biochemical 
approaches.

4.3 MS-Based Analyses of Protein 
Phosphorylation

4.3.1 Enrichment of Phosphorylated Proteins or 
Peptides

Phosphorylated proteins are usually characterized by MS after 
proteolytic digestion. Due to the lower ionization efficiency 
of phosphopeptides, efficient and specific enrichment of the 
phosphopeptides prior to MS analyses is important. As mentioned in 
Section 4.2.4, various enrichment strategies are currently available. 
Figure 4.2 gives an overview of these strategies. Here we focus on 
some commonly used phosphopeptide enrichment approaches. 
Readers who are interested in quantitative phosphoproteomics 
should refer to several recent reviews and studies [76, 82].

MS-Based Analyses of Protein Phosphorylation
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4.3.1.1 Immobilized metal ion affinity chromatography

Immobilized metal ion affinity chromatography is traditionally 
used for the affinity purification of His-tagged proteins by chelating 
metal ions (Fe3+, Ga3+, or Co2+) to nitrilotriacetic acid (NTA) or 
iminodiacetic acid (IDA) coated beads. As first demonstrated by 
Neville et al. [56], phosphoproteins and phosphoamino acids also 
bind to IMAC resin [1], and so IMAC can be used for the enrichment 
of phosphopeptides.
 Although IMAC has been extensively used for phosphopeptide 
enrichment, the high level of non-specific binding of 
nonphosphorylated peptides is a serious problem, especially in 
highly complex peptide samples. This non-specific binding is due to 
the interaction between IMAC resin and the carboxylic side chains of 
Asp and Glu in nonphosphorylated peptides. Several approaches have 
been developed to circumvent the problem. Ficarro et al. improved 
the enrichment specificity by using O-methyl esterification to block 
carboxyl groups of Asp and Glu [14]. Alternatively, the specificity of 
IMAC can also be increased by adjusting the pH to the range (2.7~3.0) 
in which carboxyl groups of Asp and Glu are protonated and lose 
their binding affinity to IMAC resins [62]. By carefully controlling the 
species and concentration of acids, specific and effective enrichment 
of phosphopeptides can be achieved [37, 79].

4.3.1.2  Hydroxy acid-modified metal oxide chromatography

TiO2 beads were first used as an affinity agent for organophosphates, 
including phosphopeptides [28], and were subsequently used for 
phosphoproteomic studies [61]. In addition, ZrO2 has been used for 
phosphopeptide enrichment, because of the high affinity of ZrO2 
for phosphates [38]. By including benzoic acid derivatives, e.g., 
2,5-dihydroxybenzoic acid (DHB) and phthalic acid, in the sample 
loading buffer, Larsen et al. achieved effective removal of acidic non-
phosphopeptides during phosphopeptide enrichment with TiO2 and 
downstream MALDI-MS analyses. Although this protocol is proven 
effective, it is not applicable to LC-MS/MS analysis, because residual 
DHB interferes with peptide detection.
 Our group recently developed a novel method for phosphopeptide 
enrichment using aliphatic hydroxy acid-modified metal oxide 
chromatography (HAMMOC) [72]. By the inclusion of aliphatic 
hydroxy acid, the HAMMOC system greatly reduces the non-specific 

MS-Based Analyses of Protein Phosphorylation
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binding of non-phosphopeptides [72]. Hydroxy acids can bind to metal 
oxide, e.g., TiO2 and ZrO2, by forming a cyclic chelate complex [75], 
whereas phosphate forms a bridging complex with two metal ions [9]. 
Therefore, there is a differential affinity for metal oxides in the order 
phosphopeptides > aliphatic hydroxy acid > nonphosphopeptides 
(strong to weak) [72]. By screening a series of hydroxy acids as 
sampling loading systems, we found that lactic acid most effectively 
suppressed the identification of nonphosphopeptides [72]. At the 
same time, the lactic acid can be easily removed by means of a C18 
desalting procedure; therefore the HAMMOC system can be coupled 
with LC-MS/MS without difficulty. By using successive elution of 
phosphopeptides with secondary amines, such as piperidine and 
pyrrolidine, in addition to ammonium hydroxide, we were able to 
identify 3000~4000 phosphopeptides using HAMMOC from only 
100 μg HeLa cytoplasmic extract as the starting material [39].

4.3.1.3 β-Elimination and Michael addition

Phosphopeptides can also be enriched by chemical derivatization. 
Phosphate groups on serine and threonine can be removed by 
alkaline treatment, i.e., β-elimination, to form dehydroalanine and 
dehydrobutyrine, respectively. When a sulfhydryl group containing 
a linker coupled with biotin or another affinity tag is added, a dithiol 
is formed in the peptide by Michael addition, allowing labeling 
and enrichment of phosphopeptides for LC-MS/MS analyses 
[18, 58]. However, there are some drawbacks to β-elimination/
Michael addition strategies. A large amount of starting material is 
required due to the complicated chemical reaction steps, and, more 
importantly, β-elimination can occur on O-glycosylation, resulting in 
false identification of phosphopeptides.
 Despite the drawbacks of phosphopeptide enrichment, 
β-elimination can be useful for the confirmation of phosphopeptides 
after purification by other strategies, as first demonstrated by 
Wolschin et al. [84]. We recently presented a novel strategy that 
consists of HAMMOC-based phosphopeptide enrichment followed 
by alkali-induced β-elimination, to improve the efficiency of 
phosphopeptide identification by MS, especially for multiply 
phosphorylated phosphopeptides [40]. By using this strategy, 
we have successfully identified 1649 unique phosphopeptides, 
including 325 multiply phosphorylated phosphopeptides, from 200 
μg Arabidopsis cellular lysate [40].
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4.3.2 Application of HAMMOC in Phosphoproteomic 
Studies

With the success of MS-based phosphoproteomics approaches, 
more than 20,000 and 8000 phosphorylation sites in the human and 
mouse proteome, respectively, have been documented in the UniProt-
SwissProt database. In fact, as shown in Fig. 4.3, our group has found 
more than 111,000 phosphorylation sites in 14,627 human proteins 
by using the HAMMOC strategy (Ishihama et al., unpublished data in 
April, 2013). When the UniProt entries are combined with our data, it 
is found that 72% of human proteins are subject to phosphorylation 
modification.

Uniprot unique (1%)

HAMMOC-Uniprot 
overlap (23%)

HAMMOC unique (48%)

Uniprot 
non-phosphoproteins 

(28%)

Phosphoproteins (72%)

Figure 4.3 Nearly two-thirds of human proteins can be phosphorylated.

 Besides mammalian cells, we also studied protein phosphoryla-
tion in other organisms using the HAMMOC strategy. For example, 
over 2000 and 6000 phosphorylation sites in Arabidopsis [40, 73] 
and rice [55], respectively, were identified by our group and col-
leagues. These data indicate that protein phosphorylation is an evo-
lutionarily conserved PTM in plants and mammals.

4.3.3 Sequencing and Site-Determination of 
Phosphopeptides by MS

In modern proteomics studies, peptide sequencing with tandem MS 
is mostly performed by collision-induced dissociation (CID) [69]. 
However, sequencing of phosphopeptides by CID is challenging due to 
the loss of labile phosphate groups and the low ionization efficiency. 

MS-Based Analyses of Protein Phosphorylation
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Several MS-based methods have been developed to improve the 
identification efficiency and site accuracy of phosphopeptides, such 
as neutral loss-triggered MS3 [20], pseudo-MS3 [66], electron capture 
dissociation (ECD) [36, 71], and electron transfer dissociation (ETD) 
[5, 53]. It should be noted that ECD and ETD are useful methods for 
the identification of multiply phosphorylated peptides, which are 
difficult to analyze by CID [74].

4.4 Concluding Remarks

PTM proteomics is an emerging field that has progressed rapidly 
in recent years. The continuous methodological developments 
in PTM detection, together with the development of increasingly 
sophisticated mass spectrometers, means that comprehensive 
mapping of individual PTMs is now feasible. The next important 
issue is to establish how PTMs crosstalk with each other to regulate 
cellular processes at the proteome scale, as exemplified by the 
multiplex PTM modification of histones, the so-called “histone code” 
[85]. We believe that comprehensive multiplex PTM studies will 
provide a better understanding of cellular processes and homeostasis 
in the future.
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In this chapter, we summarize our proteomic studies in the field of 
cardiovascular medicine. Our research focuses on understanding 
the role of proteins in cardiovascular disease with an objective of 
better understanding cardiovascular pathophysiology to lead to the 
development of new and better diagnostic and therapeutic methods. 
A particular focus has been placed on understanding intracellular 
pathogenic processes such as epigenetic regulation and extracellular 
processes such as identifying and quantitating extracellular proteins. 
We have used mass spectrometry as both an exploratory and a 
diagnostic technology for the detection of processes ranging from 
protein–protein interactions to post-translational modifications in 
cellular proteins as well as circulating biomarkers. Fractionation 
methods for proteins such as liquid-based two-dimensional methods 
as well as immuno-enrichment procedures have also been explored 
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to enable further facilitation of protein pre-separation. In addition 
to these functional proteomics studies, structural proteomic studies 
are also done with a hope to allow for pinpoint drug design and 
therapeutic intervention. Collectively, our proteomics studies 
are focused on understanding the functional role and potential 
therapeutically exploitable property of proteins in cardiovascular 
disease from both intracellular and extracellular aspects with 
both functional and structural proteomics approaches to allow for 
comprehensive analysis.

5.1 Introduction

Major interests in the life sciences have been rapidly transitioning 
to understanding proteins as the major field of research in the 
post-genomic era. The completion of the human genome project 
demonstrated the marginal increase in genes during evolution that 
diversity in humans is likely dictated by post-genomic regulation, 
namely proteins, [1, 2]. Aside from the recently addressed field of 
RNA regulation (e.g. micro-RNA, etc.), post-genomic regulation 
at the protein level is likely the major regulatory step. Splicing, 
processing and post-translational modifications in addition to the 
protein–protein interaction are but some of the notable regulatory 
pathways.
 In contrast to genes/DNA, which are quite stable as would be 
necessary for conserved preservation of the genetic information, 
proteins, which are the products of genes, are rather unstable and 
have short half-lives being produced and then degraded to be present 
to function only when and where their need is dictated as reflective of 
their physiologically active properties. Not only are different proteins 
produced at times through splicing, but once they are produced they 
are often processed/cleaved and/or modified (e.g. phosphorylation, 
glycosylation), and act in concert with other proteins as complexes 
before they are degraded. Indeed, understanding the complex 
regulation of proteins under a given condition (e.g. temporospatial 
context) is of utmost importance in understanding their function.
 While proteomic analysis in general concerns the comprehensive 
understanding of proteins and their functions, which often entails 
understanding their functions in a non-challenged or quiescent 
state, our interests are focused on the role of proteins as relevant 
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in disease states and their regulation as manifested under disease 
conditions. Temporal changes in disease-associated factors are 
important in understanding pathophysiology. For instance, genetic 
disorders as represented by monogenic disorders often manifest 
phenotypes in early life. However, for acquired diseases such as 
oncogenic as well as lifestyle-oriented diseases, environmental 
factors play an important contributory role to onset of disease aside 
from their genetic underpinnings. Although the regulation of gene 
expression undoubtedly plays an important role, temporal changes 
in later/adult life is regulated in main at the level of proteins, and 
therefore studies at the protein level are ideal for studies focused on 
disease onset and progression. We therefore strive to understand the 
molecular changes which affect proteins under disease conditions, 
not only to understand their role in the pathophysiological basis of 
disease, but to further exploit their possible roles in diagnostic as 
well as therapeutic applications.
 The following discussion on our use of proteomic approaches 
will be separated into categories of analysis on intracellular proteins 
and extracellular proteins.

5.2 Proteomic Analysis of Intracellular Proteins

For the proteomic analysis of intracellular proteins, we have 
focused on understanding intracellular pathogenic processes 
with a particular focus on understanding epigenetic regulation in 
cardiovascular disease [3, 4]. To briefly provide the background 
on epigenetic regulation, in eukaryotes, including mammals such 
as humans, the genomic DNA is packaged into chromatin, whose 
fundamental unit is the nucleosome in which DNA is twice wrapped 
around the histone octamer. This compaction of DNA is likely 
necessary to efficiently package the vast amount of genomic DNA as 
found in the eukaryotic cell. This adds an additional step necessary 
in activation of transcription as DNA is wound in the chromatin 
state under basal conditions. Only after the chromatin structure is 
relieved can transcription factors, including both regulatory and 
general factors, access the promoter to regulate transcription and 
thus gene expression.
 Epigenetic regulation impacts a multitude of physiological 
as well as pathophysiological reactions ranging from cancer to 
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cardiovascular disease. It had been poorly addressed in the field 
of cardiovascular disease likely due to more important focus on 
physiology as well as membrane-oriented cellular biology. However, 
pioneering work in the skeletal muscle, which is the prototype 
for cardiac as well as smooth muscle, which are relevant in the 
cardiovasculature, suggested from early on that epigenetic regulation 
may be important in phenotypic regulation. Studies using the DNA 
methylation inhibitor, 5-azacytidine, showed that the regulation 
of methylation state can induce myocyte differentiation [5]. This 
work led to the discovery of the transcription factor, MyoD, a master 
regulator transcription factor of myogenic differentiation [6]. Recent 
studies have shown that epigenetic regulation, namely in the form of 
regulators of the post-transcriptional modification, acetylation, play 
a role in regulating cardiac growth and re-modelling (e.g. cardiac 
hypertrophy and failure). The studies from the Olson lab have been 
instrumental in establishing that acetylation/deacetylation, in 
particular through the functions of deacetylases (HDACs, histone 
deacetylases), play a pivotal role in cardiovascular phenotypic 
modulation and disease [7, 8].
 We have also focused in parallel on the role of epigenetic regulation 
of cardiovascular disease with a focus on understanding the role of 
protein–protein interaction and post-translational modification, 
namely acetylation. For this, we have used proteomic approaches to 
understand the underlying mechanisms of functional regulation of 
the Sp- and Kruppel-like factors of zinc finger transcription factors, 
which play an important role in cardiovascular regulation [3, 9]. As 
protein–protein interaction and post-translational modifications 
are detectable by proteomic approaches, as a result, we were able 
to define novel mechanisms of epigenetic regulation of transcription 
and cardiovascular disease through our studies, which will be 
discussed in detail below.
 Zinc finger factors, especially those which contain a cysteine-
histidine (Cys2-His2) zinc-finger motif, emerged through evolution 
and markedly increased in eukaryotes [10]. Although this common 
motif is widely found in cellular factors ranging from enzymes 
to transcription factors, often the motif is used as a DNA-binding 
domain in transcription factors. As these factors preferentially 
evolved in eukaryotes, they are thought to play functional roles in 
developmental and differentiation processes among others. The 
specificity protein- (Sp-) and Kruppel-like factors (KLFs) are a family 
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of these factors which is centred on Sp1 (specificity protein-1), which 
was one of the first regulatory transcription factors identified as a 
factor which stimulates the simian virus 40 (SV40) early promoter 
by binding to its GC-rich promoter sites [11]. The subsequent 
categorization of the genome showed that Sp1 and its related factors 
show sequence similarity centred on the zinc-finger region with 
other zinc finger transcription factors related to the Kruppel gene 
as identified in Drosophila as being a gap segmentation gene [12–
19]. We now understand that there are approximately 20 of these 
factors in mammals, and through gene mutation studies that these 
factors often have individual biological functions. For instance, KLF1 
(aka erythroid KLF, EKLF) is required for erythrocyte development. 
Interestingly, studies on zebrafish have shown that the KLFs have 
evolved to function mainly in the blood and circulatory organs [20]. 
Thus, the KLFs are an excellent target for our work, which centres 
often on the cardiovascular role of proteins.
 We set out to understand the role of transcription factors 
in chromatin regulation with a focus on the Sp/KLF factors in 
cardiovascular pathophysiology. Recent studies have shown 
chromatin transcription is regulated by three classes of factors which 
include (1) modification enzymes such as methylases and acetylases, 
(2) ATP-independent nucleosome assembly factors which are also 
called histone chaperones and (3) ATP-dependent nucleosome 
assembly factors. These factors through protein–protein interactions 
and post-translational modifications affect their target protein (e.g. 
histones, transcription factor) to regulate transcription.
 Using the zinc finger DNA-binding domain region, which is often an 
interface for protein–protein interactions, of Sp1 and KLF5, the latter 
being a Kruppel-like factor important in mediating cardiovascular 
re-modelling in response to external stress, we affinity purified 
proteins which interact with these peptides from nuclear extract 
and identified them by use of matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI TOF-MS) with 
subsequent peptide mass fingerprinting/post-source decay (PMF/
PSD) analysis. We identified an ATP-independent nucleosome 
assembly factor, template activating factor-I (TAF-I/SET) to interact 
with both Sp1 and KLF5 [21, 22]. TAF-I/SET inhibited the DNA-
binding and promoter activation activities of Sp1 and KLF5 and thus 
acts as a transcriptional repressor. We had previously shown through 
a focused approach that Sp/KLF factors are differently acetylated. We 



72 Cardiovascular Proteomic Analysis

found that the coactivator/acetylase p300 interacts and acetylates 
KLF5 to coactivate transcription, and interestingly that TAF-I/SET 
could mask KLF5 from being acetylated by p300. These showed that 
TAF-I/SET could inhibit acetylation of transcription factor. We also 
showed the regulation of these factors under pathophysiological 
conditions. Under phorbol ester stimulation (as an agonist of 
pathophysiological stimulation), KLF5 was upregulated as was its 
downstream gene, platelet-derived growth factor A-chain (PDGF-A), 
but interestingly the repressor, TAF-I/SET, was downregulated 
under these conditions, thus likely allowing for stimulation of 
transcription. As p300 has been shown to be induced by phorbol 
ester, it is likely that coordinated induction/repression of cofactor 
with transcription is important for transcriptional regulation. We 
further showed that protein–protein interaction (e.g. p300, TAF-I/
SET) is coupled with post-translational modification (e.g. acetylation) 
and thus showed a novel mechanism of transcriptional regulation 
as defined by proteomic approaches. We further went on to show 
that the deacetylase, HDAC1, competes with p300 for interaction 
with KLF5, which showed that deacetylase regulates transcription 
at levels other than catalytic regulation [23]. More recently, we have 
identified a novel ATP-independent nucleosome assembly factor, 
ANP32B, to interact with KLF5 and to repress transcription at the 
nucleosome level [24]. Through our studies and those of others, we 
now know that the Sp/KLF factors, aside from histones, are the only 
family of factors which associate with all three classes of chromatin 
re-modelling factors, with further regulation among these classes 
of chromatin re-modelling factors [4]. Thus, proteomic approaches, 
which often excel in identifying protein–protein interactions as 
well as post-translational modifications, played an important role 
in identifying a novel pathophysiological transcriptional regulatory 
mechanism.
 The DNA damage response pathway is also another aspect of 
epigenetic regulation that we have been pursuing. Initial studies to 
identify KLF5-interactors showed that the DNA damage sensor pro-
tein, poly (ADP-ribose) polymerase (PARP), interacts with KLF5 to 
regulate the anti-apoptotic functions of KLF5 in cardiovascular pa-
thology [25]. As this finding that the DNA damage response pathway 
function in the cardiovasculature was somewhat surprising given 
that this pathway is known to play a major role in the checkpoint for 
cancer, we further investigated the contributory role of this pathway 
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by investigating the role of the ataxia telangiectasia mutated (ATM) 
protein, which is the central molecule in this pathway. We recently 
showed that ATM is involved in regulating vascular senescence and 
aging [26]. Thus, the DNA damage response albeit initially unexpect-
ed plays a contributory role to cardiovascular pathophysiology
 We have further carried out crystallographic studies to 
understand the biophysical mechanisms of the protein–protein 
interaction and post-translational modifications as stated with 
the ultimate goal to develop pinpoint drugs/compounds to 
specifically regulate chromatin transcription in the context of 
pathophysiological regulation. We have already solved the crystal 
structure of TAF-I/SET [27] and that of ANP32B [28]. Co-crystal 
structure analysis should allow for designing specific compounds. 
Thus, our functional and structural proteomic analysis is a model 
approach for comprehensive understanding of the role of proteins 
in cardiovascular pathophysiology.
 In summary, proteomic approaches have been instrumental in the 
discovery of new pathophysiological mechanisms of cardiovascular 
disease involving protein–protein interaction and post-translational 
modification (acetylation). Given that our studies were done in a 
timely manner as concurrent with studies by others to study the role 
of epigenetic regulation with a focus on acetylation/deacetylation in 
the cardiovasculature, the field of cardiovascular research has much 
advanced in its comprehensive understanding of involved proteins in 
recent years. Importantly, in contrast to the work of others which has 
mainly focused on use of animal models, our proteomic studies have 
allowed for understanding the underlying pathogenic mechanisms 
at the protein level which complement these works done using 
different approaches. These mechanistic insights will likely lead to 
new approaches for therapeutic intervention. Cardiovascular disease 
now sets a benchmark for understanding epigenetic regulation in 
disease and will likely impact other fields (e.g. metabolic disease, 
cancer) which are diseases with similar acquired changes in later 
life. One concern which remains for proteomic analysis is that 
the abundant protein is the first to be identified, which may not 
necessarily physiologically relevant. More emphasis on combined 
functional assays with MS-based identification will be needed. We 
were fortunate that our selection of protein interaction domain and 
cell conditions resulted in favourable results. However, it is important 
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to note that much trial and error was needed in establishing 
conditions which benefited much from our experience and training 
in classical cold-room techniques using chromatographic columns to 
separate proteins. Essentially, the MS-based techniques were much a 
technological advancement allowing for detection with less amounts 
of protein, but the questions and experimental logic for procedure 
used was much consistent with those of the past. Knowledge and 
experience in protein purification is thus likely a prerequisite 
for effective use of MS-based techniques. Further studies will be 
aimed at better understanding the temporo-spatial regulation of 
protein–protein interaction and post-translational modification in 
the combinatorial context (e.g. complex) with further understanding 
their roles in situ using imaging MS techniques which are being 
developed at present. The eventual development of an interaction 
and regulatory map of proteins in disease states, not only in 
cardiovascular medicine but in all medical fields, will surely allow 
for the better understanding of the pathophysiology as well as allow 
for targeted therapeutic intervention.

5.3 Proteomic Analysis of Extracellular Proteins

For extracellular proteins, we have focused on discovering new 
proteins and their functional roles for exploitation in diagnostic 
purposes (e.g. biomarkers) as well as for therapeutic purposes (e.g. 
bioactive molecules). Since the pioneering work of predecessors of 
the lab in which cardiac myosin light chain was purified and then 
applied for the diagnosis of myocardial infarction [29], clinical 
application of protein chemistry has been a longstanding research 
topic. The authors have also recently shown that vascular smooth 
muscle proteins can be used in the diagnosis of aortic dissection 
[30–33], which is the first diagnostic application of a blood test for 
this disease, as well as various oxidized LDL assays in the diagnosis 
of coronary artery disease [34–36], in addition to characterization 
of other cardiovascular diagnostic markers such as the natriuretic 
peptides among others (e.g. interleukin-6 in coronary artery disease)
[37–39].
 Thus, with this longstanding background in diagnostic 
applications of protein-based markers and assays, the authors 
were keen to introduce MS technology to the lab early on. We first 
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used MALDI-TOF MS to identify post-translational modifications 
(e.g. acetylation) in the above-mentioned intracellular proteomic 
studies and also aimed at using this technology to identify new 
pathophysiological proteins in the cardiovasculature.
 There are two critical determinants of using MS-technology 
for the detection of proteins. First is the detector as exemplified 
by MALDI-based MS detection as well as electrospray ionization-
type detection (ESI). Importantly, MS technology allows for the 
detection of minute amounts of protein as would not have been 
possible by classical techniques. The other important determinant 
is fractionation or pre-MS separation procedures. This is the most 
important step for any protein identification or detection procedure, 
either being a classical technique or recent one. Finally, developing 
a workflow which best suits the specific needs of the lab must be 
developed based on these steps. For instance, if working with blood 
samples, a further workflow involving sample preparation prior to 
the separation procedure must be optimized.
 Our studies have focused on addressing the possibility of using 
MS-based technologies not only as a research tool but also as a 
diagnostic tool for clinical medicine with a particular focus on blood-
based techniques. On the former point of the detector, while we also 
use ESI-based techniques as a research tool, we have focused in main 
on using MALDI-based detection. At present, five devices are used 
in the lab, which include a PerSeptive Biosystems Voyager DE-STR, 
Ciphergen ProteinChip PBSII reader, and Shimadzu Biotech AXIMA 
QIT, CFR and Confidence instruments. Our findings and opinions 
are based primarily by use of such equipment, and workflow as 
optimized for such. Clearly, the more sophisticated and sensitive 
instrumentation provides more information on the sample, but 
questions still remain on quantitative assessment, reproducibility 
(between-run) and standardization as would be necessary for 
diagnostic use. Further, the specifications as would be needed for 
diagnostic detection have yet to be determined. As our knowledge 
and experience with this technology advances and specific diagnostic 
content and protocols become established, then the specifications as 
necessary for diagnostic use will become apparent. Only then will a 
MS device specific for clinical diagnostic use become available, and 
most likely be refined for this purpose. One further important issue 
for clinical diagnostic use would be that the pricing of MS devices 
decrease to a reasonable level to allow wide use as well as ease-of-
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use, but this will likely be dictated by the necessary specifications 
needed.
 The issue of protein fractionation has remained the most 
challenging aspect. In blood, approximately 20 proteins, including 
albumin, IgG and haptoglobin among others, comprise the majority 
of the proteins available. At present, methods are available to 
facilitate specific removal of these abundant proteins from blood 
(e.g. Agilent, Beckman Coulter), but at times the protein of interest 
may be attached to these abundant proteins for which clearance may 
not necessarily be wise. Ion exchange and other protein purification 
procedures can be applied at micro-scale levels to separate proteins 
as well. One technology which warrants mention is the surface-
enhanced laser desorption ionization (SELDI) MS technology 
(Ciphergen/Bio-Rad), which is characterized by chemically modified 
surfaces similar to chromatography (e.g. ion-exchange, metal-affinity, 
etc.), but importantly manipulated on the MS plate thus allowing 
for both separation of protein as well as subsequent detection. 
This seemed to be an advantageous solution to a single workflow 
for on-chip fractionation and high-throughput analysis, although 
a verdict has yet to be reached. Numerous diagnostic applications 
of this technology are presently under investigation mainly in the 
field of cancer (e.g. ovarian cancer, prostate cancer) [40, 41], as are 
the studies which address its reproducibility (e.g. different centres)
[42] as would be necessary for a diagnostic platform. Although an 
approved diagnostic use has yet to become available, studies have 
shown that MS-based diagnosis may provide early and sensitive 
detection of ovarian cancer as compared to the classical tumour 
marker, CA125, as an example [40].
 Two-dimension electrophoresis (2D-PAGE) and immuno-based 
separation procedures remain major areas of research. 2D-PAGE has 
been classically used for protein separation as well as differential 
analysis, and presently labelling methods as well as computer-assist-
ed identification procedures have much facilitated this technology. It 
is important to note that MS technology is most optimized for the 
detection of peptides and small molecules (e.g. <5000 daltons) and 
when proteins and larger molecules are of interest, 2D-PAGE sepa-
ration still remains a viable procedure despite its low-throughput. 
How to improve upon 2D separation procedures therefore remains 
an important topic. One recent technology which warrants mention 
is the PF 2D system (Beckman Coulter), which allows separation of 
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proteins by two-dimensional liquid chromatography system based 
on separation by chromatofocussing with subsequent reversed-
phase chromatography. We performed differential proteomic analy-
sis using an animal model of diabetes mellitus and associated meta-
bolic disorders (Otsuka Long-Evans Tokushima Fatty rat) using this 
system. Differentially expressed proteins in serum were identified 
with MALDI-TOF mass spectrometry including apolipoproteins and 
alpha2-HS-glycoprotein [43]. This was the first application of this 
approach to differential serum proteomics. While this technique still 
is in early stages and has poor throughput, it shows the potential 
of non-gel-based 2D techniques in identifying disease-associated 
proteins. We further used this technology to identify a new regula-
tory pathway of transforming growth factor-beta in vascular disease 
[44].
 We also helped develop a micro-scale 2D device for clinical use 
as initially described [45]. As this technology could allow liquid-
based separation according to pI-values with high throughput and 
as the chips are disposable, there are high expectations for clinical 
applications.
 Antibody-based immuno-separation is also an attractive 
procedure once the protein of interest is identified. Optimal 
procedures and platforms (e.g. beads, plates) for use of immuno-
based separation will also need to be addressed. Importantly, as 
protein fragments may be associated with disease as well as their 
modifications, immuno-based isolation will likely be pivotal for 
clinical application. For instance, fragmented and modified forms of 
the cardiac troponin protein are known to be associated with cardiac 
disease [46, 47].
 Whether MS instrumentation will find its way into mainstream 
diagnosis remains a question to be answered, but it is already used for 
the diagnosis of inborn metabolic disorders and familial amyloidosis 
among others. For this technology to become a viable addition to 
diagnostic testing will require that it shows that it is cost-effective 
and shows important information which cannot be detected by 
any other technique. For instance, protein fragmentation and post-
translational modification in disease are surely attractive targets in 
which detection by MS would excel, and for this to be a viable test 
would likely require that a panel of antibodies (e.g. protein chip) 
become available to allow for effective detection (e.g. cost, time). 
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Quantization, reproducibility and portability are also issues which 
remain to be addressed.

5.4 Conclusions: Implications and Lessons 
Learned

In all, this review has summarized our approaches to proteomic 
medicine, and how we have used it in our lab to better understand 
cardiovascular pathophysiology with a focus on epigenetic 
regulation as well as biomarker discovery with further interest in 
clinical application of the technology. Although clinical application 
or exploitation of MS technology is still in young stages, further 
advancements will surely clarify the use of this biotechnology as a 
medical tool.
 In a general context, the cardiovascular proteome is a current 
topic of interest and in the United States the National Heart, Lung, 
and Blood Institute (NHLBI) has ongoing a clinical proteomics 
working group that is charged with identifying opportunities and 
challenges in clinical proteomics and using these as a basis for 
recommendations aimed at directly improving patient care [48]. The 
Human Proteome Organisation (HUPO) plasma proteome project also 
had a cardiovascular sub-study which catalogued plasma proteins to 
be used as a resource [49]. HUPO has just announced the start of the 
Human Proteome Initiative at the annual meeting (September 2010, 
Sydney, Australia) and aims to elucidate the human proteome during 
the next decade. Other studies have been ongoing on a global level 
to address the technologies and their results as would be relevant 
to cardiovascular disease. Although most studies have resulted in 
cataloguing differential protein profiles in cells and disease states 
[50, 51], this is an important initial step in determining the potential 
of the technology and cross-referencing of results. Given the various 
technologies and instrumentation available at present, these studies 
should be of value in determining which method meets the needs 
for specific aims. As we learn through our experiences in parallel 
with the advancements in technologies and instrumentation, this 
field will surely rapidly evolve within the coming years. Eventually, 
we aim to have a comprehensive understanding of protein dynamics 
(e.g. interaction, modification, degradation) in disease at both intra- 
and extracellular levels with ultimate goals of better understanding 
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pathophysiological mechanisms, which will lead to development of 
new diagnostic and therapeutic techniques.
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6.1 Introduction

There have been numerous achievements over the last few decades 
in the study of the molecular events associated with physiological 
and pathological processes. These have been made using genomic, 
transcriptomic, and proteomic approaches. It is now possible 
to examine the brain, the most complex organ, using proteomic 
approaches to obtain comprehensive protein profiles. Although there 
are several issues to address, including the lack of standardized sample 
preparation techniques and proper bioinformatics tools, proteomics 
is still progressing, and it has allowed researchers to compare 
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protein expression patterns with the genome and the transcriptome 
in various brain diseases [1]. In particular, proteomic studies of the 
brain—neuroproteomics—has helped us to understand the cellular, 
molecular, and functional complexity of the brain, and it can address 
the dynamic organization of protein networks and macromolecular 
structures [2]. The field of neuroproteomics faces special challenges 
due to the complex cellular and sub-cellular architecture of the 
central nervous system (CNS) [3], and the quest for biomarkers in 
nervous system diseases is a crucial task for researchers [4].
 With aging, the prevalence of neurodegenerative diseases, 
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and 
even amyotrophic lateral sclerosis (ALS), rises sharply, and the 
burden related to these diseases will increasingly challenge public 
health systems. In spite of the progress made in understanding the 
molecular cascades affected in CNS diseases, the pathogenesis of 
neurodegeneration remains largely unknown.
 In AD, pathological changes in the brain may occur as early as 
20–30 years prior to the onset of clinical symptoms [5, 6]. Currently 
available drugs are able to delay the symptoms and progression of 
the disease and to improve the quality of life of both patients and 
their caregivers [7]. Treatment should be initiated as early as possible 
to provide optimal benefit, but unfortunately, the diagnosis of early 
AD is difficult. Therefore, diagnostic biomarkers, which facilitate the 
early diagnosis, monitoring, and prognosis of a variety of chronic 
neurodegenerative processes, have long been awaited.
 Classical approaches for biomarker discovery are based on 
biochemical research on potential pathological processes, and on 
the selection of possible candidate markers, as was the case for 
β-amyloid and tau in AD, α-synuclein in PD, and TDP43 in ALS. 
Besides these targeted approaches using established pathological 
hallmarks, technical advances over the last decade have revealed 
the potential of comprehensive multiparametric approaches for 
biomarker discovery. While the data obtained from genomics may 
explain why certain individuals have an increased risk of acquiring 
a certain disease, there is no blueprint describing how the disease 
process may be triggered later on in life. Environmental (non-gene-
mediated) mechanisms are thought to play critical roles in the onset 
of disease.
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 Considerable advances in recent years in human proteomic 
analysis have made it possible to overcome several obstacles 
hindering clinical application. In clinical practice, of utmost 
importance is the source of material to be used. Biomarker sets will 
help eliminate individual marker variability to achieve diagnostic 
precision. Furthermore, given the overlapping neuropathological 
profiles of parkinsonian dementia, ALS-associated dementia and 
multisystem atrophy, a multivariate proteomic marker approach 
should allow disease-to-disease comparison, making it possible 
to find a common proteomic profile among AD, PD, and ALS, as 
well as to determine the proteomic features that are unique to the 
individual diseases, ultimately permitting a critical comparison of 
these neurodegenerative diseases.
 The clinical application of proteomic analysis faces a challenge in 
the statistical evaluation of datasets in which combinations of single 
markers are assessed using specific multivariate biomarker models. 
However, due to advances in technology, the variables that can be 
analyzed have increased sharply, providing enormous potential 
benefits. When biomarkers begin to be analyzed with sufficient 
accuracy, a single analysis might be sufficient to properly assess 
pathophysiological status.
 Neurodegenerative diseases are characterized by the symmetrical 
loss of neurons in motor, sensory, and/or cognitive structures. 
AD, PD, and ALS, among other neurodegenerative disorders, are 
heterogeneous diseases with insidious and overlapping symptoms. 
The clinical diagnosis is usually delayed until the advanced stage of 
the disease. For AD and PD, a definitive neuropathological diagnosis 
can only be made by post-mortem examination of the brain [8]. As 
modern medicine can slow disease progression and alleviate clinical 
symptoms, it is of utmost importance to find biomarkers that can 
distinguish between the neurodegenerative diseases to permit early 
treatment.
 In the following section, after a concise overview of the technical 
aspects of proteomics, we will review proteomic research on aging, 
the different sources of samples used for clinically oriented analysis, 
and the main technological approaches taken. Additionally, we will 
briefly describe our attempt to overcome the different challenges 
and the approaches taken for proteomic study of body fluids.
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6.2 Biological Samples

For clinical proteomics, the selection of sample material is quite 
important. In principle, tissues and body fluids, as well as cultured 
cells, can be analyzed. For tissue samples that are closely associated 
with pathological changes, improvements in the field of laser 
capture microdissection allow sampling of homogenous tissue cell 
populations, but tissue harvesting requires invasive procedures. 
Consequently, in neuroproteomics, post-mortem tissue samples 
are usually used. In contrast, access to many body fluids requires 
minimal (e.g., blood and CSF) or no invasiveness (e.g., urine).
 In general, proteins in biological samples can be degraded 
by proteolytic activity. Blood serum contains high proteolytic 
activity that is activated immediately on clotting, resulting in rapid 
degradation and the generation of proteolytic breakdown products. 
Therefore, the Human Proteome Consortium (HUPO) recommends 
analyzing blood in the form of plasma rather than serum and has 
established a standardized sample collection protocol [9]. However, 
even in blood plasma, considerable residual protease activity can be 
observed, which can interfere with proteomic analysis. In contrast, 
urinary proteins have been demonstrated to be stable enough for 
reliable proteomic analysis [10, 11]. Fiedler et al. [12] demonstrated 
the various effects of endogenous and exogenous variables on urine 
peptide patterns, such as urine sampling conditions, storage, freeze-
thaw cycles, and blood/bacterial contamination. To minimize these 
effects, optimal protocols for urine sampling have been designed 
[13].
 While unprocessed biological samples can be considered ideal 
for proteomic profiling, by avoiding artifacts due to the multiple 
steps of sample preparation, the presence of interfering compounds 
such as protein aggregates, albumin, lipids, carbohydrates, ions is a 
technical issue that remains to be overcome in sample preparation. 
Consequently, we should choose the sample preparation procedure 
carefully, considering that 1 additional step during preparation 
can add additional artifacts to the complex system. Furthermore, 
reproducibility of sample preparation is one of the most important 
considerations and cannot be overemphasized.
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6.3 Sample Separation

Over the last decade, five different proteomic technology platforms 
have been commonly used for protein separation: two-dimensional 
gel electrophoresis (2DE), surface-enhanced laser desorption/
ionization (SELDI), LC-MS, CE coupled to MS (CE-MS), and protein 
arrays.
 In 2DE, proteins are separated according to their isoelectric point 
and molecular weight. Protein identification is routinely performed 
on proteolytic in-gel digests, followed by peptide extraction from the 
gel and MS analysis [14]. To improve gel-to-gel protein spot matching 
accuracy and to increase the reliability of protein quantification, 
two-dimensional difference gel electrophoresis (2D-DIGE) was 
developed. The method uses two samples differentially labeled with 
fluorescent dyes (e.g., Cy3 and Cy5). Subsequently, the two samples 
are separated simultaneously within the same gel. In addition 
to satisfactory comparison of two samples [15], the comparison 
of several different experiments become possible using another 
labeled sample as a calibrator. Methodologically, 2DE is rather time 
consuming, due to a certain extent to the lack of automation, and 
comparability between laboratories has been difficult to achieve 
[16]. However, 2DE still appears to be the method of choice for 
comparative analysis of abundant proteins.
 SELDI was devised to overcome some of the limitations of 2DE-
MS and has been applied in a number of clinical investigations of 
the proteome. Numerous matrices are used, such as hydrophilic 
materials, reverse-phase materials, and affinity reagents. Low 
reproducibility of binding, the inability to detect low abundance 
peptides and proteins, and the inability to directly identify 
discriminatory peaks are major issues to be overcome. With the 
progress in high-resolution mass spectrometry and improvements 
in sample preparation and pre-fractionation strategies, efforts are 
on the way to enhance reproducibility [17, 18].
 LC-MS provides high-resolution separation with a large capac-
ity for analytes that can be loaded onto an LC column. Approaches 
like multidimensional protein identification technology [19] and 
2D liquid phase fractionation [20] provide a great amount of data. 
However, LC-MS tends to be time consuming, which limits its appli-
cation in routine clinical analysis. LC is sensitive towards interfering 
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compounds and the precipitation of analytes in the column [2]. In 
the last decade, microscale chromatographic separation techniques, 
such as L-LC-MS (20), have been designed to resolve these limita-
tions—they permit easy column preparation, high permeability, low 
backpressure, fast analyte mass transfer, and versatile surface chem-
istry [21].
 CE-MS uses free-flow separation of analytes in buffer-filled 
capillaries [22]. Therefore, it is relatively robust and compatible 
with most volatile buffers without continuous adjustment of the 
ionization voltage for optimal ESI, mainly due to the absence of buffer 
gradients, as is the case in LC-coupled MS analysis. Therefore, CE-MS 
certainly appears to be an excellent choice for fast high-resolution 
analysis of complex biological samples.
 In contrast to the platforms already discussed above, detection 
of specific proteins with protein microarrays is a non-MS-based 
targeted proteomics approach. The technique imprints specific 
antibodies or antigens on a plate to facilitate immune detection of 
multiple proteins. A single sample is hybridized to the array followed 
by the detection of the captured antigens or antibodies [23]. However, 
the requirement for antibodies with accurate sequence information 
and with high specificity for target peptides limits usage in clinical 
analysis.

6.4 MS Techniques

A detailed overview of the different ionization processes and the 
recent advances in mass spectrometry is far beyond the scope of this 
review and will be introduced in another chapter.
 Briefly, ionization of polypeptides can technically be performed 
by electrospray ionization (ESI) or matrix-assisted laser desorption 
ionization (MALDI). ESI generates charged droplets in a high-voltage 
field. In this field, the solvent in the droplet evaporates, generating 
multiply charged analyte ions, which make it possible to analyze high-
molecular-weight proteins. ESI pre-MS separation can be coupled 
online with a physical connection to an MS. This approach may be less 
stable compared with MALDI due to possible electrospray collapse, 
but it is less susceptible to the signal suppression phenomenon, in 
which certain analytes are preferentially ionized, and hence easily 
detected, but other analytes may become masked from detection 
[24].
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 For MALDI, the sample is coated onto a target plate with a matrix 
and co-crystallized. By absorbing the energy of the laser, the matrix 
desorbs the analyte. For proteomic applications, samples separated 
after an entire LC or CE run is spotted off-line, i.e., without mechanical 
connection to the MS. Off-line coupling is technically less demanding, 
but tends to result in signal loss.
 Using MS approaches, peptide sequences of candidate biomarkers 
can be determined with two MS devices connected to each other 
(tandem MS or MS/MS). In the first step, MS isolates the ions of interest 
(the parent ions). In the second step, the parent ions are subjected to 
fragmentation by two different dissociation steps, by collision with 
other molecules (collision-induced dissociation) or by the transfer 
of electrons to the target molecule (electron transfer dissociation). 
The resulting fragments (the daughter ions) are analyzed using 
the second MS instrument. The MS/MS spectrum of the fragments 
displays the sequence of the parent ion, which is routinely searched 
against databases to identify the protein biomarker from which it 
originated.
 As an alternative to the label-free approaches, chemical labeling 
of proteins/peptides prior to fractionation and MS analysis is 
frequently used. There are a large number of available labeling 
strategies. Isobaric tagging for relative and absolute quantitation 
(iTRAQ), tandem mass tagging (TMT) [25], isotope coded affinity 
tagging (ICAT) [26], and isotope coded protein labeling (ICPL) 
[27], are among the most popular commercial alternatives, 
while dimethylation and 18O/16O are among the non-commercial 
alternatives. All these methods have advantages and disadvantages. 
iTRAQ (4-plex and 8-plex) and TMT (6-plex) label free amines that 
are found in all peptides. Reporter ions with different masses that 
relate to the different samples are released from the peptide during 
MS/MS fragmentation and are used for quantification.

6.5 Data Analysis

The analysis of proteomic data requires adequate tools to handle 
its large scale and complexity. The essentials to be considered are 
linearity and reproducibility of the quantity of polypeptides. For in-
gel analysis, fluorescent dyes provide larger linear dynamic ranges 
than conventional protein stains such as Coomassie Blue or silver 
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stains and are now routinely used for quantification, with similar or 
better sensitivity.
 For MS-based proteomics, relative quantification based on ion 
counting is straightforward, but absolute quantification is usually 
achieved using an isotope-labeled marker analog. For comparative 
data evaluation, it is essential to identify identical polypeptides with 
high probability in consecutive samples. Hence, the resolution and 
accuracy of the parameters used for target definition are of major 
importance, such as retention time for LC separation, migration time 
for CE separation, and molecular mass. Separation-based parameters 
often vary with the ion content of the samples, requiring thorough 
data normalization. Adequate approaches have been developed 
using either external standards or polypeptides that are found with 
high frequency in the analyzed samples and that serve as internal 
standards [23]. The normalization has to compensate for deviations 
in all three dimensions of data; the two defining parameters, e.g., 
retention time and molecular weight, and signal intensity.
 Statistical data mining when dealing with biological samples is 
often influenced by the fact that the variables highly outnumber the 
available samples. This generally results in a higher dimension of 
mathematical problem solving, and the selection of significant items 
has to be considered through respective adjustments for multiple 
hypothesis testing.
 In bioinformatics for the proteomic analysis of neurodegenerative 
diseases, medical definitions of disease are often made using 
generic descriptions of observed symptoms rather than the 
exact pathological processes involved. Thus, there is significant 
overlapping, often making it difficult to distinguish between AD, 
PD, and aging. Consequently, the concept of a single biomarker, 
allowing not only diagnosis but also staging and prognosis, appears 
questionable. Combining multiple biomarkers into a diagnostic or 
predictive pattern may help address this problem.

6.6 Aging and Dementia: General Aspects

In the preceding section, we attempted to provide a concise overview 
of the technical aspects of proteomics study. In the following section, 
we will present some examples demonstrating the general principles 
of clinical proteomics and discuss potential future developments in 
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the study of neurodegenerative diseases and age-related process. 
In addition, we will mention our novel proteomics approach for 
examining body fluids. We will start with the process of aging itself 
and proceed to a discussion of neurodegenerative diseases, focusing 
on cognitive disorders such as AD.
 The aging process can be understood as a multidimensional 
change in an organism over time, in physical, psychological, and 
social aspects. In humans, telomere shortening occurs in the vast 
majority of tissues during normal aging and is accelerated in chronic 
diseases with increased cellular turnover. Abnormal telomere 
function interferes with the proliferative capacity of human cells 
and promotes senescence and/or apoptosis. Recently, researchers 
identified protein markers secreted from telomere-dysfunctional 
bone marrow cells [28]. The expression levels of these proteins—
CRAMP, stathmin, EF-l, and chitinase—were increased in blood and 
in various other tissues in aging telomere-knockout mice, but not 
in aging mice with long telomeres. These proteins are upregulated 
in late passage pre-senescent human fibroblasts. Increases in these 
marker proteins were also observed in blood plasma of aging 
humans. Moreover, there was a significant increase in the expression 
of these biomarkers in the blood plasma of patients with chronic 
diseases, probably because of increased rates of cell turnover 
and telomere shortening. These results support the concept that 
telomere dysfunction is connected to the pathways that are activated 
during human aging and disease, as well as the associated DNA 
damage. Furthermore, both telomere dysfunction and DNA damage 
may decrease the fidelity of protein synthesis [29], promoting age-
related damage and changes in cellular morphology. Therefore, it is 
important to understand and detect changes in physiological function 
and structure that normally occur with aging, and to distinguish 
these changes from alterations that take place in disease.

6.7 The Aging Brain

Cognitive performance is attenuated with age in both humans and 
animal models, even in the absence of overt pathological changes. 
For many years, diminished cognitive function was believed to be 
a reflection of neuronal loss throughout the lifespan, and neuronal 
loss beyond a certain threshold was thought to produce symptoms 
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of dementia. Recent studies, however, utilizing contemporary 
stereological quantification techniques, have revealed that such 
neuronal loss rarely occurs during the course of normal, healthy 
aging [30]. Therefore, the age-related decline in cognitive function 
must predominantly depend on dysregulated and inefficient neural 
processing.
 Although the underlying mechanisms for the decrease in neural 
processing as the brain ages remain unknown, age-related changes 
in glucose metabolism, protein expression (synaptophysin, calcium 
regulatory proteins, excitatory and inhibitory neurotransmitter 
receptors, etc.), neurotransmitter levels (dopamine, norepinephrine, 
5-HT, GABA, acetylcholine, etc.), as well as in trophic factor support 
(brain-derived neurotrophic factor, nerve growth factor, insulin-
like growth factor-1, etc.) [31–40] have been demonstrated. At the 
cellular level, electrophysiological correlates of learning and memory 
have been demonstrated. Considerable evidence also exists for age 
related changes in dendritic and synaptic morphology, as well as in 
vascular density [5, 41].
 The application of proteomic analyses to neurobiological studies 
of aging is becoming more common [42, 43] as the field adopts more 
systems-oriented approaches. For example, proteomic studies of 
the hippocampus in aging have revealed regional dysregulation of 
various processes, including metabolism, glutamate processing and 
protein synthesis [44, 45], cytoprotection and apoptosis [46], and 
synaptic integration and function [47].
 Phosphatidylethanolamine binding protein (PEBP or hippoc-
ampal cholinergic neurostimulating peptide [HCNP]) has been pre-
viously reported to decrease with age in the human hippocampus 
[48]. Dysregulated expression of coronin 1A, an F-actin binding 
protein involved in the regulation of the cytoskeleton [49], is as-
sociated with alterations in hippocampal structure and reductions 
in the number of synapses in this brain region [50, 51]. Levels of 
protein phosphatase 1 (PP1), a modulator of learning and memory 
[52], also significantly decrease with age, while the expression of the 
vesicular fusion protein NSF increases. Expression of peroxiredoxin 
6, a potent antioxidant and free radical scavenger found in hippoc-
ampal neuroglia [53], was increased in old rats, possibly in response 
to increased oxidative stress [54–56]. Interestingly, increased perox-
iredoxin expression has been reported in brain in neurodegenera-
tive disorders characterized by elevated oxidative stress. In contrast, 
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levels of glutathione synthetase, which catalyzes the second step in 
the biosynthesis of the antioxidant glutathione, diminish with aging, 
providing further evidence for increased oxidative damage in the 
aged brain [57, 58].

6.8 Neurobiology of Aging and Cognitive 
Decline

Although the etiology of age-related cognitive decline is unclear, it is 
associated with impaired functioning of many cellular processes, e.g., 
reduced blood flow and glucose metabolism, as well as alterations in 
synaptic morphology and electrophysiological correlates of learning 
and memory [57, 58]. Previous studies of gene expression during 
aging identified cognitive status-associated gene expression patterns 
related to synaptic morphology, transcription factor expression, 
protein modification [59], glucose utilization, and signal transduction 
processes [39]. Proteomic reports have addressed age-associated 
changes in hippocampal protein expression and posttranslational 
modification [44, 60, 61]. Other reports focused on specific proteins 
related to synaptic transmission [51, 62, 63], mitochondrial function, 
oxidative stress [44, 55, 64], as well as proteolytic proteins [45, 65].
 Specific changes associated with cognitive status have been 
investigated, and significant increases in two heat-shock 70 family 
members—heat-shock protein 4 and heat-shock protein 105/110 
kDa—emerged only when a cognitive status-specific comparison was 
made. The function of these chaperones is to ensure proper folding 
of newly synthesized proteins and to prevent protein aggregation. 
Heat-shock proteins are induced by protein misfolding and oxidative 
stress, and have been demonstrated to increase in both aged rat 
brain [46, 66, 67] and human hippocampus in AD [68].
 Alpha enolase was significantly decreased in old rats compared 
with young rats, but was significantly increased in old impaired 
rats compared with old non-impaired rats. These data suggest that 
alpha enolase, an essential glycolytic enzyme [69], is differentially 
regulated by normal aging and age-related cognitive decline. 
Aldolase, phosphofructokinase, phosphoglycerate mutase, and 
malate dehydrogenase, additional metabolic enzymes, were also 
elevated in cognitively impaired senescent animals compared 
with non-impaired animals of any age. This is consistent with 
observations that glycolytic enzymes increase in the aged mouse 
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brain, as a compensatory response to decreased metabolic activity 
[70]. Reports of altered metabolism in age-related cognitive decline 
[39, 71, 72] are provided below.
 Oxidative stress is a well-established characteristic of the 
aged brain and has been implicated in cognitive impairment and 
hippocampal dysfunction [60, 73]. Upregulation of proteins involved 
in oxidative carbohydrate metabolism in the hippocampus of old, 
cognitively impaired rats may contribute to the generation of reactive 
oxygen species and free radicals, thereby increasing oxidative stress. 
However, oxidative inactivation of proteins involved in carbohydrate 
metabolism may decrease energy metabolism and prevent neuronal 
damage [74]. Human studies demonstrate that cognitive decline 
is closely related to impaired cerebral blood flow and metabolism, 
while only modest neuronal loss occurs [75, 76]. Increased oxidative 
stress and metabolic derangements likely contribute to neuronal 
dysfunction [77, 78]. The combined insults of decreased cerebral 
blood flow, chronic hypoxia, and decreased glucose utilization in 
aged rats could upregulate glycolytic enzymes in the hippocampus 
as a compensatory response that further contributes to oxidative 
stress and increased levels of stress proteins, thereby exacerbating 
cognitive decline in a subset of animals.
 Future studies of proteomic changes with cognitive decline and/or 
age will require additional technical refinements. While the changes 
described here are of interest, they represent fairly abundant protein 
species. Specific strategies to increase sensitivity to permit detection 
of low abundance proteins will have to be applied in future studies, 
such as synaptosomal preparations [79, 80] and affinity trapping for 
specific post-translational modifications. Several excellent reports 
by Butterfield and colleagues [44, 64, 70, 74] demonstrate the 
importance of examining posttranslational modifications and their 
effects on protein function in the aged hippocampus.

6.9 Proteomics of CSF and Other Body Fluids

CSF has been extensively studied because it provides an important 
source of potential biomarkers for brain disorders and therapeutic 
drug development strategies [81]. Studies on the CSF could provide 
potential biomarker information for neurological studies and 
increase our general knowledge of a number of human diseases. 
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However, there are still challenges in using CSF and plasma as 
sample sources for neuroproteomic studies [82, 83]. CSF can be 
obtained through lumbar puncture, which is frequently performed 
in the differential diagnosis of neurological disorders. In addition, 
most neurological diseases are related to processes that occur in 
the body as a whole, such as inflammation. Therefore, to define 
disease specific CSF/plasma proteins, one must first demonstrate 
the specificity of proteins linked to inflammation or other non-
neuronal-specific reactions [84]. Furthermore, the difference among 
individuals or even in the same person at different CSF and plasma 
sample collection time points will also decrease the usefulness of 
the CSF/plasma protein multivariate marker. Accordingly, post-
neuroproteomic validation using different methods is extremely 
important for confirming the specificity of disease-related proteins.
 The second challenge towards establishing better CSF/plasma 
protein markers is to identify low-abundance proteins with important 
functions, especially those proteins with rapidly changing expression, 
as well as proteins for which expression is heavily temporally and 
spatially regulated. To meet this challenge, quantitative proteomic 
approaches should be combined with a number of real-time analysis 
techniques, which requires more effort and a large amount of work 
for peptide identification.
 Protein diversity is also a challenge when using CSF and plasma 
as input sources for neuroproteomics. Protein diversity can include 
factors such as post-translational modification, as well as splicing 
variants. Although proteomic approaches for identifying splice 
variants at the protein level are still under development, current 
research has been encouraging, as shown in a recent report by 
Blakeley [85].

6.10 Neuroproteomics in the Study of CSF in 
Neurodegenerative Disorders

There has been rapid progress in the application of proteomics to the 
study of neurodegenerative disorders [86]. CSF samples from patients 
with AD [82], Down’s syndrome, Pick’s disease, PD [87, 88], and other 
disorders have been analyzed by proteomics to identify biomarkers 
to aid in diagnosis or to monitor disease progression [89, 90]. As 
expected, most of these studies aimed to find biomarkers for early 
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diagnosis, as well as to discover key proteins that are functionally 
important during disease progression. In addition, the differentially 
expressed proteins identified by proteomic approaches are also 
important for examining the effects of drug treatment. Therefore, 
as expected, neuroproteomics has been an important approach in 
uncovering the molecular basis of various neurological diseases in 
order to understand their pathogenesis [91, 92]. This field has been 
termed clinical proteomics [93] and is used not only in AD but also 
in major depression [83], schizophrenia [83, 94, 95], and multiple 
sclerosis [96, 97]. For example, CSF biomarkers such as total tau, 
phosphorylated tau, and the 42-amino acid form of β-amyloid are 
commonly studied examples, as described by Blennow et al. [82]. 
Serum biomarkers for neurological diseases, such as AD, have also 
attracted a lot of attention in proteomic studies, and it is important 
to distinguish AD from controls [98, 99]. Protein changes in AD, such 
as the accumulation of misfolded neuronal proteins, amyloid and tau, 
into insoluble aggregates known as extracellular senile plaques and 
intracellular neurofibrillary tangles, have provided a good model for 
the use of the proteomic approach [89].
 In addition to targeted proteomics, which has been used in 
the study of AD by focusing on β-amyloid itself and its presence in 
biological fluids, efforts have also focused on identifying clinically 
useful markers of disrupted β-amyloid homeostasis in AD [84] and 
improving its efficiency for clinical studies. In addition, the use of 
quantitative proteomics has also contributed to the identification 
of AD-related proteins during recent years. Compared with age-
matched controls, quantitative proteomics from the CSF from AD 
patients, as well as from patients with other neurodegenerative 
diseases, will allow us to identify disease related proteins that may 
serve as specific biomarkers for AD and other geriatric dementias 
[100].
 Several proteomic studies on AD have been conducted, and 
many of them are summarized in review papers on AD and other 
neurodegenerative diseases [93, 101]. In a recent update, Zetterberg 
et al. [102] listed 30 CSF proteins that were identified in two or 
more proteomic studies as possible biomarkers for AD. Similarly, 
Korolainen et al. [93] presented a list of 26 proteins that displayed 
statistically significant changes in AD.
 Some proteomics studies have used SELDI-TOF-MS [103, 104] 
and 2D-PAGE [105] for the detection of differentially expressed 
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proteins between AD patients and controls. 2D-DIGE has also been 
used to detect intra and inter-individual differences among patients 
with mild dementia, but no cognitive disease [106]. Abdi et al. 
[107] identified more than 1500 proteins using the iTRAQ labeling 
approach and found that 136 proteins were uniquely changed in CSF 
from AD compared with CSF from PD, dementia with Lewy bodies 
and controls. Yin et al. combined 1D-PAGE and 2D-PAGE with LC-
MS/MS and detected 21 proteins that had different abundance levels 
between AD and controls [108].
 In addition to routine proteomics, redox neuroproteomics was 
also used to study the AD brain in order to uncover the effect of 
oxidative stress in AD patients. Oxidative stress was specifically 
studied because of the critical role of β-amyloid peptide and oxidative 
stress in AD pathogenesis and progression [109] and in PD [60]. 
The information obtained from redox proteomics may not only be 
helpful in understanding the molecular mechanisms involved in the 
development and progression of AD and other neurodegenerative 
disorders, but it may also provide potential targets for drug therapy 
[60]. By using the redox proteomics approach, Sultana R et al. 
identified a number of commonly oxidized proteins in different 
brain regions in the AD brain and suggested a potential role for these 
oxidized proteins, and thus, oxidative stress, in the pathogenesis of AD 
[110]. Similarly, Butterfield et al. reported that protein modification 
by oxidation is an important common feature in both familial and 
sporadic AD [74]. The application of redox proteomics to study 
cellular events, especially those related to disease dysfunction, may 
provide an efficient tool for understanding the main mechanisms 
involved in the pathogenesis and progression of oxidative stress-
related neurodegenerative disorders [111].
 PD is currently diagnosed based on clinical symptoms [112] 
that include resting tremor, muscle rigidity, and bradykinesia. 
Clinical symptoms develop after loss of 70–80% of dopaminergic 
neurons in the substantia nigra [113, 114]. About 2% of the 
population over 65 years is affected by PD. More than 90% of PD 
cases are sporadic and associated with unknown causes, while 
10% represent familial inherited forms resulting from mutations 
in genes. PD is characterized by the occurrence of Lewy bodies, 
mainly consisting of heavily ubiquitinated α-synuclein [115], 
which is normally present in the presynaptic terminals of most 
neurons. Impairment in lysosomal protein degradation and protein 
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aggregation influences the fibrillization of α-synuclein [116]. The 
toxicity of the insoluble oligomers of α-synuclein is unclear, whereas 
the intermediates generated during fibrillization are thought to 
be toxic [117]. α-Synuclein is detectable in blood and CSF as both 
forms. α-synuclein among other cofactors induces fibrillization 
of tau [118, 119]. Neurofibrillary tangles of tau are one of the 
hallmarks of AD. The tau pathology may be part of a final common 
pathway for neurodegeneration where an increased level of total 
tau in CSF reflects neuronal damage. A few proteomic studies have 
been performed to discover new potential biomarkers for PD, with 
the most common method being 2D-PAGE [98, 108, 120–122]. Two 
different quantitative proteomic approaches were used to compare 
CSF from AD, PD and control groups. In a study using iTRAQ labeling, 
Abdi et al. identified 73 proteins with differential expression in PD 
patients [107], whereas Pan et al. used SCX in combination with 
LC-MS/MS and the addition of stable isotope-labeled peptides to 
absolutely quantify five proteins.
 If neuroproteomics can be appropriately tailored to examine 
protein changes in complex neurological diseases resulting from 
multiple factors, both genetic and environmental, in a variety of 
tissues and biological fluids, from post-mortem CNS tissue samples, 
to cerebrospinal fluid and blood, as well as in mutant animal models 
with neurodegenerative disease phenotypes, it has the potential to 
identify numerous markers and more efficiently advance clinical 
and basic research. We anticipate that proteomics coupled with 
genomics and bioinformatics will aid in discovering biomarkers for 
neurodegeneration.

6.11 New Approach in Clinical 
Neuroproteomics: Protein Co-Expression 
Analysis of Human Samples from Brain, 
CSF, Serum, and Urine

6.11.1 Introduction

Various body fluids, including blood (serum or plasma) and CSF, 
have been used in neuroproteomics to seek out disease-specific 
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and surrogate markers. An emerging technique for comparative 
proteomics is 2D-DIGE; it improves the reproducibility and reliability 
of differential protein expression analysis between samples [84, 
86]. In this method, different samples are labeled with spectrally 
resolvable fluorescent dyes—Cy2, Cy3 or Cy5—and mixed prior to 
IEF and resolved on the same 2DE gel. The fluorescent dyes have 
very similar molecular masses and are positively charged to match 
the charge that is replaced on the lysine residue. The charge and mass 
matching ensure that all the samples essentially co-migrate during 
electrophoresis. This method is generally used for comparison 
between test (i.e., disease) and control samples. However, in our 
novel strategy, we have used the technique to identify proteins 
that are co-expressed in brain and body fluids. We conjectured that 
a set of co-expressed proteins may provide a biomarker panel for 
neurodegenerative disease processes. In this study, we discovered a 
number of co-expressed proteins that are present in both brain and 
body fluids such as serum, CSF and urine.

6.11.2 Materials and Methods

6.11.2.1 Samples

In this study, we used human samples, including brain, serum, CSF, 
and urine from patients with no diagnosis of neurodegenerative 
disease. Furthermore, we ensured that the brain tissue samples had 
no clinical or morphologic evidence of pathology.

6.11.2.2 Sample preparation

Brain tissue was thoroughly sonicated in lysis buffer (30 mM Tris, 7 M 
urea, 2 M thiourea, 4% (w/v) CHAPS, pH 8.5) using a hand sonicator 
and centrifuged at 100,000g for 1 h at 15°C. The supernatant was 
collected and protein concentration was measured using the 
Bradford method.
 Serum samples were collected and immediately centrifuged at 
2500g for 5 min and supernatants were collected. Albumin and IgG 
were removed using an albumin and IgG removal kit (Amersham 
Biosciences Sunnyvale, CA) according to the manufacturer’s protocol. 
Protein samples were concentrated by acetone precipitation. CSF 
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samples, stored at −80°C, were slowly thawed on ice and immediately 
concentrated by acetone precipitation. Urine samples were collected 
and immediately centrifuged at 2000g for 5 min, and the resulting 
supernatants were filtered using filter paper on ice. Filtered 
samples were concentrated using a Centricon Plus-20 concentrator 
(Millipore, Bedford, MA, USA) and acetone precipitation. After 
acetone precipitation, samples were solubilized in lysis buffer (same 
as brain) using a hand sonicator and centrifuged at 100,000 g for 1 h 
at 15°C. The supernatants were collected and protein concentrations 
were measured using the Bradford method.

6.11.2.3 2DE gel electrophoresis

Prior to isoelectric focusing (IEF, the first dimension of 2DE gel 
electrophoresis), labeled samples, to be separated in the same 
gel, were mixed and added to DTT and Pharmalyte pH 3–10 (final 
concentration was 65 mM and 1% (v/v), respectively).
 First-dimension electrophoresis was carried out using an 
immobilized pH gradient gel (immobilized dry strip gel, pH 4–7, 
180 × 3 × 0.5 mm) with a horizontal electrophoresis apparatus 
(Multiphor II, Amersham Biosciences, Sunnyvale, CA). The sample 
was applied to the anodic end of the gel. IEF was performed using the 
following parameters: 0–200 V for 5 min, 200–300 V for 5 h, 300–3 
500 V for 8 h, and 3 500 V for 8 h. Second-dimension electrophoresis 
was carried out on a 12–14% gradient polyacrylamide gel (ExcelGel 
XL SDS 12–14, 245 × 180 × 0.5 mm) according to the manufacturer’s 
protocol.

6.11.2.4 Gel scanning and image analysis

Labeled proteins were visualized using the TyphoonTM 9400 imager 
(Amersham Biosciences, Sunnyvale, CA). Cy2 images were scanned 
using a 488 nm laser and an emission filter of 520 nm/BP (band 
pass) 40, and Cy3 images were scanned using a 532 nm laser and 
an emission filter of 580 nm. All gels were scanned at 100 nm 
resolution.
 We examined overlapping spots on the same gel using ImageQuant 
V 5.2 (Amersham Biosciences, Sunnyvale, CA). Cy2-labeled proteins 
were displayed green and Cy3-labeled proteins were displayed red, 
and overlapping co-expressed proteins were displayed yellow.



103

6.11.2.5 Protein identification by mass spectrometry and 
database analysis

Mass spectrometric identification of proteins was performed as 
previously described. Briefly, proteins were excised from gels, 
followed by in-gel digestion with trypsin (Promega, Madison, WI, 
USA) in a buffer containing 50 mM ammonium bicarbonate (pH 
8.0) and 2% acetonitrile overnight at 37°C. Molecular mass analysis 
of tryptic peptides was performed with matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF/MS) using an ultraflex TOF/TOF (Bruker Daltonics, Billerica, 
MA, USA). Proteins were identified by comparison between the 
molecular weights determined by MALDI-TOF/MS and theoretical 
peptide masses of the proteins registered in NCBInr.

6.11.3 Results

6.11.3.1 Identification of proteins co-expressed in brain and 
serum

In order to identify proteins expressed in both human brain and 
serum, we combined 2DE and CyDye labeling—brain samples were 
labeled with Cy3 and serum samples were labeled with Cy2. We 
removed albumin and IgG from serum samples by using an albumin 
and IgG Removal kit (Amersham Biosciences) prior to labeling. After 
2DE, we identified overlapping spots and selected 26 of them. We 
analyzed only 17 spots, because nine could not be silver stained, and 
therefore, could not be excised for MS. It may be possible that protein-
staining techniques with higher sensitivity may help increase the 
number of co-expressed proteins available for MS analysis.
 Contrary to the expectation, MS analysis indicated that only 
two proteins were co-expressed (apolipoprotein A-I and albumin). 
Results are shown in Figs. 6.1 and 6.2 and in Tables 6.1, 6.2 and 6.3.

6.11.3.2 Identification of proteins co-expressed in brain and 
CSF

After 2DE, we found that 16 pairs of spots overlapped. We analyzed 
only 14 of them because two could not be silver stained. MS analysis 
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revealed that four proteins were co-expressed (apolipoprotein A-I, 
peroxiredoxin 2 isoform a, neuronal cell adhesion molecule and 
albumin). Results are shown in Figs. 6.1 and 6.2, and in Tables 6.2 
and 6.3.

A B C

ED F

G H I

J K L

4 7pI 4 7pI 4 7pI

Figure 6.1 Fluorescence images of 2DE gels of protein co-expression 
patterns between the following samples: (A) serum, (B) brain 
and (C) merge; (D) brain, (E) CSF and (F) merge; (G) urine, 
(H) brain and (I) merge; (J) serum, (K) CSF, and (L) merge. All 
samples were 50 μg protein. All gels pH 4–7 IPG. Molecular 
weight markers indicate 250, 150, 100, 75, 50, 37, 25, 20, 15, 
and 10 kDa, starting from the top. Arrows indicate overlapping 
spots among the gels.
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Figure 6.2 Image of 2DE gels of identified co-expressed proteins between 
the samples: (A) serum, (B) brain and (C) brain, (D) CSF and 
(E) urine, (F) brain and (G) serum, and (H) CSF. Arrows indicate 
spots containing co-expressed proteins among the gels, as 
determined by MS analysis.
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Table 6.1 Cy dye labeling patterns between each samples

Cy dye Brain & serum Brain & CSF Brain & urine Serum & CSF
Cy2 Brain Brain Brain  Serum
Cy3 Serum CSF Urine CSF

Table 6.2 Numbers of overlapping spots and MS analysis

Samples No. of overlapping spots No. of MS analysis

Brain & serum 26 17
Brain & CSF 16 14
Brain & urine 33 20
Serum & CSF 26 17

Note: The reason why it is different number between overlapping spots and MS 
analysis is that some spots could not be stained by silver staining for MS analysis and 
could not be excised. Therefore, it is possible that co-expression proteins increase by 
using higher sensitive silver staining for MS analysis.

Table 6.3 Identified co-expressed proteins between each samples by MS 
analysis

Accession 
number Protein name Relevance to AD

Brain & serum

gi4557321 Apolipoprotein A-I Ø(CSF proteome)
gi6013427 Serum albumin Ø(CSF proteome)
Brain & CSF

gi4557321 Apolipoprotein A-I Ø(CSF proteome)
gi32189392 Peroxiredoxine 2 isoform a ≠(brain proteome)
gi33112413 Neuronal cell adhesion molecule
gi6013427 Serum albumin Ø(CSF proteome)
Brain & urine

gi4557321 Apolipoprotein A-I Ø(CSF proteome)
gi32189392 Peroxiredoxine 2 isoform a ≠(brain proteome)
gi2204207 Glutathione S-transferase
gi494296 Athepsin D
gi14250401 Actin
gi21536286 Brain creatine kinase ≠(brain proteome)
gi4501901 Aminoacylase 1
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Accession 
number Protein name Relevance to AD

gi5729877 Heat shock 70kDa protein 8
gi6013427 Serum albumin Ø(CSF proteome)
Serum & CSF

gi4507725 Transthyretin ≠ Ø (CSF proteome)
gi4557321 Apolipoprotein A-I Ø(CSF proteome)
gi141596 Zinc-alpha-2-glycoprotein
gi4826762 Haptoglobin
gi1703025 Alpha-1-antitrypsin ≠(CSF proteome)
gi139641 Vitamin D-binding protein
gi4502005 Alpha-2-HS-glycoprotein Ø(CSF proteome)
gi37747855 Transferrin Ø(CSF proteome)
gi6013427 Serum albumin Ø(CSF proteome)
gi4502261 Antithrombin III
gi178779 Apolipoprotein A-IV

Note: The list shows the NCBInr accession numbers and full names of the identified 
biomarkers, and their relevance to AD by reference citations.

6.11.3.3 Identification of proteins co-expressed in brain and 
urine

We sought to identify proteins expressed in both brain (labeled 
with Cy3) and urine (labeled with Cy2). We concentrated urine 
with a Centricon Plus-20 concentrator (Millipore) and acetone 
precipitation. After 2DE, we found that 33 pairs of spots overlapped. 
We analyzed only 20 because the others did not stain with silver. 
Surprisingly, MS analysis demonstrated that nine proteins were co-
expressed (apolipoprotein A-I, peroxiredoxin 2 isoform a, glutathione 
S-transferase, cathepsin D, actin, brain creatine kinase, aminoacylase 
1, heat-shock 70 kDa protein 8 and albumin). Results are shown in 
Figs. 6.1 and 6.2 and in Tables 6.2 and 6.3.

6.11.3.4 Identification of proteins co-expressed in serum and 
CSF

We anticipated identifying numerous proteins co-expressed in 
serum and CSF, because both 2DE images were very similar. Using 
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2DE, we found that 26 pairs of spots overlapped. We analyzed only 
17 because the others could not be detected with silver staining. MS 
analysis revealed that 11 proteins were co-expressed (apolipoprotein 
A-I, transthyretin, zinc-alpha-2-glycoprotein, haptoglobin, alpha-
1-antitrypsin, vitamin D-binding protein, alpha-2-HS-glycoprotein, 
transferrin, albumin, antithrombin III, and apolipoprotein A-IV). 
Results are shown in Figs. 6.1 and 6.2 and Tables 6.2 and 6.3.

6.12 Conclusions and Outlook

The 2D-DIGE method, using CyDye labeling, has been useful for 
identifying proteins that are differentially expressed between 
disease and control samples. We altered the strategy and used 2D-
DIGE to detect proteins co-expressed in different human samples; 
for example, brain and serum. The aim was to identify proteins 
(including isoforms) co-expressed in both brain and body fluids 
to establish a panel of biomarkers for various neurodegenerative 
diseases.
 A rapid increase in disease-related proteomic information is 
expected in the very near future, which should permit broad clinical 
application. In contrast to the high expectations generated by more 
than 25 years of technological progress, the impact of proteomics on 
our understanding of the pathogenesis, diagnosis and treatment of 
disease is still modest. Essentially, all clinical proteomic investigations 
indicate that the optimal approach is to combine several disease-
associated markers into a comprehensive biomarker panel. This 
approach should allow for effective disease diagnosis and staging, 
and help the clinician to evaluate disease progression and determine 
prognosis. However, a thorough validation of these markers in well-
designed blinded studies is essential, and should, therefore, be 
mandatory.
 To date, proteomics is still far from realizing its full potential in 
clinical settings, particularly in neurology, and to take full advantage 
of this method, further standardization is needed to enable meta-
analysis of datasets from different laboratories. With this and other 
improvements, proteomics promises to enhance our fundamental 
understanding of disease processes and advance treatment, 
ultimately helping improve the quality of life for patients.
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Hepatocellular carcinoma (HCC) is the fifth most common cancer; 
advanced hepatic fibrosis is a major risk factor for HCC. Non-
alcoholic fatty liver disease (NAFLD) can also progress to cirrhosis 
and HCC. These liver diseases and their progression are major causes 
of morbidity and mortality; identification of easily measurable and 
disease-specific biomarkers is required for early diagnosis and 
avoidance of invasive diagnostic procedures. Early diagnosis of 
HCC and assessment of the stage of hepatic fibrosis or NAFLD can 
also contribute to more effective therapeutic interventions and an 
improved prognosis. Thus far, we have identified several candidate 
biomarkers for liver diseases, including HCC and NAFLD, using 
proteomic technologies. Recent advances in methods for mass 
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spectrometric analysis, including protein labeling and amino acid 
analysis, facilitate highly sensitive and exhaustive proteomic analysis 
of patient samples. In this chapter, we will present an overview of 
proteomic technologies, including data from our laboratory. Our 
discussion will focus on the differential analysis of protein expression 
with the goal of discovering biomarkers for liver disease.

7.1 Introduction

In recent years, the mechanism of various diseases has been 
significantly clarified by remarkable developments in molecular 
biology, e.g., the decoding of the human genome. The clinical 
application of these developments has advanced considerably. To 
date, a number of attempts have been made to use the information 
obtained from single nucleotide polymorphisms (SNPs) and gene 
expression analyses using DNA microarray technique for diagnosis 
and treatment of various diseases. However, most physiological 
functions are controlled by proteins; the early diagnosis of disease 
may be difficult from analysis of gene expression alone. Therefore, 
the most feasible technology for near-term clinical application is 
proteomics.
 Proteomics is the term used for the exhaustive analysis of protein 
structure and function in an organ or organism. Proteomics is useful 
for the elucidation of the pathology of HCC and chronic liver diseases 
and for the discovery of disease markers. Serum and plasma can be 
readily used as clinical samples because they are obtained using 
less invasive methods. If a biomarker associated with the pathology, 
disease progression or efficacy of treatment is identified in serum or 
plasma, this knowledge can be easily applied to early or differential 
diagnosis. Recently, proteomics research has spread rapidly as mass 
spectrometry technology undergoes remarkable advances; these 
methodological advances, including protein labeling and amino acid 
analysis, facilitate highly sensitive and exhaustive proteomic analysis 
of patient samples. These advances in proteomics techniques have 
promoted the exploration of biomarkers for malignant tumors, 
including HCC, and for chronic liver diseases, including liver cirrhosis 
and NAFLD.
 In this chapter, we provide an overview of recent findings in 
the proteomic analysis of liver diseases, including results from our 
laboratory.
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7.2 Diagnostic Biomarkers for Liver Disease 
Used Currently in a Clinical Setting

Early and accurate prognostic assessment of patients with liver 
diseases is difficult but critically important in order to choose the 
optimum clinical pathway. In acute liver failure, the most widely 
accepted multi-variable prognostic models, including the King’s 
College Hospital (KCH) criteria [1–3] and the model for end-stage 
liver disease (MELD) score [4–6], have been improved by the 
incorporation of other clinical and biochemical indices [7, 8]. In 
addition, single-variable prognostic models such as serum Gc-
globulin [9, 10], arterial blood lactate [8, 11], serum phosphate [12], 
arterial blood ammonia [13, 14], serum alpha-fetoprotein (AFP) 
[15–17], and prothrombin time [18] also appear to be promising 
markers. These markers have been used in many hospitals but 
should be further assessed in future large-scale prospective studies.
 NAFLD is the hepatic manifestation of metabolic syndrome and 
is one of the most common causes of chronic liver disease worldwide 
[19, 20]. NAFLD represents a spectrum that includes simple steatosis 
and non-alcoholic steatohepatitis (NASH) [21]. Recently, increasing 
evidence suggests that only patients with histologic NASH follow a 
progressive course [21–23]. Several non-invasive biomarkers for 
NASH and hepatic fibrosis have been developed [24–30], but liver 
biopsy remains the gold standard for diagnosing NASH. However, 
liver biopsy is not easily tolerated, is associated with small but 
definite risks, and its results can be obscured by sampling errors. 
Therefore, the development of non-invasive diagnostic biomarkers 
for more sensitive and specific diagnosis of NASH and NASH-
related fibrosis is important for use in clinical practice [23–25, 31]. 
Current evidence suggests that the pathogenesis of NASH involves 
the dysregulation of cytokines, adipokines, insulin resistance, and 
markers of apoptosis [32]. On the other hand, the development of 
fibrosis involves collagen deposition and other fibrogenic pathways. 
Although the two pathways may have common components, they are, 
nonetheless, distinct. Therefore, it may not be possible to develop 
a single test that can both diagnose NASH and stage the extent of 
fibrosis.
 Diagnostic methods for hepatocellular carcinoma (HCC) include 
imaging, such as abdominal ultrasonography and computed 
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tomography (CT), and measurement of serum tumor markers. Des-
gamma-carboxy prothrombin (DCP, also known as PIVKA-II), AFP 
and the core fucosylated glycoform of AFP, AFP-L3, are widely used 
clinically as serum tumor markers for HCC [33–36]. The glycosylation 
of proteins is cell type-specific, so the N-linked glycosylation of a 
protein reflects modifications that occurred in the cell from which 
it came [37]. The glycosylation of the same protein may differ when 
it is secreted from diseased tissue, malignant cells or normal cells 
[38]. AFP can be produced in many circumstances, including in 
association with other liver diseases, and is not present in all cases 
of HCC [39, 40]. In fact, the sensitivity of AFP or DCP for detecting 
early-stage HCC is only 30−60% [33–36]. Therefore, the use of AFP 
as a primary screen for HCC has been the subject of suspicion; it is 
clear that more sensitive serum biomarkers for HCC are required.

7.3 Quantitative Proteomic Techniques for Liver 
Diseases

The discovery of easily measurable and disease-specific biomarkers 
in the tissue, blood and urine is very important for determinations of 
disease progression and evaluation of drug efficacy and toxicity. One 
of the strategies for exploring disease-specific biomarkers consists 
of two steps: (i) the identification of disease-specific proteins/
peptides using tissues and cells from the animal disease models 
and/or patients and (ii) searching the distribution of identified 
proteins/peptides and the association between them and the 
disease in question. For the efficient discovery of biomarkers, more 
quantitative and reproducible techniques are required. Therefore, 
differential analysis of protein expression is frequently used in clinical 
proteomics. Quantitative proteomic approaches can be separated 
into both labeling and labeling-free methods and the labeling 
methods can be further separated into gel-based and non-gel−based 
methods (Fig. 7.1). The most typical gel-based differential method 
is two-dimensional fluorescence difference gel electrophoresis (2D-
DIGE). On the other hand, non-gel−based methods include some 
stable isotope-labeling methods including cleavable isotope-coded 
affinity tags (cICAT) [41], stable isotope labeling by amino acids 
in cell culture (SILAC) [42], 2-nitrobenzenesulfenyl (NBS)-labeling 
method [43] and protein quantitation using amine-reactive isobaric 
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tagging reagents (iTRAQ) [44]. In addition, labeling-free methods 
such as surface-enhanced laser desorption ionization (SELDI) [45] 
and ClinProt® systems [46] based on affinity chromatography are 
useful for the analysis of blood samples (Fig. 7.1).
 Here, we will introduce the methods for the differential analysis 
of protein expression and several recent findings regarding the 
identification of biomarkers for liver diseases.

7.3.1 2D-DIGE

The more classical gel-based methods include 2D-PAGE with proteins 
being separated in the first dimension by isoelectric point followed 
by separation in the second dimension by protein mass via sodium 
dodecyl sulfate polyacrylamide gel (SDS-PAGE). Technical experience 
is a significant factor in the successful application of 2D-PAGE, and 
a major obstacle is gel-to-gel variation due to running time and 
separation, which increases the difficulty in matching spots across 
gels. A newer technique is two-dimensional fluorescence difference 
gel electrophoresis (2D-DIGE). This method is conceptually similar 
to two-dye microarray experiments, in the sense that it employs 
cyanine (Cy) 2, Cy3, Cy5 or IC3-OSu, and IC5-OSu dyes [47] to enable 
the measurement of relative protein abundance within a single gel. 
Also, by allowing standardization across gels, the method enables 
the comparison of changes in protein expression between gels. 
Furthermore, the highly sensitive fluorescent dye, CyDye DIGE 
Fluor saturation dye, can be used [48, 49]. This dye, which labels 
cysteine residues, is a far more sensitive dye than silver staining; 
consequently, proteomic analyses using small number of cells or 
very small amounts of tissue have become possible [48, 49].
 Several attempts to identify the novel biomarkers for liver fibrosis 
and HCC by 2D-DIGE have been reported so far. Qi et al. performed 
protein profiling of the diethylnitrosamine (DEN)-induced HCC 
tissue in rats using a 2D-DIGE-LC/MS system [50]. In their report, 
four subtypes of glutathione S-transferase (GSTP1, GSTP2, GSTM3, 
and GSTM5), the oxidoreductase-related protein [aldose reductase-
like protein (ARLP), thioredoxin, peroxiredoxin 6 (PRX6)], and  
the 60 kDa heat shock protein (HSP60) were all upregulated in 
HCC tissue. Teramoto et al. compared protein expression between 
HCC samples and adjacent non-HCC samples in tissue from 18 HCC 
patients [51]. As mentioned above, 2D-DIGE is highly quantitative 
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and reproducible and is therefore very useful for the elucidation of 
liver diseases using tissue samples. However, there are only a few 
reports of using serum/plasma samples for 2D-DIGE.
 In 2D-PAGE of sera from patients with HCV-related chronic liver 
disease (CLD), the levels of inter-alpha-trypsin inhibitor heavy 
chain H4 (ITIH4) fragments, α1-antichymotrypsin, apolipoprotein 
L1, prealbumin, albumin, paraoxonase/arylesterase 1, and zinc-α2-
glycoprotein were reduced, and those of CD5 antigen-like protein 
(CD5L) and β2 glycoprotein I (β2GPI) were elevated, in the liver 
cirrhosis group [52]. Using a similar method, the levels of Mac-2-
binding protein, α2-macroglobulin and hemopexin were found to be 
elevated and those of α-1-antitrypsin, leucine-rich α2-glycoprotein 
and fetuin-A to be decreased in advanced liver fibrosis [53]. Ho et 
al. reported that the serum levels of α2-macroglobulin, vitamin 
D-binding protein and apolipoprotein AI, identified by 2D-DIGE, 
predicted liver fibrosis in hepatitis C patients [54]. However, in serum 
samples, albumin, globulin, transferrin, and antitrypsin account for 
about 90% of the serum protein composition, and the large amounts 
of these abundant proteins interfere with the separation of serum 
proteins by 2D-PAGE, making separation and analysis difficult. Thus, 
to analyze serum using 2D-PAGE or 2D-DIGE, the removal of these 
abundant proteins and subsequent detection of changes in trace 
protein levels are necessary. Ang et al. removed albumin from sera 
from patients with HCC and CLD by pretreating with lectin and then 
comparing the glycosylated haptoglobin expression level using 2D-
PAGE [55]. The expression of glycosylated haptoglobin was increased 
in the HCC group, and the level was higher in advanced HCC compared 
with early-stage HCC, suggesting that glycated haptoglobin is useful 
for the diagnosis and prediction of HCC stage [55].

7.3.2 ProteinChip SELDI and ClinProt®

Surface-enhanced laser desorption ionization methods [45] and 
ClinProt® systems [46] based on affinity chromatography were 
useful for the analysis of blood samples (Fig. 7.1). The ProteinChip 
SELDI system (ProteinChip array®; Bio-Rad laboratories, Inc., CA, 
USA) has been successfully applied to diagnosis of various diseases. 
In this method, biological fluids such as serum and urine are 
directly applied to spot surfaces without prior removal of abundant 
proteins.
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7.3.2.1 ProteinChip SELDI

ProteinChip SELDI employs several types of spots whose surfaces 
are modified with various functional groups (hydrophobic, cationic, 
anionic, metal ion presenting and hydrophilic). After a series 
of binding and washing steps, protein mixtures retained on the 
surface are analyzed with mass spectrometry. Because differential 
analysis can be performed with a few micro-liters of serum or urine, 
ProteinChip SELDI is useful for identifying biomarkers in screens 
that use valuable specimens. However, the limitations of analysis 
include high cost and the fact that the MS used in the analysis is 
exclusive. To identify disease-specific proteins or peptides, MS/MS 
ion searching must be further employed.
 The ProteinChip SELDI system allows two methods of serological 
diagnosis: one uses identification of individual proteins and function-
al analysis (Fig. 7.2A), whereas the other is based on a classification 
(decision tree) method established by data mining without protein 
identification (Fig. 7.2B). The identification of a protein correspond-
ing to a target peak is difficult using the ProteinChip SELDI system; 
therefore, the classification-based diagnostic method (multi-marker 
analysis), in which identification of each protein corresponding to 
an individual peak is not necessary, is frequently used. The disease 
and control groups are differentiated based only on the expres-
sion levels of several protein peaks. We established a classification 
method based on six peaks (m/z 3444, 3890, 4067, 4435, 4470, and 
7770) that were highly distinguishable between HCV-related HCC 
and HCV-related CLD and showed that this method is applicable for 
the diagnosis of both early-stage and advanced HCC [56]. This ap-
proach was capable of detecting HCC earlier than the detection of 
tumorous lesions by abdominal ultrasonography and was more use-
ful for early diagnosis than current tumor markers such as AFP and 
DCP. Similarly, Zinkin et al. developed a diagnostic method using 11 
protein peaks detected by three different types of protein chip used 
with the ProteinChip SELDI system. Their method had sensitivity 
and specificity for diagnosis of HCV-related HCC of 79% and 86%, 
respectively; one of the 11 peaks, m/z 13391, was identified as the 
cystatin C [57]. The diagnostic sensitivity and specificity do not dif-
fer significantly from those of methods using current HCC markers 
(AFP, AFP-L3 fraction, and DCP), but the performance for the diagno-
sis of small HCC of ≤2 cm was better than that of methods using cur-
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rent markers. Recently, we found that five protein peaks (m/z 4067, 
4470, 7564, 7929, and 8130) by ProteinChip SELDI were significant-
ly increased in the sera of HCV-related HCC patients compared with 
HCV-related CLD patients and healthy subjects. Furthermore, one of 
these protein peaks, m/z 8130, was identified as the complement 
component 3a (C3a) fragment (Fig. 7.2A) [58].

7.3.2.2 ClinProt®

ClinProt® (Bruker Daltonics, Bremen, Germany) is a purification 
method based on affinity beads [46]. This method uses an outer layer 
of magnetic beads with chromatographic surfaces (hydrophobic, 
cationic, anionic, and metal ion presenting). As with ProteinChip 
SELDI, serum and urine samples are directly applied to the ClinProt® 
system without prior removal of abundant proteins. Proteins bound 
to the magnetic beads are then eluted and directly analyzed by mass 
spectrometry. The technical performance of affinity bead purification 
is similar to that of ELISA, and it can be used to process many samples 
in parallel. Several serum biomarkers for muscular dystrophy, type 
1 diabetic nephropathy and renal cell carcinoma have been reported 
[59–61]. However, the reports of identification of useful biomarkers 
are still few, especially in the area of liver diseases.

7.3.3 Isotope Labeling of Proteins with SILAC, ICAT, and 
NBS Methods

Stable isotope-labeling methods include cICAT, SILAC, and NBS 
labeling. These methods utilize a light (12C- or 14N-labeled) and heavy 
(13C- or 15N-labeled) isotope to label different protein mixtures, 
allowing differential protein expression to be quantitatively detected 
in the same mass spectra.

7.3.3.1 Cleavable isotope-coded affinity tags

Cleavable isotope-coded affinity tags is one of the most frequently 
used isotope-labeling methods. Free cysteine thiol groups in 
peptides are targeted with the iodoacetamide-based ICAT reagent 
(Applied Biosystems, Inc., Foster City, CA) under strongly reducing 
conditions, with either a heavy or light isotope tag. An advantage of 
the cICAT reagents is that after digestion and mixing of the labeled 
peptides, one can further separate the mixture through a streptavidin 
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column because each cICAT label contains a biotin covalently linked 
to an ethylene glycol linker group. This feature further reduces the 
complexity of the protein mixture before peptide identification and 
removes non-labeled peptides from the experimental workflow. 
cICAT labeled peptide pairs are then identified by MS/MS ion 
searching. A limitation of cICAT is that the peptide must contain a 
cysteine in order for labeling to occur. Therefore, ICAT may label only 
relatively few peptides of a given protein, leading to fewer peptides 
available for quantitation. cICAT is often combined with 2D-PAGE 
and LC-MS/MS techniques to improve the efficacy of identification 
of proteins.
 Li et al. coupled laser capture microdissection with cICAT and 
two-dimensional liquid chromatography tandem mass spectrometry 
(2D-LC-MS/MS), and identified 261 proteins that are site-specifically 
increased or decreased in HCC [62]. In analysis using cICAT and LC-
electrospray ionization tandem mass spectrometry (LC-ESI-MS/
MS), Kang et al. compared serum proteins between nine cases of 
HCC and nine cases of hepatic cirrhosis and identified 31 proteins 
with differences in expression levels. Of these proteins, significantly 
enhanced expression of alpha-1-acid glycoprotein (AGP) was 
observed in the HCC validation group (patients with HCC or liver 
cirrhosis), showing that AGP is a candidate serum diagnostic marker 
for HCC [63]. Thus, serum proteomic analysis using a combination 
of cICAT and LC-ESI-MS/MS can be used for direct identification of 
potential protein biomarkers.

7.3.3.2 Stable isotope labeling with amino acids in cell 
culture

Stable isotope labeling with amino acids in cell culture incorporates 
a light or heavy labeled amino acid into two different cell populations 
growing in cell culture media (e.g., 12C- and 13C-labeled L-lysine or 
arginine) [64–67]. As cells grow and divide, the labeled amino acid is 
incorporated into proteins without compromising protein function. 
The cell cultures can then be used to perform proteomic profiling. 
In contrast, serum, tissue and other in vivo samples are not suitable 
for the SILAC.
 Using the SILAC technique, several target proteins in HCC were 
identified. Chen et al. compared proteins expressed in MHCC97L 
with HCCLM6 (respectively, weakly and strongly metastatic HCC cell 
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lines) and identified solute carrier family 12 member 2 (SLC12A2) 
and protein disulfide-isomerase A4 (PDIA4) as highly expressed 
in HCCLM6 [68]. Moreover, serum levels of both SLC12A2 and 
PDIA4 were significantly higher in strongly metastatic sera than in 
weakly metastatic sera derived from HCC patients [68]. Ren et al. 
compared the proteins expressed in the immortal hepatic cell line, 
L02, with those of the HepG2 hepatoma cell line; they identified 
phosphoglycerate mutase 1 (PGAM1) as highly expressed in 
HepG2. Furthermore, PGAM1 expression in HCC tissue was strongly 
correlated with poor differentiation and decreased survival rates 
[69]. Thus, proteomic research using cultured cell lines can discover 
candidates for clinical targets in HCC.

7.3.3.3 NBS labeling method

Like cICAT, NBS labeling method is a stable isotope-labeling method. 
This method was developed by Kuyama et al. [43], and is based on 
the specific binding reaction of the NBS reagent to tryptophan (W) 
residues within a protein; the 6-Da mass difference between [12C]-
NBS−labeled and [13C]-NBS−labeled peptides generates a mass 
signature for all tryptophan-containing peptides. Several arylsulfenyl 
halides have selective reactivity towards the indole ring of tryptophan 
under acidic conditions [70]. Thus, 2-nitrobenezenesulfenyl chloride 
(NBS-Cl) effectively labels tryptophan residues. In this method, two 
protein samples are labeled with light and heavy NBS reagents, 
leading to a mass difference of 6 Da between the samples for all of the 
tryptophan-containing peptides. The labeled peptides are enriched 
by taking advantage of the relatively stronger affinity of NBS-labeled 
tryptophan-containing peptides for Sephadex media (LH-20) [71]. 
Relative quantitation of the proteins in the two samples is calculated 
from the intensities of paired peaks with a 6-Da mass difference in 
the MS spectra; proteins are then identified by queries based on data 
from the MS/MS ion searching (Fig. 7.3). Because tryptophan is the 
least abundant amino acid in proteins [72], isolation of tryptophan-
labeled peptides reduces the number of samples and the complexity 
of the entire analysis. Most proteins (>90%) in Homo sapiens contain 
at least one tryptophan residue [72], so this method is suitable for 
global proteome analysis. However, one limitation of this method is 
that it is not suitable to peptidomic application, because the coverage 
of tryptophan labeling becomes smaller as the sequences of targets 
become shorter and shorter.
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Figure 7.3 (A) Schematic representation of identification of oxidative 
stress markers in primary human hepatocytes using the 
2-nitrobenzenesulfenyl (NBS) labeling method. (B) Four 
paired peaks with 6-Da differences and identification by MS/
MS. (C) Serum MnSOD levels in healthy subjects and patients 
with simple steatosis (SS) or non-alcoholic steatohepatitis 
(NASH). (D) Receiver–operator curve for MnSOD to distinguish 
NASH (29 patients) from SS (15 patients) and a value of area 
under curve (AUC). (Hepatol Res, Vol. 40, No. 4, 2010, 438–445. 
Reprinted with permission of John Wiley and Sons).

 We had previously reported the novel oxidative stress marker 
candidates that were useful for the diagnosis of the progression of 
NASH and HCV-related liver diseases. We attempted the NBS labeling 
method to identify novel oxidative stress markers, and identified 
four candidates: cytochrome c oxidase VIb isoform 1 (COX6B), 
liver carboxylesterase 1 (CES1), carbamoyl-phosphate synthase 
[ammonia], mitochondrial 1 (CPS1), and superoxide dismutase 
[manganese (Mn)], mitochondrial (MnSOD) in human primary 
hepatocytes (Fig. 7.3A,B) [30]. Furthermore, we found that NASH 
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patients had significantly higher serum MnSOD levels than both 
healthy subjects and patients with simple steatosis (SS) (Fig. 7.3C,D) 
[30]. Another identified protein, CES1, may also be a diagnostic 
biomarker; Na et al. analyzed plasma by nano-LC/MS-MS and 
demonstrated increased expression of human liver carboxylesterase 
1 (hCES1) in HCC patients [73].

7.3.3.4 Isobaric tagging for relative and absolute 
quantitation (iTRAQ)

Recently, isobaric tagging for relative and absolute quantitation of 
proteins (iTRAQ, Applied Biosystems) has been developed [44]. 
The functional components of the isobaric tagging system include a 
reporter tag (114–117 m/z), a balancer to ensure labeled peptides 
from different treatments have identical mass, and a peptide reactive 
group that chemically tags amine groups of peptides generated 
from tryptic digests. More recently, an eight-plex system has been 
developed with reporter tags 113–119 and 121 m/z to quantify 
protein expression. The fragmentation of the peptide tag generates 
low-molecular-mass reporter ions and high-molecular-mass 
cleaved fragment ions by MS/MS. Advantages of this method include 
increased ability to multiplex in a single LC-MS/MS experiment, 
and increased coverage of the proteome (because all peptides are 
theoretically labeled, in contrast to ICAT, which requires the presence 
of cysteine groups). In addition, multiple peptides can be quantified 
for a single protein, and confidence intervals can be calculated to 
obtain statistical measures of protein changes.
 Chaerkady et al. compared the expressed proteins in HCC with 
the adjacent normal liver tissue and identified 59 proteins, including 
fibroleukin and myeloid associated differentiation marker, that are 
overexpressed in HCC tissue [74]. A combination of iTRAQ and 2D-
LC-MS/MS has also been developed [75, 76]. Using the combined 
method, Chen’s group compared the differences in protein expression 
between HepG2 hepatoma cells with hepatitis B virus (HBV)-
infected HepG2 cells to identify several downregulated proteins in 
HBV-infected cells, including S100A6 and annexin A2 [75, 76].

7.4. Conclusion

In this chapter, we introduce several methods for differential 
proteomic analyses for liver diseases. The differential analyses can 
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be useful tools for discovering novel biomarkers. When serum and 
tissue are used as a source of sample, several problems still remain; 
these include the removal of abundant protein and reproducibility 
between experiments. However, it is possible to discover the useful 
biomarkers in clinical practice, even using cultured cells. In addition, 
methods that include LC-MS/MS rapidly improved the efficacy of 
protein identification. In the future, we expect that the development 
of such combined techniques will lead to the discovery of useful 
biomarkers and the elucidation of pathogenesis of liver diseases.
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8.1 Introduction

The identification of disease-specific proteins by proteome analysis 
has been tried to date for malignant tumors such as lung cancer and 
diffuse lung diseases, including idiopathic pulmonary fibrosis (IPF), 
sarcoidosis, and pulmonary alveolar proteinosis. Combinations 
of two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE), high-performance liquid chromatography (HPLC), and 
surface-enhanced laser desorption/ionization (SELDI) with mass 
spectrometry (MS) (2D-PAGE/MS, LC/MS/MS, and SELDI-TOF-MS, 
respectively) have been employed for analysis. This chapter outlines 
approaches to identifying proteins specific to these pulmonary 
diseases.
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8.2 Lung Cancer

A number of studies have applied proteome analysis to diagnose 
lung cancer and explore prognostic factors and lung cancer-related 
factors associated with the treatment target, and findings of great 
interest with clinical relevance have been reported. The two main 
objectives are (1) early detection of lung cancer and identification 
of biomarkers to predict prognosis and (2) the identification of 
sensitivity and resistance factors to drugs currently available and 
development of molecular targeted agents aimed at controlling 
cancer-related factors.
 Drug therapy regimens for lung cancer have currently been 
selected on the basis of histology. The identification of drug 
sensitivity factors such as epidermal growth factor tyrosine kinase 
inhibitors (EGFR-TKI) and factors associated with adverse effects 
would facilitate the development of novel therapeutic applications. 
The identification of tumor-specific proteins and peptides is sought 
by analytical methods using samples from not only lung cancer cell 
lines, tumor tissue and serum but also pleural effusion and urine. 
Proteome analysis using these samples is outlined in this text.

8.2.1 Cell Lines

Analyses using lung cancer cell lines have been carried out most 
frequently. The methods of 2D-PAGE/MS and LC/MS/MS have 
been often employed, and there are a number of reports on the 
occurrence and metastasis of lung cancer. Although analysis using 
a cell line will not completely reflect the protein profile in tumor 
tissue, this approach has been employed worldwide because of the 
advantages of easy protein extraction, excellent data reproducibility, 
and possible repetition of experiments.

8.2.2 Tumor Tissue

Protein analysis using lung cancer tissue obtained by surgery and 
bronchoscopy has been tried in many studies. Chen et al. carried 
out proteome analysis of lung cancer by 2D-PAGE/MS using lung 
cancer tissue, and identified 20 kinds of protein associated with the 
prognosis for patients with lung adenocarcinoma. Among them, an 
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increase in serum phosphoglycerate kinase 1 (PGK-1) levels was 
strongly associated with poor prognosis.1 This is a representative 
proteome analytical method to examine correlations with patient 
prognosis and drug sensitivity.
 A tumor lesion consists of a variety of factors, such as stroma 
and blood vessels, in addition to tumor tissue, and these factors 
have various functions and roles. Although proteome analysis using 
all components of tumor tissue, stroma, and blood vessels has been 
carried out in previous reports, due to technical limitations it is 
difficult to evaluate what biological features are specifically reflected 
in the changes in protein expression found by these analyses.
 In particular, to evaluate the profile of protein expression in highly 
heterogeneous lung cancer tissue, strict sample collection by laser 
capture microdissection, employed for gene expression analysis, is 
desirable. After extracting proteins from only tumor tissue by laser 
microdissection, Seike et al. successfully used two-dimensional 
difference gel electrophoresis (2D-DIGE) in combination with highly 
sensitive fluorescent dyes to identify protein expression patterns 
that were able to categorize histological types of lung cancer.2 The 
evaluation of the biological features in each lesion from the aspect 
of specific protein expression can eventually enable the prediction 
of cancer metastatic potentials, disease prognosis, and sensitivity to 
chemotherapy.
 When samples are collected by these highly accurate methods 
and expression profiles are compared between primary tumor 
tissue and metastatic lesions and between high and low metastatic 
cells, coupled with the analysis of expression profiles of stromal cell 
components, the identification of molecules involved in metastatic 
mechanisms of lung cancer may be achieved.

8.2.3 Serum/Plasma

Advances have been made in proteome analysis using serum/
plasma proteins. There is a limitation in the collection of analytical 
samples from tumor tissue, whereas analysis using serum/plasma is 
less invasive and thus greatly beneficial for patients and suitable for 
screening for early detection of lung cancer. Candidate biomarkers 
for early detection are (1) proteins secreted directly from tumor 
tissue and (2) proteins secondarily changeable by biologically 
responding to tumors.
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 Employing 2D-DIGE/MS using serum from 10 patients with 
non-small cell lung cancer and 10 healthy subjects, Hoagland et 
al. identified haptoglobin and its specific repair after translation 
as candidate biomarkers for non-small cell lung cancer.3 However, 
because there are a number of high-concentration high-molecular-
weight proteins in the plasma, such as albumin and globulin, it is 
difficult to detect protein and peptides at the very low levels derived 
from tumor tissue.
 Recently, biomarkers have been explored by analytical methods 
such as 2D-PAGE/MS and LC/MS/MS using samples after removal of 
albumin and globulin with affinity columns. These methods, which 
provide 10–20 times as many protein spots as analyses using whole 
serum, have enabled quantitative and comprehensive analysis.4,5

 Today, the most appropriate analytical method for proteome 
analysis using serum/plasma is the LC-MS system. Detection of protein 
molecules at femtomolar levels has been possible in recent analyses. 
Ueda et al. reported that apolipoprotein-4, a protein degradation 
product specific to lung adenocarcinoma, was detected by LC-MS/
MS using serum from 62 patients with lung adenocarcinoma.6
 Proteome analysis targeted at serum/plasma protein plays a 
great role in clinical practice, and the advancement of analytical 
technologies has almost enabled the identification of targeted lung 
cancer-specific protein molecules. Further development of analytical 
methods is anticipated.

8.2.4 Pleural Effusion and Urine

For the exploration of biomarkers for early detection of lung cancer, 
analyses using pleural effusion and urine samples have been 
advanced. Tyan et al. identified 161 proteins by protein analysis 
by 2D-PAGE/MS using pleural effusion samples from patients with 
lung adenocarcinoma. It is intriguing that proteins specific to pleural 
effusion that had not been reported in serum protein studies were 
identified.7
 Tantipaiboonwon et al. analyzed urine samples from lung cancer 
patients by 2D-PAGE/MS after ultrafiltration and reported that 
it was possible to identify cancer-related urine proteins.8 Urine is 
the easiest sample to collect: Its collection is minimally invasive 
to patients, which provides great benefit. Further advancement of 
analytical methods in this area is expected.
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8.3 Diffuse Lung Disease

Proteome studies have been carried out with samples from cell 
culture, tissue, serum, and bronchioalveolar lavage fluid (BALF), in 
addition to microsampled specimens from peripheral airways from 
patients with IPF, and pulmonary alveolar proteinosis. In particular, 
BALF, which reflects most accurately the protein composition 
in peripheral airways, has been used widely for diagnosis, and 
it provides critically important information in elucidating the 
pathogenesis of disease.
 Proteome analysis by 2D-PAGE using BALF was done for the first 
time in 1979, and a database was constructed on the basis of the 
analysis of patients with pulmonary alveolar proteinosis and healthy 
non-smokers.9 Since then, several studies have been reported mostly 
with regard to IPF and sarcoidosis. Lenz et al. analyzed BALF from 
patients with lung disease and healthy subjects and reported a 
difference in the expression of major proteins such as surfactant 
protein A (SP-A), IgG, and IGA.10 Wattiez et al. identified proteins 
specific to IPF by 2D-PAGE using BALF.11 Sabounchi-Schütt et al. 
identified 17 protein spots specific to sarcoidosis by 2D-PAGE using 
BALF.12

 It is more invasive to collect BALF than serum, but BALF reflects 
the pathogenesis of lung disease more appropriately. Proteome 
analysis using BALF is possible with a small amount of sample due 
to the recent advancements of mass spectrometry, and it is expected 
to contribute to the detection of new biomarkers and the elucidation 
of disease mechanisms.
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9.1 Overview of and Update on Proteomic 
Analysis for Renal Diseases

Proteomic analysis in nephrology has been intended mainly for 
the purpose of searching for diagnostic/predictive biomarkers or 
clarifying the pathogenetic mechanisms/factors in various renal 
diseases by using urine or kidney or sometimes plasma samples 
[1–3]. Human renal tissues utilized for proteomic analysis are 
mostly frozen samples of renal biopsies and sometimes formalin-
fixed kidney tissues obtained by autopsy. Urine samples have been 
analyzed for finding new biomarkers by proteomics. Technical 
advances in methodology, especially for separating proteins from 
urine and renal tissues, along with a recent breakthrough of protein 
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identification techniques by mass spectrometry, have dramatically 
accelerated renal proteomic research, although there are not so 
many achievements so far, unfortunately, that can be applied into 
clinical practice.
 In parallel to research progress, proteomic database of urinary 
and renal proteins have been constructed. The most comprehensive 
one is provided in the Web site of the Human Kidney and Urine 
Proteome Project (HKUPP), one of HUPO (Human Proteome 
Organization) initiatives, which confers open access worldwide 
via Web site (http://www.hkupp.org/) [4, 5]. Other large-scale 
databases of urine proteomes are MAPU (Max-Planck Unified) 
database [6], and proteome of rat renal collecting ducts (Table 9.1).

Table 9.1 Database of proteome for urine and kidney tissues

Name/
author Sample URL References

HKUPP Human urine 
and kidney 
tissues

http://hkupp.kir.jp/index.htm 4, 8, 9

EuroKUP Human urine 
and kidney 
tissues

http://www.eurokup.org/ 5

MAPU Human urine http://141.61.102.16/urine/ 6, 36

Renal 
biobank 
catalogue

Human kidney 
tissues 

http://www.p3gobservatory.
org/network/studies.
htm?filter=renal&partner=renal

NIH Rat IMCD 
proteome

http://dir.nhlbi.nih.gov/
papers/lkem/imcd/

17

Rat IMCS 
phosphopro-
teome

http://dir.nhlbi.nih.gov/
papers/lkem/cdpd/

19

human 
exosome

http://dir.nhlbi.nih.gov/
papers/lkem/exosome/ 

42, 43

Urinebank 
(Japan) 

Human urine http://www.urinebank.org/ 4

http://www.p3gobservatory.org/network/studies.htm?filter=renal&partner=renal
http://dir.nhlbi.nih.gov/papers/lkem/imcd/
http://dir.nhlbi.nih.gov/papers/lkem/cdpd/
http://dir.nhlbi.nih.gov/papers/lkem/exosome/
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9.2 Samples and Methodologies of Proteomic 
Analysis for Renal Disease

9.2.1 Renal Tissues

The kidney has a complicated structure consisting of a number of 
different segments, each of which plays different roles orchestrating 
for the maintenance of body fluid and electrolyte balance. Functional 
unit is a nephron composed of glomerulus and the following tubular 
segments. In a glomerulus, where plasma filtration occurs, there 
are three cell types, including endothelial cells, epithelial cells (also 
called podocytes) and mesangeal cells, whereas the tubules are 
divided into functionally and anatomically distinct segments, namely 
proximal tubule, loop of Henle, distal tubule, and the cortical and 
medullary collecting duct, generating urine through reabsorption 
and secretion via tubular epithelia. Renal diseases are caused 
by functional or organic defect of various causes in any part or a 
whole of renal tissues, nephron segments, cells, or even molecule 
such as transporter in the tubules; thus, selective approach will be 
required to clarify the pathophysiology. In animal models, such a 
selective renal segment collection is feasible; thus, a number of basic 
proteomic research studies have been conducted in the last decade. 
In human analysis, the target tissues are mainly obtained by renal 
biopsy and sometimes by autopsy. Therefore, the major problem in 
human kidney proteome analysis may be that renal biopsy samples 
contain only small parts of the kidney yielding a tiny and usually 
insufficient amount of proteins [7]. However, recent progress in 
laser captured microdissection (LCM) and isolating techniques 
using FACS has made it possible to analyze the small sections or cells 
selectively from biopsy samples or selective tissues (see below). 
The sensitivities of protein identification have been improving but 
still not satisfactory, thus, more sensitive protein identification and 
analyzing techniques should be developed.

9.2.1.1 Normal kidney tissues

Normal renal tissues of animals or human are utilized for making 
proteome database to understand difference in profile of proteins 
in disease conditions and/or analyzing physiological functions in a 
whole kidney or a part of renal tissues. More intensive and selective 
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approaches using isolated glomerulus or tubules without or with 
any treatment of choice are available in animal studies.

9.2.1.1.1 Glomerulus

Yoshida et al. were the first to perform comprehensive proteome 
analysis for normal human glomeruli in 2005, when they constructed 
two-dimensional maps of SDS-PAGE for glomerular proteins from 
the removed kidney by nephrectomy, followed by analysis of the 
spots using LC-MS and MALDI-TOF-MS. Total 347 protein spots 
representing 212 proteins had been identified in the study [8], their 
database being available on the HKUPP Web site. Later, Miyamoto et 
al. created the comprehensive database of normal human glomeruli 
and identified more than three thousands of proteins [9].

9.2.1.1.2 Renal cortex/medulla

Witzmann et al. applied mass spectrometry to the proteome 
analysis of rat renal cortex and medulla more than 10 years ago 
[10]. Subsequently, a couple of comprehensive studies have been 
reported: Sitek et al. used a two–dimensional DIGE (difference 
in gel electrophoresis) technique in a proteomic analysis of the 
glomeruli obtained by LCM (see Section 9.2.1.2.1) [11]. Zhao et al. 
conducted comprehensive proteomic analysis for renal cortex in 
mice using LC-MS, identifying two thousands of different proteins 
[12]. Zhang et al. constructed the phosphoproteome by examining 
tyrosine-phosphorylated proteins from isolated glomeruli in rats 
by two-dimensional PAGE followed by LC-MS/MS and identified 
slit diaphragm proteins such as nephrin, paxillin, and FAK1 (focal 
adhesion kinase 1) [13].

9.2.1.1.3 Tubules

Knepper’s group has been conducting proteomic analysis for 
fractions of isolated rat inner medullary collecting duct (IMCD) cell 
lysates by LC-MS/MS, the database of which being available also on 
the HKUPP Web site [14–18]. They examined the proteins that were 
induced or phosphorylated by vasopressin stimulation, showing 
that hundreds of proteins were phosphorylated, including non-
membrane proteins (myosin-4/10) and membrane proteins such as 
aquaporin-2 (AQP-2), urea transporters (UT-A1/3), chloride channel 
(ClC-1) and sodium-bicarbonate cotransporter (NBC3), all of which 
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proved to have novel phosphorylation sites. It was also shown that 
AQP-2 was downregulated by water load, a mimic of vasopressin 
escape, and it was revealed, combined with bioinformatics of protein 
network, that the amounts of several other regulatory proteins with 
a low abundance were altered [15].
 Nielsen et al. examined the proteome of rat IMCD by DIGE/
MALDI-TOF MS, showing that lithium intake of the animal caused 
an increase in various signal transduction proteins, including MAPK 
and GSK3 beta, most of which may be related to a decrease in AQP2 
[19].
 Rivard et al. examined the effect of hyperosmolality on the 
protein profiles of rat IMCD, showing that S100-A4, a calcium-
binding protein, was strongly induced [20].
 Curthoys et al. analyzed proteome of proximal tubules isolated 
from kidneys of rats that were made metabolic acidosis by loading 
NH4Cl. DIGE/MALDI-TOF-MS showed that 17 novel proteins were 
increased, in addition to already known ones such as glutaminase, 
glutamate dehydrogenase (GDH) and phosphoenolpyruvate 
carboxykinase (PEPCK). Moreover, the study showed that these 
slowly induced proteins had the AU-rich sites in common, which 
seemed to be associated with pH changes [21].

9.2.1.2 Disease kidney tissues (especially human kidney 
biopsy samples)

Renal biopsy samples have recently become available for proteomic 
research due to technical advances in isolation and analysis of a small 
amount of proteins. LCM is utilized for collecting glomerulus and 
other renal compartments selectively [22]. The findings obtained 
from the clinical or basic analysis for specific renal diseases will 
appear later separately.

9.2.1.2.1 LCM from a technical aspect

In 2005, Xu et al. first applied LCM to the proteomic analysis of the 
kidneys from model animal. Fifty glomerular sections were captured 
from frozen kidney tissues of 5/6 nephrectomized rats and the 
proteins were analyzed by MALDI-MS, showing that sclerotic and 
non-sclerotic glomeruli had distinct protein profiles [23]. Recently, 
formalin-fixed, paraffin-embedded (FFPE) tissues have become 
usable with almost comparable yields as those of frozen tissues by 
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using commercially available kits such as Liquid Tissue (Expression 
Pathology), Qproteome (Qiagen) or FFPE Protein Extraction 
Solution (Agilent). In addition, new methods have been developed 
as the filter-aided sample preparation (FASP) [24] and the on-site 
Direct Digestion) methods (OSDD) [25]. Indeed, by applying the 
FASP method to the proteomic analysis of microdissected FFPE 
cancer tissues showed high retrieval of proteins, including known 
colon cancer markers and others [24]. The OSDD method can 
minimize the loss of peptides during the preparation, resulting in a 
high yield of proteins from microdissected sections. Sethi et al. first 
performed comparative proteomic analysis for glomeruli captured 
by LCM in the FFPE biopsy samples of the patients with type II 
membranoproliferative glomerulonephritis (MPGN type II) by using 
DIGE technique (see also Section 9.3.4) [26, 27].
 Despite such a progress in LCM techniques, there remain several 
problems to be solved. More sensitive and quantitative techniques 
that can detect smaller amounts of proteins from the limited biopsy 
samples are clearly warranted. In the study by Sitek [11], the lysine 
residues of glomerular proteins were reacted with two different 
dyes such as C5 and C7, which were separated by two-dimensional 
gel electrophoresis, showing that less than 1 µg of proteins were 
sufficient to visualize protein spots. Moreover, this technique may 
allow protein semiquantification and also have other advantages 
that the protein charges that may affect the proteome profiles will 
not be changed during preparing FFPE samples because of the dyes 
being electrically neutral. Waanders et al. recently showed highly 
sensitive method of examining glomerular proteome by LC-MS 
and LCM-based isolation technique [28]. DeSouza et al. attempted 
semi-quantification for biomarkers using the microdissected FFPE 
samples by single/multiple reaction monitoring (SRM/MRM) 
method, in which mTRAQ (MRM tags for relative and absolute 
quantitation) labeling was combined with LC-MS/MS [29]. In the 
future, automated LCM approach that can deal with a large number 
of samples simultaneously will hopefully be investigated in a large-
scale analysis.

9.2.2 Urine Proteomics

Urine is a sample that can be easily and noninvasively obtained 
with abundant information and thus has been thought to be an 
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ideal material for proteome analysis of renal diseases [30–34]. 
Indeed, urine contains a variety of proteins deriving from the blood, 
kidney, and the urinary tract in soluble or insoluble forms, with their 
profiles and amounts varying depending on the extent of glomerular 
filtration and tubular absorption/secretion as well as the disease 
status of the kidney. Chen et al. performed one- or two-dimensional 
gel-electrophoresis to isolate urinary proteins in healthy people, 
followed by trypsinization of the excised bands in the gel and 
comprehensive mass spectrometry analysis, identifying more than 
a thousand of different proteins [35]. Thirty percent of them turned 
out to be derived from the renal tissues, whereas the other 30% was 
shown to be plasma or blood proteins such as albumin, hemoglobins, 
immunoglobulins, and other smaller proteins. Therefore, we should 
be careful that these common proteins may be increased more 
than 10-fold in glomerular diseases and hinder the analysis of the 
other target protein. Thus, in exploring biomarkers or proteome in 
the urine, the results vary depending upon the method of sample 
preparation, protein isolation and the disease state of the host 
(Fig. 9.1). It is also reported whether or not urinary sediments are 
contained in the sample may influence the result [36].

Figure 9.1 Method of Urine preparation for proteomic research

 As described above, urine contains insoluble proteins in a form 
of various cells and cellular /tissue debris, casts, and membrane 
components or vesicles, including exosomes. Among them, urinary 
exosomes have been recently examined extensively and thus will be 
described later separately.
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9.2.2.1 Database of urinary proteome

Adachi et al. performed a comprehensive proteome analysis of urine 
supernatant after simple centrifuge using LC-MS/MS in healthy 
people and identified more than 1500 proteins with nearly half 
belonging to membrane proteins, the lists of which are accessible 
on the Web [37]. Other large-scale databases for urine proteome are 
prepared by HKUPP and EuroKUP as described earlier (Table 9.1).
 To construct the database for comparative urinary proteomics 
universally available, the method of sample collection, storage and 
protein isolation should be standardized [38] and the recommended 
one has been presented on the HKUPP Web site. Thus, urine collection 
programs under the standardized procedures have recently started 
“Biobank” on a multi-center basis in many countries and also in 
Japan where the Japanese Society of Nephrology has been leading 
the program under the subcommittee on a combination of urinary 
biomarkers and the program of standardized urine collection.

9.2.2.2 Proteomic analysis of urinary exosomes and its 
problems

The exosomes are small vesicles consisting of plasma membranes 
with a diameter of 40–100 nm deriving from tubular epithelial cells 
and partly podocytes and are obtained as low-density vesicles by 
sequential ultracentrifuge of urine at 17,000g and 200,000g [39, 40]. 
Knepper’s group has been intensively performing the large-scale 
proteomic analysis for urinary exosomes [41, 42]. In 2004, Pisitkun 
et al. showed that urinary exosomes exist with apical membranes 
being inside in contrast to the inside-out endosomes and contain 
membrane proteins such as various transporters [43]. Currently, 
the databases of human urine exosomes along with protocols of 
isolation are available on the Web. Gonzarez et al. created large-scale 
phosphorylated proteomics of urinary exosomes by MS, identifying 
1132 proteins derived from epithelial cell membranes, suggesting 
that this approach could be applied to making a diagnosis of some 
genetic renal diseases [44]. Serious problems encountered in the 
urine exosome proteomics may be insufficient knowledge about 
their origins and mechanisms of the release in the urine. These are 
significant for evaluating the exosome proteome in both physiologic 
and pathologic conditions.
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9.2.3 Blood (Plasma, Serum)

Plasma is one of major targets for proteomic since the analysis is 
expected to discover biomarkers for various diseases or cancers. Blood 
or plasma is sometimes utilized for proteomic analysis searching for 
discovery of possible biomarkers of various renal diseases such as 
kidney and urinary tract malignancies and also some kidney diseases. 
The major problem for identification of minor protein components 
in plasma is the existence of large amounts of several proteins, such 
as albumin and globulins in plasma that may hinder detection of 
tiny amounts of proteins in MS analysis. To remove such abundant 
proteins, several types of columns that will efficiently adsorb the 
unnecessary ones have been developed. Recently, Salant’s group 
has discovered phsospholipase A2 receptor (PLA2R) as a possible 
causative antigen responsible for membranous nephropathy, a type 
of immune complex glomerular disease of unknown mechanism 
[45]. They made a screening of the proteins obtained from human 
glomerulus that could bind to the autoantibodies isolated from 
serum of the patients, and finally identified PLAR2 by MS.

9.2.4 Renal Cells

Proteomic analysis targeting specific cell types of the renal nephron 
compartments could more accurately elucidate the precise 
mechanism underlying the disease. In addition to just using primary 
cultured cells or cell lines in vitro, recent advances in cell sorting 
technique have allowed selective isolation of cells from urine for 
proteomics approaches. Among studies using culture cells, Rao et al. 
identified calmodulin as a high glucose–dysregulated protein from 
cytosolic and membrane subproteome of rat and human glomerular 
mesangial cells in culture [46]. Schordan et al. showed that exposure 
to high glucose altered the expression profiles of some proteins such 
as cytoskeletal proteins and specific annexins in a podocyte cell line 
by using MALDI-TOF-MS [47]. Harita et al. conducted the proteome 
analysis to investigate the mechanisms of phosphorylation of 
nephrin or other slit membrane proteins in the cultured podocytes, 
clarifying the specific phosphorylation sites by Fyn [48]. Dhihazi et 
al. surveyed the proteome in cultured rabbit thick ascending limb 
of Henle (TALH) cell lines, showing that cytoskeleton proteins, 
including vimentin, cytokeratin, and heat shock proteins such as 
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HSP70, were induced by hyperosmolarity [49]. Recently, Da Silva and 
Benton reported that in EGFR (epidermal growth factor receptor) 
transgenic mouse, the intercalated cells expressing vacuolar-type 
ATPase B1 were successfully collected by FACS, which were subject 
to subsequent proteomic analysis, suggesting the possibility of using 
selectively isolated cells for proteomic study [50].

9.3 Applications of Proteomics to Various Renal 
Diseases

The methodology for proteomic analysis shown above has been 
applied to clinical and basic investigation attempting to clarify the 
pathophysiology and discovering useful biomarkers in various 
renal diseases, including acute kidney injury (AKI), chronic kidney 
disease (CKD), diabetic nephropathy, primary and secondary 
glomerulonephritis, and graft rejection as described below.

9.3.1 Acute Kidney Injury (AKI)

Despite recent advances in the understanding of its pathophysiology, 
the incidence and prognosis of acute renal failure have not been 
improved in the last decades [51]. Thus, a new entity called acute 
kidney injury (AKI) has been advocated, aiming at a better survival 
rate particularly by an earlier diagnosis and intervention. Although 
a number of biomarkers, including cystatin C, neutrophil gelatinase-
associated lipocalin (NGAL), interleukin-18 (IL-18), and kidney 
injury molecule 1 (KIM 1), are emerging, the efforts for finding novel 
ones and also a better combination of these markers have been 
vigorously made taking advantage of proteomics and other new 
approaches [52, 53].

9.3.1.1 Animal models

Charlwood et al. found mitochondrial proteins and apoptosis-
associated molecules by analyzing the proteome of renal cortex in 
rats with AKI induced by gentamycin [54]. Zhao et al. investigated 
urinary exosomes by 2-D DIGE in a rat model of cisplatin-induced 
AKI, showing that urinary fetuin-A levels significantly increased 
two days before the increase in serum creatinine concentrations 
but not in rats with prerenal azotaemia [55]. The usefulness of 
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fetuin-A as an early AKI biomarker has been confirmed in a rat 
ischemic-reperfusion injury model and also in patients with AKI in 
the intensive care unit.

9.3.1.2 Clinical studies

Ho et al. analyzed urine proteome by SELDI-TOF-MS revealing that 
a peak of hepsidin-25 was seen only in patients not associated 
with AKI after cardiac surgery [56]. Bennet et al. showed that urine 
proteome contained an unknown peak in patients developing 
contrast media-induced AKI, whereas the peak of beta-defensin 
was not present in patients with AKI, suggesting a reno-protective 
role of beta–defensin as well as a predictive marker [57]. Metzger et 
al. examined the AKI-specific proteomic profiles in urine by CE-MS 
and showed that development of AKI could be better predicted by 
a combination of increased proteins (beta2-microglobulin, albumin, 
alpha1-microglobulin) and decreased proteins (fibrinogenα and 
collagens type1α(I) and (III)), than already known biomarkers such 
as KIM-1, IL-18, cystatin C and NGAL [58]. Such combined approach 
for serum biomarkers and urine microscopic profiles was also shown 
to be useful in predicting AKI outcomes [59].

9.3.2 Tubular Disorders

There are a limited number of proteomic studies for tubular disorders 
and electrolyte imbalance.
 As described earlier, urine exosomes are useful for the diagnosis 
of some genetic renal diseases such as Bartter syndrome, in which 
the Na,K,2Cl cotransporter was shown to be absent in urinary 
exosomes in contrast to normal subjects [44]. Cutillas et al. used 
MALDI-TOF-MS and LC-MS revealing that urine protein profiles in 
the patients with Dent’s disease, a hereditary tubular proteinuria 
caused by a mutation of chloride channel CLC5, were distinct from 
those of control subjects. High-molecular-weight proteins such as 
megalin, cubulin, EGF, and uromodulin were absent in the urine 
of the patients, whereas other proteins such as apoproteins and 
various carrier proteins were increased [60]. Vilasi et al. compared 
urine proteomes among three hereditary tubular diseases, i.e., 
Dent’s disease, Lowe syndrome (also known as Dent-2 disease) 
and autosomal dominant Fanconi syndrome of unknown origin, 
by LC-ESI MS combined with nuclear magnetic resonance (NMR). 

Applications of Proteomics to Various Renal Diseases
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They reported that Dent’s and Lowe diseases had similar profiles 
suggesting the mechanistic correlations, whereas the profiles were 
different in the autosomal dominant Fanconi syndrome [61].

9.3.3 Diabetic Nephropathy

Diabetic nephropathy is currently the leading cause of end-stage 
renal disease in many countries probably reflecting the increasing 
population of diabetes for the last several decades. Treatment 
suppressing or even preventing development of diabetic nephropathy 
is urgently needed, and various clinical/basic studies have been 
vigorously attempted for the purpose of detecting the molecules that 
are pathophysiologically important and/or of predictive values. The 
biomarkers reported thus far include the decreased levels of type IV 
collagen and E-cadherin as well as the increased levels of uromodullin 
and serum proteins such as Ca or vitamin D binding protein, 
various glycated proteins and some defense-response proteins (see 
below) [62, 63]. Those markers were identified mainly by urinary 
proteomic analysis since 2004, when Mischak first reported on the 
urine proteomes in patients with type 2 diabetes [64]. Proteomic 
studies using blood samples have been rarely conducted, but Han et 
al. recently identified an increase in glycoproteins such as lumican, 
vesicant, and retinol-binding protein-4 using multi-lection affinity 
chromatography and LC-MS/MS [65]. Thus, there are a variety of 
reports showing different results in diverse diabetic populations, 
and it will be important to carefully select such markers that are 
actually relevant and specific among those proteins proposed.
 In basic studies, Thongboonkard et al. examined proteomes 
of renal tissues in transgenic OVE26 mice in 2004, showing an 
increase in elastin and a decrease and elastase IIB, respectively [66]. 
Schnauzer et al. showed the increased levels of pro-alpha-collagen in 
streptozotocin diabetic rats by LC-MS/MS analysis [67].
 There are a number of clinical studies for urinary proteomes 
in diabetic patients mostly for the purpose of searching for early 
biomarkers [68, 69]. Rao et al. examined urine proteomics of diabetic 
patients with or without nephropathy after immunodepletion of 
abundant urinary proteins [70], showing a rise in the levels of urinary 
defense-response proteins, several glycoproteins and vitamin 
D-binding proteins according to the development of nephropathy, 
the latter being similar with the previous report by Thongboonkerd. 
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Sharma et al. identified alpha1-antitrypsin in the urine of type 
1 and 2 diabetic patients with overt nephropathy using CE and 
SELDI-TOF-MS [71]. Later, fragments of collagens are identified as a 
characteristic peak for diabetic nephropathy using MALDI-TOF-MS 
and CE-MS [72, 73]. Jiang et al. also showed the increased levels of 
urinary E-cadherin in the urine using DIGE/MALDI-TOF-MS [74]. 
Rossing et al. have intensively studied urinary proteome to detect 
potential biomarkers in the patients with type 1 and type 2 diabetes 
and found the characteristic profiles and some specific proteins [75, 
76]. They showed that fragments of type 1 collagen were decreased 
in diabetic patients but not in non-diabetic subjects with ischemic 
heart disease, suggesting the usefulness of urine proteome as a tool 
for differential diagnosis.
 Recently, longitudinal studies for urine proteomes have also 
been accumulating aimed at a discovery of diagnostic or predictive 
biomarkers in diabetic nephropathy. Otu et al. followed up Pima 
Indians with type 2 diabetes without albuminuria for 10 years, 
identifying unknown peaks only in those developing nephropathy 
[77]. Andersen and Rossing reported in a substudy of IRMA-2 for 
type 2 diabetic patients with nephropathy that the diabetes-specific 
proteome patterns were recovered by treatment with candesartan 
[78]. Merchant et al. performed the follow-up study for urine 
proteomes of type 1 diabetic patients with microalbuminuria for 
10–12 years, showing that declining renal function may be predicted 
by a combination of three decreased peptides (fragments of type 4 
and type 5 collagens and tenascin-X) and three increased peptides 
(fragments of IP2-kinase, zona occludens 3 and FAT tumor suppressor 
2) [79], suggesting the usefulness of combined approach.

9.3.4 IgA Nephropathy and Other Glomerular Diseases

Proteomic analysis has been applied to various glomerular diseases, 
including IgA nephropathy. Although renal biopsy is a gold standard 
for a diagnosis and a prediction of clinical courses and therapeutic 
responsiveness, it is an invasive technique with unignorable risk; 
thus, new biomarkers in the urine or serum will be warranted.
 In IgA nephropathy, a number of studies have been reported, 
beginning with simply analyzing urinary protein profiles of the 
patients [80]. Haubitz et al. examined urinary proteomes by CE-MS 
showing that specific patterns of 22 to 28 proteins were seen with 
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a good discrimination from other glomerular disease and healthy 
subjects [81]. Julian et al. also found the characteristic patterns for 
IgA nephropathy and purpura nephritis, both of which were distinct 
from those of healthy controls or IgA-related glomerulosclerosis in 
cirrhosis [82]. Rocchetti et al., by analyzing urine proteome in IgA 
nephropathy patients, found a set of proteins (kininogen, inter-
alpha-trypsin-inhibitor heavy chain 4 and transthyretin), which 
could discriminate the subjects with a good response to angiotensin 
converting enzyme inhibitor from unresponders [83]. Kaneshiro et 
al. examined the proteomic profiles of the serum short peptides by 
using ion exchange beads and MALDI-MS/MS in patients with IgA 
nephropathy and revealed the characteristic patterns with particular 
five peptide peaks, which may be related to the pathogenesis of IgA 
nephropathy [84].
 In other primary glomerular diseases, Varghese et al. examined 
urinary proteomes in various glomerular diseases, showing that the 
urine biomarkers were useful in diagnosing the underlying diseases 
[85]. Candiano et al. analyzed the urine and serum of 23 patients with 
various idiopathic nephrotic syndrome by MALDI-TOF-MS, revealing 
protease-induced protein modification or adduct formation in 
urinary albumin, alpha-1-antitrypsins and apolipoprotein A1, some 
of which may be derived from serum [86, 87]. Woroniecki et al. 
examined urine proteomes by SELDI-MS in children with idiopathic 
nephrotic syndrome (NS) showing that the profiles were different 
between patients with steroid-sensitive and steroid-resistant 
NS [88]. Musante et al. reported that plasma albumin was highly 
oxidized in focal segmental glomerulosclerosis (FSGS), with cysteine 
34 residues substituted by the oxidized form bound to sulfonic group 
in the relapsing phase, suggesting the involvement of free radicals 
[89].
 In secondary glomerular diseases, Mosley et al. identified 
unknown peaks specific for active lupus nephritis in a cross-sectional 
analysis for urine proteome [90]. Also, Zhang et al. examined urinary 
proteomic profiles using weak cation exchange chips and SELDI-
TOF-MS for 145 samples of 19 lupus nephritis patients, showing 
that the levels of hepcidin 20 were increased and those of hepcidin 
25 decreased before or at renal flare, in addition to the increase in 
fragments of alpha1-antitrypsin and albumin [91]. As described 
above, Sethi et al. used LCM from FFPE biopsy samples of patients 
with various membranoproliferative glomerulonephritis, including 
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dense deposit disease (DDD, also known as MPGN type II). They 
showed that precursors of C5-9 complements, particularly C9, were 
uniformly detected, but immunoglobulin was absent in DDD, whereas 
complement-regulating factors such as clusterin, vitronectin, factor 
H regulator 1 (FHR1) were seen in not only DDD but other immune 
complex-mediated glomerulonephritis [27]. Haubits et al. examined 
urine proteomes for the patients with anti-neutrophil cytoplasmic 
antibody (ANCA)-associated vasculitis (AAV) by CE-MS, identifying 
113 potential biomarkers that were specific for AAV, 58 of which 
were sequenced and proved to be hemoglobin fragments. The 
association with disease activity was confirmed for 18 out of those 
proteins, suggesting the usefulness of such approach as a diagnostic 
and monitoring tool [92].

9.3.5 Chronic Kidney Disease and Dialysis Patients

Chronic kidney disease (CKD) has been classified into five stages 
according to the estimated glomerular filtration rate (eGFR) and is 
also stratified depending on a degree of albuminuria. The populations 
with CKD, including those on dialysis, are increasing and are known 
to have high cardiovascular and renal risks even in the early stage of 
microalbuminuria. Although several biomarkers other than GFR and 
albuminuria have been advocated, only a few have become utilized 
in clinical practice [93]. Thus, proteomic analysis is performed 
mainly aimed at exploring the better and novel biomarkers with 
diagnostic, predictive, and pathophysiological relevance. In addition, 
the analysis of uremic toxins in pre-dialysis and dialysis patients has 
been conducted by use of proteomics [94].
 In animal studies, Xu et al. analyzed glomerular proteomes in the 
5/6 nephrectomized rats, showing that sclerotic glomeruli could be 
clearly distinguished from nonsclerotic ones by glomerular proteomic 
patterns [24]. Later, Porthoff et al. examined glomerular proteins 
from 5/6 nephrectomized rats by LC-ESI-MS, showing an increase 
in galectin-1 and dimethylarginine dimethylaminohydrolase 1 
(DDAH) and a decrease in merprin-alpha in sclerotic glomeruli [95]. 
Toyohara et al. analyzed urine and plasma proteome by CE-MS/HPLC 
in transgenic rats for organic transporters in renal proximal tubules 
[96]. Uremic toxins such as guanidinosuccinate (GSA), asymmetric 
dimethylarginine (ADMA) and trans-aconitate were decreased, in 
contrast to indoxyl sulfate and citrulline, as compared to control 
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rats, suggesting the role of the organic transporters in preventing 
accumulation of those anions. Furthermore, the transporters were 
shown to be upregulated by HMG-CoA reductase inhibitors and so 
may be a promising candidate for the treatment of uremia.
 In clinical studies for pre-dialysis diseases, Zurbig et al. analyzed 
low-molecular-weight urinary proteomes in CKD patients of various 
ages, showing that high resemblance between aging kidney and 
CKD; thus, it is suggested that the reduced proteolytic activity may 
be involved in human renal aging [97]. Good et al. have constructed 
the large-scale database of urine proteome using CE-MS in 3600 
subjects with a wide variety of glomerular, vascular, and tubular 
renal diseases, revealing the characteristic patterns for CKD patients 
[98].
 For dialysis patients, Langlois et al. showed using SELDI-TOF-
MS that serum peptide proteomes were considerably different in 
patients on hemodialysis from those with healthy controls [99]. 
Dihazi et al. compared dialysis efficiency between high-flux or low-
flux membranes for hemodialysis and peritoneal dialysis (PD) by 
using 2D-PAGE/SELDI-TOF-MS, showing the differential protein 
profiles, with toxic middle molecules more efficiently removed by 
high-flux filters [100]. Molina et al. analyzed protein profiles for 
dialysis effluents using LC-MS/MS, identifying novel 292 proteins 
that had not been known as serum uremic toxins [101]. Tomosugi 
et al. found using SELDI-TOF-MS the characteristic peaks of hepcidin 
in the serum of hemodialysis patients by SELDI-TOF-MS analysis and 
developed the method of quantifying hepcidin 25 [102]. Kemna et al. 
also used SELDI-TOF-MS to measure the concentrations of hepcidin 
in serum and urine [103]. In continuous ambulatory PD (CAPD) 
patients, Sritippayawan et al. analyzed protein profiles of peritoneal 
dialyzate using 2D-PAGE and ELISA, showing that the levels of 
the particular five proteins varied depending on the transport 
characteristics of peritoneal membranes determined by peritoneal 
efficiency test (PET) [104]. Interestingly, the levels of kappa light 
chains were continuously high after episodes of peritonitis.

9.3.6 Renal Allograft Rejection

To prevent graft loss after renal transplantation, it is crucial to make 
a correct diagnosis of acute and chronic rejection as early as possible, 
which may allow prompt interventions leading to improved graft 
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survival. Although renal biopsy is a gold standard for the diagnosis, 
it is associated with a risk of complications; thus, the development 
of non-invasive approaches is warranted [105]. Urine biomarkers 
have been investigated since 2004, when Schaub et al. reported the 
comprehensive proteome analysis of the urine in post-transplant 
patients with acute graft rejections. They found fragments of beta-2 
microglobulin in the urine of the affected patients [106, 107], but 
later it turned out that it was not necessarily specific for graft 
rejection but rather a universal marker for tubular injury. SELDI-TOF-
MS analysis by O’Riordan et al. revealed two specific peptide peaks 
for acute rejection which were subsequently identified as alpha-1-
antichymotrypsin and a variant of beta-defensin 1 [108]. Recently, 
Ling et al. analyzed urinary peptidomics using MALDI-TOF-MS with 
multiple reaction monitoring, suggesting that a panel of proteins 
that increased (collagens type 1 and 3, MMP-7 and serpin G1) and 
decreased (uromodullin) may be a predictive biomarker with a 
high specificity and sensitivity [109]. This was confirmed later by 
Signdel using LC-MS/MS [110]. Metzger et al. identified collagen 
fragments as an early marker for acute rejections by an examination 
of urinary proteomics and showed the involvement of MMP-8, which 
is a molecule reflecting an infiltration of T-cells into the peritubular 
capillaries in the initial phase of acute rejection [111].
 In chronic allograft rejection, SELDI-TOF-MS analysis of urine 
proteome revealed characteristic peaks, one of which proved 
to be endorepellin, C-terminal fragments of perlecan [112], and 
furthermore were shown to be increased prior to an increase in 
serum creatinine. Quintana showed that chronic active antibody-
mediated rejection and pure interstitial fibrosis /tubular atrophy 
could be well discriminated by urinary proteomic profiles, among 
which the two specific peptides, uromodullin and kininogen, were 
particularly useful with high specificity [113, 114].
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Aging is a biological process that occurs in every living organism at 
the cellular and molecular level. However, the molecular mechanisms 
of aging are poorly understood yet. Aging-related protein alterations 
are implicated in the functional deterioration of cells, tissues, and 
organs in aged individuals. Proteomic investigations into the aging-
related protein alterations have been thought to be an effective 
approach to the molecular mechanisms of aging.
 Replicative aging has been studied as a model of cellular aging 
in which normal mitotic cells may divide a limited number of times, 
eventually undergoing a growth arrest termed cellular senescence 
[1–3]. Protein alterations occurring in the replicative aging were 
first profiled by 2-D gel-based proteome analysis in the normal 
human diploid fibroblast line TIG-3 [4]. The replicative aging-related 
variations of protein expression could be categorized into five 
patterns as a result of the comparative image analysis of protein spots 
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on 2-D gel maps. Among them the most interesting variation was the 
transitional increase at around 60 PDL (population doubling levels), 
after that the doubling time of the cell population was extended in 
a logarithmic scale. The spots of stathmin, Hsp60, Hsp70, TCTP, and 
SOD1 showed such transitional increase suggesting the involvement 
in the molecular process of replicative aging. The database have been 
constructed on the aging-related protein alterations, and opened for 
free access at the URL http://www.proteome.jp/2D/Fibro/humfb_
menu.html.
 In the other aspect, terminally differentiated cells in the post-
mitotic state show a distinct phenotype of functional cell aging. 
Damage accumulated in the cells under oxidative stress is implicated 
in functional cell aging and in geriatric disorders such as vascular 
and neurodegenerative diseases. The comprehensive analysis was 
performed on the aging-related protein alterations in mouse brain 
tissues by Tsugita et al. [5] first, in which five regions at five ages 
from the 10th week to the 24th month were compared by 2-D gel 
electrophoresis. Over 1,000 protein spots were detected by silver 
staining, and 17 protein spots were found varying in quantity in the 
course of aging. Among them, the age-dependent decrease was found 
in histone H3 spot of pI 5.5, suggesting the involvement of the hyper-
acetylated form of histone H3 in the mechanism of hippocampal 
aging.

10.1 Introduction

Biological aging is an inevitable process in which functional 
deterioration gradually proceeds in almost all tissues and organs 
throughout the individual life span, especially after maturation. 
Aging-related alteration appears in both mitotic and post-mitotic 
cells.
 Replicative aging is a typical phenotype of cellular aging in 
which normal mitotic cells count the number of times they have 
divided, eventually undergoing a growth arrest termed cellular 
senescence. The reduced mitotic potential of replicative cells in 
reproductive tissues may cause age-dependent impairment of tissue 
regeneration.
 The replicative aging of normal human diploid fibroblasts was 
first found by Hayflick and Moorhead [1, 2] and recommended as 
a model of cellular senescence. The shortening of telomere, found 

http://www.proteome.jp/2D/Fibro/humfb_menu.html
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in the process of replicative aging by Harley et al. [3], is the major 
event counting the number of replication, however, not all the 
phenotypes of senescent cells, such as reduction in cell migration 
[6], accumulation of auto-fluorescent proteins and enlargement of 
cell size, could be ascribed to the shortening of telomere.
 The human diploid fibroblast strain TIG-3 [7] established in Tokyo 
Metropolitan Institute of Gerontology has also a finite life span that 
is defined by the limited number of times the cell can divide, even 
under an optimal culture condition, unless otherwise immortalized. 
The replicative aging of TIG-3 was thought to be useful model for 
comprehensive profiling of aging-related proteome alterations.
 2-D PAGE [8, 9] has been widely used in various fields of research 
for detecting protein alterations in biological processes such as cell 
differentiation, immortalization and aging. Celis and co-workers [10] 
established their original 2-D gel protein database of MRC-5 human 
embryonal lung fibroblast, which was applied to the quantitative 
profiling of polypeptides of which relative abundance differed 
between quiescent, proliferating, and SV40-transformed cells [10]. 
However, no database describing age-related protein alterations 
have been established yet. Thus, we decided to construct our original 
2-D gel-based proteome database upon replicative aging of TIG-3 
[4]. The clickable map of protein spots was prepared from silver-
stained 2-D gel images. The data of relative abundance of proteins 
were linked to the image map.

10.2 Two-Dimensional Gel Electrophoresis 
(2-DE)-Based Quantitative Proteome 
Analysis of Replicative Aging

Two-dimensional (2-D) gel electrophoresis-based quantitative 
proteome analysis is appropriate for screening of protein alterations 
in both expression level and posttranslational modification 
appearing in replicative aging of mitotic cells, and functional aging 
of post-mitotic cells.
 In our studies on replicative aging-related proteome, proteins 
extracted from normal human diploid fibroblast TIG-3 cells at 
various population doubling levels (PDL), were separated by 
isoelectric focusing on a strip of immobilized pH gradient (IPG-IEF) 
in the first dimensional direction, then dissolved by sodium dodecyl 
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sulfate electrophoresis on a polyacrylamide gel slab (SDS-PAGE) in 
the second-dimensional direction. Protein spots were stained with 
silver and quantitated by image processing. Corresponding protein 
spots were matched across all 2-D gel images, and the profiles in 
quantitative alteration of each protein spots in the course of cellular 
aging were categorized into five patterns, (i) simple increase, (ii) 
simple decrease, (iii) decrease after transient increase, (iv) increase 
after transient decrease, and (v) irregular or no significant variation. 
The results of the aging related proteome analysis were stored in our 
original database, TMIG-2DPAGE, in which the information about 
the relative abundance of each spots determined by the quantitative 
2-D gel image analysis was managed.
 An alternative “gel-free” method based on LC shotgun MS has been 
also developed for quantitative proteome analysis [11, 12]. However, 
major parts of the information about the real protein structure 
including multiple post-translational modifications have been lost 
in the process of tryptic digestion. In our preliminary studies, many 
spots of different pI and molecular mass were assigned to a common 
gene product by Mascot search, suggesting they are processed by 
multiple post-translational modifications. This was the reason why 
we decided to use the 2-D gel-based method for analyzing age-
related proteome.

10.2.1 Preparation of Cell Proteins for Analyzing 
Replicative Aging

TIG-3 human fetal lung diploid fibroblasts line established in 
our institute [7] was employed in the proteomic investigation 
on replicative aging. The cell line had been confirmed free from 
mycoplasma contamination. The karyotype of the cell line was 
analyzed by Matsuo et al. [7]. The cells were serially subcultured in 
Eagle’s basal medium (BME, GIBCO) supplemented with 10% fetal 
bovine serum (FBS) by a standard method of 1:4 splitting throughout 
the in vitro life span. The cell line showed the replicative senescence 
around 76–80 PDL in the culture condition.
 Cells at various PDLs were grown to be 70–80% confluent. 
After rinsing with phosphate-buffered saline, cells were harvested 
by scraping with a plastic scraper without using trypsin. The cell 
suspension was transferred to a microfuge tube, and supplemented 
with urea (8 M), 2-ME (3%), SDS (0.02%) and Triton X-100 (0.1% 
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in final concentration). Cells were disrupted by ultrasonication, and 
the supernatant was removed by centrifugation.

10.2.2 Two-Dimensional Gel Electrophoresis

In our studies on replicative aging, 2-D gel electrophoresis was 
performed mainly according to the ISO-DALT method with slight 
modifications reported in our previous paper [4]. The original 
method of high-resolution two-dimensional gel electrophoresis 
(2-DE), established by O’Farrell [8], is a powerful tool for resolving 
hundreds of proteins in a crude sample as isolated spots. The 
spots can be quantified by image analysis and identified by mass 
spectrometry. In the first dimension, proteins were resolved by 
isoelectric focusing (IEF) in accordance with their net charge. In the 
second dimension, the proteins were further separates by SDS-PAGE 
depending on their molecular mass.
 An improved method of 2-DE, ISO-DALT, established by Görg 
[9] was performed in our studies on replicative aging-related 
proteome, in which isoelectric focusing was carried out on a gel 
strip of immobilized pH gradient in the first dimension (IPG-IEF). 
IPG-IEF has a critical advantage over the conventional method of 
isoelectric focusing in which pH gradient was generated using carrier 
ampholytes. The un-immobilized pH gradient is not stable and drifts 
toward the cathodic direction in a long term focusing.
 After the IPG-IEF gel strip was equilibrated with SDS-containing 
buffer, and fixed on the top of a slab gel for SDS-PAGE in the second 
dimension. In the second-dimensional SDS-PAGE, proteins are 
further separated according to their molecular mass.

10.2.3 Silver Staining and CBB Staining of 2-D Gel

2-D gel-based quantitative proteome research relies on methods 
for in-gel protein detection. After 2-DE, an appropriate method 
in visualizing protein spots on a 2-D gel should be carried out 
for assuring the quantitative analysis. Staining with Coomassie 
Brilliant Blue (CBB) [13] has been used as the most reliable method 
for quantitative visualization of protein spots on a 2-D gel. CBB 
is thought to bind to proteins through electrostatic interactions 
between the sulfonic groups of the dye and the basic side groups 
of amino acids [13, 14]. However, the sensitivity of CBB-stain is 
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not high enough for detecting low abundant protein spots on an 
analytical 2-D gel in which a limited amount of protein sample could 
be subjected to the analysis. Silver staining [15] has been developed 
as an alternative method for visualizing proteins in polyacrylamide 
gel with the significant advantage in sensitivity over CBB staining. 
The original methods of silver staining, in which glutaraldehyde 
was used as cross-linking reagent, could not be applicable to gels 
for mass-spectrometric protein identification. Mass spectrometry 
(MS)-compatible silver staining [16] has been developed, in which 
glutaraldehyde treatment was omitted. However, the MS-compatible 
silver staining compromises sensitivity in detection. Thus, in 
our research on replicative aging-related proteome, we decided 
to use the modified procedure of silver staining [17] with slight 
modifications for achieving the enhanced uniform sensitivity and 
acceptable linearity in the dynamic range a standard method of silver 
staining in which glutaraldehyde-based sensitizes in the fixing and 
sensitization step was performed to achieve an adequate sensitivity 
and dynamic range for quantitative proteomics.
 The 2-D gel, on which higher amount of protein sample was 
separated for protein identification, was stained with Coomassie 
Brilliant Blue (CBB).

10.2.4 Quantitative Analysis of Protein Spots by Image 
Processing

Image analysis of two-dimensional gels is a crucial step in a proteomic 
workflow and has a direct impact on obtained qualitative and 
quantitative data. Various types of computer software for achieving 
the quantitative analysis of protein spots were primarily developed 
on DEC minicomputers and SUN workstations for institutional/
academic use [18–20]. After maturation of the development, some of 
the software, including PDQuest, used in our research, was released 
commercially from PDI.
 The specific imaging system should be for digitizing the 2-D 
gel images, visualized by staining with silver, fluorescent dyes or 
CBB. The silver-stained gel images obtained in our research were 
acquired by using a flat-bed scanning densitometer and digitized 
on the PDQuest software. Before the software automatically detects 
the protein spots on a 2-D gel, the noise in the raw image data was 
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reduced by smoothing; the gel background was subtracted by the 
“rolling ball” method. PDQuest software models protein spots 
mathematically as 3-D Gaussian distributions and uses the models 
to determine absorption maxima. The hit rate of automatic spot 
detection is highly dependent on the quality of the 2-D gels.
 The next step in 2-D gel evaluation is the identification of 
proteins that are present in all gels of a series of a comparative 
analysis. Before the software can detect and document matching of 
different spots, a number of landmarks, or identical spots in the gel 
series, must be manually identified. The results of the automatic gel 
comparison require verification, as does automatic spot detection. 
The quantitative analysis of the aging-related protein variations 
among gels are performed using the data of relative abundance that 
was normalized in comparison to the total amount of protein on 
each gel.

10.2.5 Protein Identification

For protein identification, 2-D gel electrophoresis was performed in a 
preparative scale using a higher amount of protein sample prepared 
from pooled TIG-3 cells at various passages of subculture. Protein 
spots were visualized by CBB staining and matched to silver-stained 
spots on analytical gel.
 The spots on the CBB-stained gel for protein identification were 
matched to corresponding spots on the silver-stained analytical 
gel. CBB-stained protein spots were excised and subjected to in-
gel tryptic digestion. Alternatively, CBB-stained spots were re-
solubilized and transferred to PVDF membrane for on-membrane 
Lys-C digestion. The monoisotopic masses of peptides, digested with 
trypsin or Lys-C, were analyzed by using MALDI-TOF MS and ESI-Q-
TOF MS systems for protein identification by MASCOT search.

10.2.6 Expression Profiling of Protein in Normal Human 
Diploid Fibroblasts, TIG-3, with Replicative Aging

Cellular proteins extracted from TIG-3 at 15, 40, 65, 74, 76 and 78 
PDL were separated by 2-DE and 468 spots were detected by silver 
staining. The relative abundance of matched protein spots were 
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quantitatively compared among gels, and the replicative aging-
related protein variations were categorized into five patterns: (i) 
simple increase, (ii) simple decrease, (iii) decrease after transient 
increase, (iv) increase after transient decrease, and (v) irregular or 
no significant variation.
 The database of 2-D gel based quantitative proteome analysis 
on the replicative aging-related protein variation was constructed 
in a Web server, on which categories of the aging-related protein 
variations were indicated in pseudocolor on the clickable map as 
shown in Fig. 10.1.

Figure 10.1 Clickable 2-D gel image map of replicative-aging related 
proteome database.
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10.3 Proteome Research on Post-Mitotic Cell 
Aging in Brain Tissues

Age -related protein alterations appeared in mouse brain tissues 
have been investigated as a model of post-mitotic cell aging in vivo 
by 2-D gel-based proteome analysis. The brain is situated in the 
center of the cerebrospinal nervous system in mammals. The brain 
consists of three main structures: the cerebrum, the cerebellum and 
the brainstem. Continuing from the brainstem is the spinal cord 
with cervical, thoracic, lumbar, and sacral regions and peripheral 
nervous system. We chose the mouse because it is a well-established 
experimental animal, adequate for preliminary human research. It 
has served as a model for various human diseases with valuable 
results already applied to clinical diagnoses and treatments of 
various diseases. Accordingly, genome analyses have already been 
being carried out with mice even in relation to human cerebrospinal 
diseases and aging. We pursue proteome analysis of mouse 
brain in view of different· anatomic areas, aging, processed and 
cerebrospinal diseases of normal and genetic traits. Mouse brain 
proteins were isolated from five regions—cerebellum, cerebral 
cortex, hippocampus, striatum, and cervical spinal cord—at five ages 
from the 10th week to the 24th month and separated by 2-DE. Over 
1,000 protein spots were visualized by silver staining and quantified 
by image processing. In the analyses, 58 protein spots were 
distinguishable among the above five brain regions and 17 proteins 
varied in quantity in the course of aging. Partial amino-terminal 
sequences and/or internal sequences for a total of 301 protein 
spots were analyzed. One hundred and eighty proteins appeared to 
have blocked N-termini and 122 proteins were identified. Twenty-
seven new proteins were identified by sequence homology search. 
A mouse brain proteome database was constructed, which consisted 
of the 2-DE map images and the respective spot data files with 15 
related references.

10.3.1 Preparation of Tissue Proteins for Analyzing 
Post-Mitotic Cell Aging

Male mice of C57BL/6 strain at 10 weeks, 3 months, 6 months, 12 
months, and 24 months after birth were used. Special care was 
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taken to avoid proteolytic degradation of brain proteins. Cerebellum, 
cerebral cortex, hippocampus, striatum and spinal cord were quickly 
removed from the head of the mice after dipping the whole body into 
liquid nitrogen for 10 sec, near freezing. Each tissue was homogenized 
with 9.8 M urea, 2% w/v NP-40, 2% v/v Pharmalyte, 100 mM DTT, 
0.5 µg/ml E-64, 0.5 mM PMSF, 40 µg/ml TLCK, 1 mg/ml aprotinine, 
10 mg/ml chymostatin, 0.5 mM EDTA, and 0.01% w/v bromophenol 
blue. After incubation at 37°C for 1 h, tissue protein extract for 
2-DE was removed by centrifugation. The protein concentration the 
sample solution was adjusted to 0.14 mg/ml for silver staining, and 
1.4 mg/ml for protein identification.

10.3.2 2-D Gel Electrophoresis

The first-dimensional IPG-IEF was carried out on rehydrated 
DryStrip (18 cm long, non-linear gradient pH3-10) in a horizontal 
electrophoresis system, at 500 V for 1 h, 1,000 V for 1 h, and finally 
8,000 V for 6 h. After the IPG-IEF, the IPG strip was equilibrated at 
room temperature for 30 min with 50 mM Tris-HCl, pH 6.8, 6 M urea, 
3% SDS, 50 mM DTT, and 0.01% BPB. The second-dimensional SDS-
PAGE was performed on a 12.5%T running gel (230 × 225 × 1 mm) 
without the stacking gel.

10.3.3 Visualization of Protein Spots by Staining

Silver stain was carried out using a 2-D silver-stain kit “DAIICHI” II 
with slight modifications for quantitative image analysis. Proteins 
were fixed first with 30% methanol, 10% acetic acid containing 
0.0025% thiourea for 15 min, then treated 50% methanol, 0.05% 
DTT, 0.1% glutalaldehyde, and 0.024% thiourea for 10 min prior 
to treatment with ammoniacal silver nitrate solution. Protein spots 
were visualized in a developer solution containing 0.005% sodium 
citrate and 0.02% formaldehyde.
 The 2-D gel for protein identification was stained with Coomassie 
Brilliant Blue (CBB).

10.3.4 Quantitative Spot Analysis by Image Processing

2-D gel images on silver/CBB stained gels were acquired with a 
scanning densitometer. The digitized image data were analyzed 
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using PDQuest software in almost the same procedure performed 
in the analysis of replicative aging-related proteome as already 
mentioned in the text.

10.3.5 Expression Profiling of Protein in Mouse Brain 
with Aging

To investigate aging-related protein variations in the mouse brain 
during the course of aging, proteins in extract prepared form mouse 
brain at five decreased just after and 24th month. The hippocampus 
showed five spots, all of which continuously decreased after the 
10th week. The striatum had two spots that continuously increased 
after the 6th month. The cervical spinal cord showed five spots, two 
of which decreased just after the 3rd weeks, while another spot 
increased after the 6th month and counting to increase until the 
24th month, and two other spots increased after the 12th month 
until 24th month. These changes in five regions of the brain are 
schematically illustrated in Fig. 10.2. Among them, spot 303 was 
identified as histone H3.

Figure 10.2 Schematic view of aging-related protein variation in mouse 
brain tissues.
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11.1 Introduction

Protein phosphorylation is one of the most significant signal 
transduction mechanisms by which intercellular signals regulate 
crucial intracellular processes, and thought to play important roles 
in the biological aspects in the cells. Protein kinases phosphorylate 
their substrate proteins, and also can be regulated by activator 
proteins, inhibitor proteins, ligand binding to regulatory subunits, 
cofactors, and phosphorylation by other proteins or by themselves. 
Kinase inhibitors regulate phosphorylation in the network of 
proteins and make different phosphorylation status in the pathway, 
which potentially distinguishes the biological output of the cells. 
Also, kinase inhibitor drugs are used as an important class of new 
targeted therapeutics in oncology field with the clinical success of 
several kinase inhibitors including Gleevec and Sutent. The analysis 
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of the phosphorylation status of the tumor cells would give the 
fruitful information to know mechanism of the tumor cell growth 
and proliferation. However, detailed molecular understanding 
of protein phosphorylation is limited. Previously, we performed 
phosphoproteomic analysis in the presence or absence of nocodazole, 
a known microtubule-interacting agent, in three distinct tumor cell 
lines (HeLa, HCT-116, and NCI-H460) and found that 14 proteins 
were phosphorylated in all three tumor cell lines only as a result 
of treatment with nocodazole [1]. In this session, we would like to 
explain the example of phosphoproteomic analysis with tumor cells 
and the application for biomarker candidates.

11.2 Proteomic Analysis of Phosphorylated 
Peptides

Proteomic analysis was carried with liquid chromatography–tandem 
mass spectrometry (LC-MS/MS) after enzymatic digestion of the 
proteins to digested peptides in the bottom-up proteomics. Especially, 
the enrichment of phosphorylated peptides enables to analyze 
phosphopeptides with LC-MS/MS in this decade. Titanium dioxide, 
immobilized metal affinity chromatography (IMAC), and other 
metal-based affinity chromatography were widely used to enrich 
phosphorylated peptides. [2–8] The cells were lysed by sonication 
and the proteins digested with trypsin followed by enrichment of 
the phosphorylated peptides with these affinity chromatography. 
In our laboratory, the lysate was applied on MassPREPTM (Waters, 
Ma), which is aluminum-based affinity chromatography, according 
to the manufacturer’s protocol. On the analysis of phosphopeptides 
in mass spectrometer, neutral loss, which is the prior dissociation of 
phosphates from the parent mass in collision-induced dissociation, 
is frequently observed. A pseudo MS3 scan, also referred to as 
“multiple activation,” enables the analysis of neutral loss peptides 
and enhances detection [9]. Combined with recent advances in 
mass spectrometry, these technological advances have allowed the 
identification of hundreds to thousands of phosphorylation sites in 
a proteome [10–17].
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11.3 Phosphoproteomic Analyses of Three 
Distinct Tumor Cell Lines

Two independent analyses of three distinct tumor cell lines (HeLa, 
HCT-116, and NCI-H460) with or without nocodazole treatment 
were performed. The number of identified phosphopeptides was sig-
nificantly lower in HeLa cells (237 phosphopeptides assigned to 169 
phosphoproteins), compared with HCT-116 (648 phosphopeptides 
assigned to 361 phosphoproteins) or NCI-H460 (664 phosphopep-
tides assigned to 393 phosphoproteins) (Fig. 11.1). When cells were 
treated with nocodazole, the number of identified phosphopeptides 
increased remarkably in HeLa cells (600 phosphopeptides assigned 
to 359 phosphoproteins) and slightly in NCI-H460 cells (712 phos-
phopeptides assigned to 405 phosphoproteins) but decreased in 
HCT-116 cells (400 phosphopeptides assigned to 250 phosphopro-
teins) (Fig. 11.1). Thus, phosphorylation status and changes in re-
sponse to nocodazole differed among cell lines. Of the 152 phospho-
proteins that were common to all three cell lines with nocodazole, 
13 were not identified from any of the cell lines without nocodazole. 
In contrast, there were no common phosphoproteins present only 
without nocodazole treatment.

Figure 11.1 Phosphoproteomes of HeLa, HCT-116, and NCI-H460 cells with 
or without nocodazole treatment. Number of phosphopeptides 
identified in three tumor cell lines with or without nocodazole 
treatment. Each sample was analyzed twice.
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 In total, 1,570 unique phosphopeptides were identified 
from the analyses and 726 phosphoproteins with unique gene 
identification (gi) numbers were assigned; 1,196 (76%) of mono-
phosphorylated, 349 (22%) of di-phosphorylated, and 25 (2%) of 
tri- and more phosphorylated peptides were identified, and then, 
1,525 phosphorylation sites were determined in this study (Fig. 
11.2A); 1,472 (96.5%) of phosphorylated sites were unambiguously 
assigned exact sites in the peptide sequences from manual 
inspection, whereas the remaining phosphorylation events mapped 
to a few possible serine, threonine, or tyrosine residues in peptide 
sequences. The distribution of phosphorylation sites was 88%, 11%, 
and 1% for phosphoserine, phosphothreonine, and phosphotyrosine, 
respectively. Thus, the majority of the identified phosphoproteins 
were either phosphoserine or phosphothreonine (Fig. 11.2B). This 
is consistent with the reported phosphoamino acid content ratio 
(pSer:pThr:pTyr) of a vertebrate cell of 1800:200:1 [18].

2P, 349, 22%
≥3P, 25, 1%

1P, 1196, 77%

pThr, 215, 11%

pSer, 1730, 88%

pTyr, 29, 1%

BA

Figure 11.2 Characterization of the identified phosphopeptides: (A) 
Number of phosphorylation sites on each phosphopeptide. 
(B) Ratio of phosphorylated amino acid: serine, threonine, and 
tyrosine.

11.4 Functional Annotation of the Identified 
Phosphoproteins

The biological processes and molecular functions of identified 
proteins were annotated according to the ingenuity pathway analysis 
(IPA ; 693 proteins (95%)) among the 726 identified phosphoproteins 
(Fig. 11.3). The IPA subset identified the numbers of proteins 
and their biological function, including transcription regulators 
(64), translation regulators (14), kinases (36), phosphatases (9), 
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peptidases (13), other enzymes (89), transporters (33), ion channels 
(3), transmembrane receptor/G-protein coupled receptors (4), 
cytokine/growth factors (3), a nuclear receptor (1), and others. And 
the IPA subset included the numbers of proteins involved in various 
biological processes including cell death (138), cellular growth and 
proliferation (112), gene expression (111), cell cycle (100), cell 
morphology (81), DNA replication, recombination, and repair (71), 
cell signaling/cell-to-cell signaling (65), RNA post-transcriptional 
modification (58), cellular movement (43), cellular development 
(36), molecular transport (32), nucleic acid metabolism (27), protein 
synthesis (26), protein trafficking (19), lipid metabolism (10), energy 
production (10), RNA trafficking (9), post-translational modification 
(8), RNA damage and repair (1), and others (Fig. 11.4A,B).

Cytoplasm, 224, 32%

Plasma membrane,
50; 7%

Extracellular, 7; 1%

Unknown, 127; 18%

Nucleus, 285; 41%

Subcellular localization:
693 proteins mapped (IPA)

Figure 11.3 Subcellular distribution of the identified phosphoproteome in 
all three tumor cells classified according to IPA.

 In comparison of the functional annotations of each phospho-
proteome set obtained from the different cell lines with or without 
nocodazole treatment, the percentage of proteins in each phospho-
proteome in most of the annotation groups was relative to the total 
number of phosphopeptides but varied among cell lines and in the 
presence or absence of nocodazole (Fig. 11.5A). However, some func-
tional groups showed changes characteristic to nocodazole-treated 
cells in all three cell lines. The number of proteins identified with 
cell morphology, nucleic acid metabolism, and energy production 
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showed an increase in all of the nocodazole-treated cell lines on the 
IPA analysis (Fig. 11.5A). In addition, the cell cycle G2/M checkpoint 
was remarkable in all nocodazole-treated cells, although instances 
of other functions such as apoptosis signaling, calcium signaling, cell 
cycle G1/S checkpoint, inositol phosphate metabolism, and cAMP-
mediated signaling differed among the cell lines (Fig. 11.5B).

11.5 Phosphorylation Status of Signaling 
Proteins and Representative Proteins and 
Changes upon Nocodazole Treatment in 
Three Tumor Cell Lines

The phosphopeptides of the signaling proteins include PDPK1, 
PTK2, CRK, SRC, FYN, PKA, elongation factor-2 kinase, EphA2, GSK3, 
IGF2 receptor, Erk2, MEK1, Pak2, Src, FAK, STK39, STK4, Crk, Raf, 
Yes, and WASP. The phosphorylation of PDPK1 S241 is known to be 
an autophosphorylation site and to induce enzymatic activation, 
and HNRPK (heterogeneous nuclear ribonucleoprotein K, hnRNP-K) 
S216, S284, and Y380 are known to be phosphorylated by c-Jun 
N-terminal kinase (JNK), PKC δ, and Src, respectively. Furthermore, 
MAPK1 (extracellular signal-regulated kinase 2, Erk2, also called 
MAPK) T185 and Y187, SRC S75, ARAF (Raf) S582, and WASL Y256 
are known to be phosphorylated by MEK1, CDK, AMP-activated 
protein kinase/PKA, and FAK, respectively (Table 11.1). Especially, 
the phosphorylation of HNRPK S216 increased with nocodazole 
treatment in all three cell lines (Table 11.1), suggesting that JNK was 
activated upon nocodazole treatment. However, the phosphorylation 
of Src S75 was identified only in nocodazole-treated NCI-H460 
cells, and the phosphorylation of STK39 (serine threonine kinase 
39) S385 was identified only in non-treated HCT-116 cells (Table 
11.1). The phosphorylation of HNRPK S284 was most significant in 
nocodazole-treated HeLa cells compared with the other cell lines 
(Table 11.1). It should be noted that those differences may have 
possibly derived from variations in the LC-MS analyses; even so, the 
results suggest that the activation state of the signal cascades and 
the effect of nocodazole were distinctive among cell lines. Also, the 
phosphorylation status and changes with nocodazole treatment of 
representative M-phase proteins (Table 11.1) annotated to either 
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mitosis by GO or G2/M transition by IPA, and some interested 
proteins such as microtubule-associated proteins (MAPs), kinesin, 
and lamins were examined. The phosphorylation of lamin B1 and 
B2 (LMNB1 and LMNB2), including T20 and S23, and T14, S17, and 
T19, respectively, was found to be more frequent in the nocodazole-
treated cells compared with the cells without nocodazole treatment 
(Table 11.1). Likewise, the phosphorylation of stratifin (SFN) S248 
was found only in the nocodazole-treated cell lines (Table 11.1). 
In contrast, the phosphorylation of kinesin family member 21A 
(KIF21A) S1649 was found in the cells without nocodazole treatment 
but not in the nocodazole-treated cells (Table 11.1). Although there 
were a few examples of protein phosphorylation with similar 
changes in all three nocodazole-treated cell lines, most of the mitotic 
protein phosphorylation with nocodazole treatment differed among 
the cell lines (Table 11.1).

11.6 Nocodazole-Induced Phosphoproteins 
Common to Three Distinct Tumor Cell 
Lines

The activation state of signaling molecules and regulation of 
M-phase proteins were distinctive among the cell lines. Nevertheless, 
some proteins were phosphorylated in all three tumor cell lines 
only as a result of treatment with nocodazole (Table 11.2). The 
phosphorylation of nucleophosmin 1 isoform 2 (NPM1) S225 
corresponding to nucleophosmin 1 isoform 1 S254 and coatomer 
protein complex, subunit alpha isoform 1 (COPA) S173, were 
identified in all independent LC-MS analyses of the nocodazole-
treated cells (Table 11.2).

11.7 A Time Course Analysis of Nocodazole-
Induced Phosphorylations

Protein phosphorylation has been shown to affect mitotic events 
such as mitotic checkpoints, spindle formation, and the anaphase-
promoting complex. Then, the phosphoproteomic analysis of HCT-
116 cells treated with nocodazole, which induces the activation of 
stress response pathways, M-phase cell cycle arrest, and the induction 
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of apoptosis for 0, 6, 10, 14, or 24 h containing <10%, ~30%, ~50%, 
~80%, or >90% M-phase cells, respectively, is performed. Temporal 
changes of phosphorylation induced by nocodazole varied among 
the molecules. Phosphorylations of NPM1 S254, PSMA5 S16, ILF3 
T592, and TMPO S424 were induced by nocodazole after 6 h and 
sustained until 24 h. This result implies that the phosphorylation of 
NPM1 S254 may be the early indicator of nocodazole treatment and 
may also be functionally involved in the induction of M-phase arrest 
by nocodazole. Phosphorylations of COPA S173, TK1 S231, and 
RIC8A S508 were observed after 14 h or more when the majority of 
the cells were arrested in M-phase. Especially, the phosphorylation 
of COPA S173 was observed from 14 h of nocodazole treatment 
when ~80% of cells were in M-phase, suggesting that COPA S173 
may be phosphorylated as a result of M-phase arrest and may also 
be a candidate for an M-phase-specific biomarker. Phosphorylations 
of MYO1C S389 and SFN S248, which were identified only from cells 
treated with nocodazole for 10 h and 14 h, respectively, seemed to be 
induced transiently in the course of the nocodazole treatment. Our 
results suggest that phosphorylation of NPM1 S254 and COPA S173 
may serve as biomarkers to monitor the efficacy of microtubule-
interfering agents for cancer chemotherapy.

11.8 Conclusion

Protein phosphorylation is thought to play an important role in a 
wide variety of the biological activities of a drug. The phosphorylation 
status in the pathway potentially determines a distinct biological 
output. We performed phosphoproteomic analysis of three distinct 
tumor cell lines (HeLa, HCT-116, and NCI-H460) and also a time 
course analysis of nocodazole-induced phosphorylations of HCT-
116 cells with nocodazole treatments. The results suggest potential 
candidates for biomarkers commonly induced by nocodazole in 
distinct tumor cell lines. Further study will be required to validate 
whether the changes observed are consistent with other types of 
tumor cell lines and/or clinical samples and to elucidate the function 
of these phosphorylations in mitosis and from nocodazole treatment. 
Our approach may also have clinical implications for optimizing 
cancer therapies involving microtubule-interfering drugs in future.

Conclusion
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HCV infects approximately 170 million people, including 2 million in 
Japan, and it is estimated that 3–4 million people are infected with 
HCV each year.
 HCV induces serious chronic hepatitis that results in the 
development of steatosis, cirrhosis and ultimately hepatocellular 
carcinoma (HCC). HCV core protein is well known to be the viral 
capsid protein as well as the pathogenic factor that induces steatosis 
and HCC without apparent inflammation in transgenic mice model. 
The functions of the core on the modulation of cellular events have 
been extensively examined and characterized. Recently, quantitative 
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mitochondrial proteomics show promising results for exploring the 
mechanism of HCV pathogenesis at the protein level.
 In this review, we summarize the current status of our knowledge 
regarding the pathogenicity of HCV core protein and the findings 
from recent proteomic surveys of mitochondrial proteins using HCV 
core gene transgenic mice.

12.1 HCV

With an estimated 3% of the world’s population currently infected 
with hepatitis C, and approximately 170 million persons at risk of 
hepatitis disease, the World Health Organization (WHO) recognizes 
hepatitis C as a global health problem [1]. Many HCV-infected 
individuals develop chronic hepatitis, which eventually progresses 
into liver cirrhosis and hepatocellular carcinoma.
 The shape of HCV is enveloped in a lipid bilayer in which envelope 
proteins (Envelope) are anchored. The envelope surrounds the 
nucleocapsid, which is composed of multiple copies of a small basic 
protein (core), and contains the RNA genome.
 HCV envelope proteins interact with several host receptors. 
The receptor proteins for HCV entry into cells are identified: CD81, 
scavenger receptor class B type I or SCARB1, and claudin-1. A fourth 
cellular protein, occludin, is found to be essential for HCV entry into 
cells [2]. Recently, liver microRNA miR-122 [3, 4] has been thought 
to be essential for viral infectivity. Gene expression profiling and 
proteomic approaches have led to the identification of several host–
viral interactions [5].
 Detailed analyses of HCV have been hampered by the lack of viral 
culture systems. Recently, the development of HCV strain JFH-1, 
which generates infectious HCV in culture, has made a contribution 
to the study of the HCV life cycle [6].

12.2 HCV Genome

Hepatitis C virus (HCV) is an enveloped RNA virus of the Flavivirus 
family, in which a positive-sense, single-stranded RNA genome 
of approximately 9600 nucleotides (nt) is contained within the 
nucleocapsid (Fig. 12.1). The genome consists of a large translational 
open reading frame (ORF) encoding a polyprotein of approximately 
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3010 amino acids (aa) . The ORF is flanked by highly conserved 
untranslated regions (UTR) at both the 5¢ and 3¢ termini. The complete 
5¢ UTR consists of 341 nt and acts as an internal ribosomal entry site. 
This feature leads to the translation of the RNA genome using a cap-
independent mechanism, rather than ribosome scanning from the 
5¢ end of a capped molecule. The polyprotein is processed by both 
the cellular and viral proteases to generate the viral gene products, 
which are subdivided into the structural and non-structural proteins. 
The structural proteins, which are encoded by the NH2-terminal 
quarter of the genome, include the core protein and the envelope 
proteins, E1 and E2. The E2 has an alternative form, E2-p7, though 
it is not clear whether the p7 composes the viral particle. The NS2, 
NS3, NS4A, NS4B, NS5A, and NS5B are the non-structural proteins 
that are coded in the remaining portion of the polyprotein. These 
include serine protease (NS3/4A), NTPase/helicase (NS3) and RNA-
dependent RNA polymerase (NS5B).

5’UTR
3’UTR

Structual proteins          Non-structual proteins
Core                                  NS2 metalloproteinase
Nucleocapside NS3 Serine protease RNA helicase

Envelope                                  NS4A,B processing co factors?
Envelope Glycoproteins                 NS5A IFN antagonist?

NS5B RNA polymarase

Core                       P7    NS2    NS3          NS4A  NS4B  NS5A     NS5B    
Envelope1,2

Figure 12.1 Hepatitis C virus structure. Map of the HCV genome. The 
9500-nucleotide-long positive-strand RNA of HCV is shown. 
It encodes a single 3000-amino-acid polyprotein that is 
proteolytically cleaved into mature proteins by virally encoded 
proteases.

12.3 HCV Core Protein

The core protein of HCV occupies residues 1–191 of the precursor 
polyprotein and is cleaved between the core and E1 protein by host 
signal peptidase. The C-terminal membrane anchor of the core 
protein is further processed by host signal peptide peptidase [7]. 
The mature core protein is estimated to consist of 177–179 amino 
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acids and shares high homology among HCV genotypes. The HCV 
core protein possesses the hydrophilic N-terminal region “domain 1” 
(residues 1–117) followed by a hydrophobic region called “domain 
2,” which is located from residue 118–170. The domain 1 is rich in 
arginine and lysine, and is implicated in RNA-binding and homo-
oligomerization. The amphipathic helices I and II spanning from 
residue 119–136 and residue 148–164, respectively, in domain 2 are 
involved in the association of HCV core protein with lipid [8].
 In addition, the region spanning from residue 112–152 is 
associated with membranes of the endoplasmic reticulum and 
mitochondria [9]. The core protein is also localized into the nucleus 
[10, 11] and binds to the nuclear proteasome activator PA28g/REGg, 
resulting in PA28g-dependent degradation of the core protein [12].
 A recent report suggests that ubiquitination and adenosine 
triphosphate (ATP) are not required for PA28g-dependent 
proteasome activity [13]. HCV core protein is also known to be 
ubiquitinated by E3 ligase E6AP and degraded in the ubiquitin/ATP-
dependent pathway [10].
 In summary, the HCV core protein—unglycosylated protein—is 
mainly located at the endoplasmic reticulum as well as mitochondria 
and lipid droplets within the cytoplasm and also detected in the 
nucleus.
 It has been reported to interfere with cell signaling by modulating 
mitogen-activated protein kinase (MAPK) signaling [14], interacting 
with STAT3 and RXR and modifying the expression of cellular 
protooncogenes such as c-myc and tumor suppressor genes (p53, 
p21, and pRb) [15]. In cooperation with H-ras, the HCV core has been 
reported to transform both immortalized and primary rat fibroblasts 
[16]. Our transgenic mice carrying HCV core gene develop HCC [17, 
18]. This information implies that the core protein has a direct effect 
on the pathogenesis of diseases caused by HCV.

12.4 Transgenic Mice Model

We have engineered transgenic mouse lines carrying the HCV 
genome by introducing the genes from the cDNA of the HCV genome 
of genotype 1b (Fig. 12.2) [17, 18]. Established are three different 
kinds of transgenic mouse lines, which carry the core gene, envelope 
genes or non-structural genes, respectively, under the same 
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transcriptional regulatory element. Among these mouse lines, only 
the transgenic mice carrying the core gene developed HCC in two 
independent lineages. The envelope gene transgenic mice do not 
develop HCC [19, 20]. Interestingly, the envelope gene transgenic 
mice develop an exocrinopathy in the salivary and lachrymal glands 
resembling Sjögren syndrome occurring in cases with human 
chronic HCV infection. The transgenic mice carrying the entire non-
structural genes have developed no HCC.
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Figure 12.2 HCV structural protein has an effect on pathological phenotypes 
in the liver. Transgenic mice expressing HCV core protein 
develop hepatic steatosis and hepatocellular carcinoma (HCC). 
Transgenic mice that carry HCV envelope genes show no 
pathological changes, such as hepatitis or hepatic neoplasia, in 
livers. But these mice develop an exocrinopathy in the salivary 
and lachrymal glands resembling Sjögren syndrome.

12.5 HCV Core Transgenic Mice

We report the development of HCC in two independent lines of mice 
transgenic for the HCV core gene, which develop hepatic steatosis 
early in life as a histological feature characteristic of chronic hepatitis 
C along with lymphoid follicle formation and bile duct damage [21]. 
After the age of 16 months, late in life, these transgenic mice develop 

HCV Core Transgenic Mice
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HCC. Transgenic mice of both lines developed hepatic tumors that 
first appeared as adenomas containing fat droplets in the cytoplasm. 
Then HCC, a more poorly differentiated neoplasia, developed from 
within the adenomas, presenting in a “nodule-in-nodule” manner 
without cytoplasmic fat droplets; this closely resembled the 
histopathological characteristics of the early stage of HCC in patients 
with chronic hepatitis C. HCV transgenic mouse models also show a 
disappearance of the double structure of mitochondrial membranes 
in HCV core transgenic mice livers, and this suggests the interaction 
between HCV core protein and mitochondria.

12.6 HCV Infection and Metabolism

As described before, steatosis is often observed in chronic hepatitis 
C patients and is significantly associated with increased fibrosis 
and progression rate of fibrosis of the liver [22]. A comprehensive 
analysis of gene expression in the liver of core gene transgenic mice, 
in which steatosis develops from early in life, revealed that a number 
of genes related to lipid metabolism are significantly up- or down-
regulated.
 The composition of fatty acids that are accumulated in the liver 
of core gene transgenic mice is different from that in fatty liver due 
to simple obesity. Carbon 18 mono-unsaturated fatty acids (C18:1) 
such as oleic or vaccenic acids are significantly increased. This is also 
the case in the comparison of liver tissues from hepatitis C patients 
and simple fatty liver patients due to obesity. The mechanism of 
steatogenesis in hepatitis C was investigated using this mouse model 
[23].
 There are several pathways for the development of steatosis. 
One is the frequent presence of insulin resistance in hepatitis C 
patients as well as in the core gene transgenic mice, which occurs 
through the inhibition of tyrosine-phosphorylation of insulin 
receptor substrate (IRS)-1.26 [24]. Insulin resistance increases the 
peripheral release and hepatic uptake of fatty acids, resulting in an 
accumulation of lipid in the liver. In the second one, the HCV core 
protein targets microsomal triglyceride transfer protein (MTP) 
activity, thus interfering with the hepatic assembly and secretion 
of apolipoprotein (apo) B-containing very-low-density lipoproteins 
(VLDL) [25]. This inhibits the secretion of very-low-density protein 
(VLDL) from the liver, yielding an increase of triglycerides in the 
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liver. The third one involves the sterol regulatory element-binding 
protein (SREBP)-1c, which regulates the production of triglycerides 
and phospholipids. In HCV core gene transgenic mice, SREBP-1c 
is activated, while neither SREBP-2 nor SREBP-1a is unregulated 
[26]. This corroborates the results of in vitro studies [27, 28] and 
a chimpanzee study. Also, the core protein is shown to bind with 
retinoid X receptor (RXR)-a, resulting in the up-regulation of some 
lipid metabolism enzymes, including cellular retinol binding protein 
II and acyl-CoA oxidase [29]. In addition, the persistent activation 
of peroxisome proliferator activated receptor (PPAR)-a has recently 
been found in the liver of HCV core gene transgenic mice, yielding 
changes in lipid metabolism and hepatocyte proliferation, including 
HCC development [30, 31].

12.7 Steatosis and Mitochondria

There is also a marked accumulation of triglycerides in core-
expressing HepG2 cells. While the oleic/stearic acid (18:1/18:0) 
and palmitoleic/palmitic acid ratio (16:1/16:0) are comparable in 
both the core-expressing HepG2cells and the control cells, there is a 
marked accumulation of downstream product, 5,8,11-eicosatrienoic 
acid (20:3(n-9)) in the core-expressing HepG2 cells. The addition 
of eicosatetraynoic acid, which inhibits delta-6 desaturase 
activity which is inherently high in HepG2 cells, led to a marked 
accumulation of oleic and palmitoleic acids in the core-expressing 
cells, showing that delta-9 desaturase is activated by the core protein. 
Eicosapentaenoic acid (20:5(n-3)) or arachidonic acid (20:4(n-6)) 
administration significantly decreases delta-9 desaturase activity, 
the concentration of 20:3(n-9), and triglyceride accumulation. This 
lipid metabolism disorder is associated with NADH accumulation 
due to mitochondrial dysfunction and is reversed by the addition of 
pyruvate through NADH utilization [32].
 Delta-9 desaturase, stearoyl-CoA desaturase (SCD) is the rate-
limiting enzyme in the biosynthesis of monounsaturated fatty acids. 
It catalyzes the introduction of the cis double bond in the delta-9 
position of fatty acyl-CoA substrates. The major monounsaturated 
fatty acids of triglyceride (TG), cholesterol esters, and membrane 
phospholipids are palmitoleic and oleic acids. The ratio of stearic acid 
to oleic acid is one of the factors influencing cell membrane fluidity.

Steatosis and Mitochondria
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 It is known that a deficiency of SCD-1 ameliorates the obesity of 
ob/ob mice and completely corrects the hypometabolic phenotype 
of leptin deficiency. These findings suggest that down-regulation of 
SCD-1 is an important component of the metabolic response and 
suggests that inhibition of SCD-1 could be of benefit for the treatment 
of hepatic steatosis, and even other metabolic disorders [33].

12.8 Virus Infection and Mitochondria Function

Many viruses have evolved mechanisms to alter mitochondrial 
function. The mechanisms are varied, and mitochondria are affected 
by both direct interactions with viral proteins and by secondary 
effects of viral-activated signaling cascades with suppression or 
induction of apoptosis and enhanced generation of reactive oxygen 
species (ROS).
 The HCV produces a viral core protein that targets the 
mitochondria and increases ROS production.
 Oxidative stress overproduction with the suppression 
of some antioxidative molecules and intracellular signaling 
augmentation are shown to be the key events in HCV-associated 
hepatocarcinogenesis.

12.9 HCV and Reactive Oxygen Species

There is a notable feature in the localization of the core protein in 
hepatocytes: While the core protein predominantly exists in the 
cytoplasm associated with lipid droplets, it is also present in the 
mitochondria and nuclei (Fig. 12.3). On the basis of this finding, the 
pathways related to the mitochondria and nuclei were investigated.
 We examined several parameters of oxidative stress and redox 
homeostasis in a mouse model of HCV-associated HCC. For young 
mice ages 3–12 months, there is no significant difference in the 
levels of hydroperoxides of phosphatidylcholine (PCOOH) and 
phosphatidylethanolamine in liver tissue homogenates between 
transgenic and nontransgenic control mice. In contrast, the PCOOH 
level is increased in old core gene transgenic mice. Concurrently, 
there is a significant increase in the catalase activity, and there 
are decreases in the levels of antioxidants, total and reduced 
glutathione in the same mice. A direct in situ determination by 
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chemiluminescence reveals an increase in hydroperoxide products 
even in young transgenic mice, suggesting that hydroperoxides is 
overproduced but immediately removed by an activated scavenger 
system in young mice. Electron microscopy reveals lipofuscin 
granules, secondary lysosomes carrying various cytoplasmic 
organelles, and disruption of the double membrane structure of 
mitochondria, and PCR analysis discloses a deletion in mitochondrial 
DNA. Interestingly, alcohol causes a marked increase in the PCOOH 
level in transgenic mice, suggesting synergism between alcohol 
and HCV in hepatocarcinogenesis [34]. The HCV core protein alters  
the oxidant/antioxidant state in the liver in the absence of 
inflammation and may thereby contribute to or facilitate, at least in 
part, the development of HCC in HCV infection. In addition, analysis 
of the antioxidant system revealed that some antioxidative molecules 
are not increased despite the overproduction of ROS in the liver of 
core gene transgenic mice [34].
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Figure 12.3 HCV core protein has multiple molecular mechanisms that 
induce the development of   pathogenic processes. HCV core 
protein induces alterations in cellular redox state (decrease 
in the NAD+/NADH ratio), through effect on mitochondria 
ETS and increases reactive oxygen species (ROS) production. 
Excess iron in the liver may promote the generation of ROS.  
HCV core gene expression is also associated with decreased  
antioxidant HO-1 expression. This ROS production may, in part, 
be responsible for the development of HCC. HCV core protein 
also changes the expression of glucose and lipid metabolism-
related genes, thereby causing metabolism disorders.

HCV and Reactive Oxygen Species
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 Iron is an essential cofactor for important biological activities 
and biochemical reactions, including the transport of oxygen via 
red blood cells and its reduction to water during respiration. And 
the regulation of iron homeostasis is tightly controlled. While iron’s 
bioavailability is generally limited, pathological accumulation of the 
metal within liver aggravates the generation of ROS and elicits toxic 
effects, which are mainly related to oxidative stress.
 One of the characteristics of HCV infection is the unusual 
augmentation of oxidative stress, which is exacerbated by iron 
accumulation in the liver, as observed frequently in hepatitis C 
patients. Using a transgenic mouse model, the core protein of HCV 
induces the overproduction of ROS in the liver. Iron overloading causes 
the induction of ROS as well as antioxidants in HCV core transgenic 
mice liver. However, the augmentation of some antioxidants, 
including heme oxygenase-1 and NADH dehydrogenase, quinone 1, is 
compromised by the presence of the core protein. The attenuation of 
iron-induced augmentation of heme oxygenase-1 is also confirmed 
in HepG2 cells expressing the core protein. This attenuation is not 
dependent on the Nrf2 transcription factor. Thus, HCV infection not 
only induces oxidative stress but also hampers the iron-induced 
antioxidant activation in the liver [35].
 These results suggest that HCV core protein not only induces the 
overproduction of ROS but also attenuates some of the antioxidant 
system, which may explain the mechanism underlying the production 
of a strong oxidative stress in HCV infection compared with other 
forms of hepatitis. Thus, in the absence of inflammation, the core 
protein induces oxidative stress overproduction, which may, at 
least in part, contribute to hepatocarcinogenesis in HCV infection. 
If inflammation were added to the liver with the HCV core protein, 
the production of oxidative stress would be escalated to an extent 
that cannot be scavenged anymore by a physiological antagonistic 
system. The basis for the overproduction of oxidative stress may be 
ascribed to the mitochondrial dysfunction [18, 34]. The dysfunction 
of the electron transfer system of the mitochondrion is suggested in 
association with the presence of the HCV core protein [36]. Other 
HCV proteins—core, E1, and NS3—are potent ROS inducers and 
their expression causes the DNA damage.
 Other pathways in hepatocarcinogenesis would be the alteration 
of the expression of cellular genes and modulation of intracellular 
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signaling pathways. For example, tumor necrosis factor (TNF)-a 
and interleukin (IL)-1b have been found transcriptionally activated 
[37]. The mitogen-activated protein kinase (MAPK) cascade is also 
activated in the liver of the core gene transgenic mouse model [38].

12.10 Mitochondria

HCV core protein has direct effects on mitochondria function, 
especially on mitochondria electron transport system, and results 
in ROS production.
 Mammalian mitochondria contain over 3000 proteins and an 
average of 5 copies of their own ring-shaped DNA. Mitochondrial 
DNA is the only DNA that we inherit exclusively from our mothers. 
It codes for just 13 mitochondrial proteins. All the other proteins 
in mitochondria (>99%) come from genes in the nucleus. As a cell 
makes only about 10,000 to 15,000 proteins, mitochondria contain 
20–30% of all the proteins in the cell. Thirteen of them are encoded 
in mitochondrial DNA and are synthesized inside the mitochondrion. 
The remainder are encoded in the nucleus, synthesized in the cellular 
cytoplasm and imported into the organelle.
 Mitochondria are of central importance for energy generation. 
Expression changes or functional alterations in mitochondrial 
enzymes play a key role.
 Quantitative mitochondrial proteomics by using HCV CORE 
transgenic mice livers show promising results for exploring the 
mechanism of HCV carcinogenesis at the protein level.

12.11 HCV and Prohibitin

The recent progress in proteomics has opened new avenues 
for disease-related biomarker discovery. Among proteomics 
approaches, two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE) is a technique for the separation and identification of 
proteins in a sample by displacement in two dimensions oriented 
at right angles to one another. This method is generally used as a 
component of proteomics and is the step used for the isolation of 
proteins for further characterization by mass spectrometry. 2D-
PAGE is particularly useful when comparing two related samples 
such as healthy and diseased tissue. For example, proteins that are 

HCV and Prohibitin
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more abundant in diseased tissue may represent novel drug targets 
or diagnostic markers. In fact, several candidate biomarkers for 
many human cancers have been identified by this approach. There 
are, however, tens of thousands of proteins in a cell, differing in 
abundance over six orders of magnitude. 2D-PAGE is not sensitive 
enough to detect rare proteins, and hence many proteins are not 
resolved. Therefore, splitting a sample into different fractions is 
often necessary to reduce the complexity of protein mixtures prior 
to 2D-PAGE. For this advantage, Lescuyer et al. performed a 2D-PAGE 
of human mitochondrial proteins derived from the placenta and 
identified proteins mainly by peptide mass fingerprinting.
 Two-dimensional polyacrylamide gel electrophoresis of 
mitochondria isolated from HepG2 cells reveals that prohibitin, a 
mitochondrial protein chaperon, is up-regulated not only in core-
expressing cells but also in full-genomic replicon cells and livers of 
core-gene transgenic mice. The stability of prohibitin is increased 
through interaction with the core protein. The interaction of 
prohibitin with mitochondrial DNA-encoded subunits of cytochrome 
c oxidase (COX) is disturbed by the core protein, resulting in a 
significant decrease in COX activity. The HCV core protein affects 
the steady-state levels of a subset of mitochondrial proteins 
including prohibitin, which may lead to an impaired function of 
the mitochondrial respiratory chain with the overproduction of 
oxidative stress [39].

12.12 LC-Tandem Mass Spectrometry

A sensitive quantitative method is required for differential profiling 
analyses of clinical proteomes to understand the disease progress. 
The FD-LC−MS/MS method, consisting of fluorogenic derivatization 
(FD), separation by liquid chromatography (LC), and identification 
by LC-tandem mass spectrometry (MS/MS) is notable for its high 
resolution, sensitivity, and reproducibility.
 Ichibangase shows that disease-related proteins in livers of HCV 
core gene transgenic (Tg) and non-transgenic (NTg) mice at three 
developmental stages. After 6 months, the expression of apoptosis-
related proteins is suppressed. After 12 months, proteins related 
to respiration, the electron-transfer system, and anti-oxidation are 
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significantly up-regulated. After 16 months, proteins related to 
defense, b-oxidation, and apoptosis are significantly suppressed. This 
fluctuating expression of proteins related to mitochondria function 
could explain the progression of hepatocarcinogenesis [40].

12.13 Immunity

Viral infection results in the activation of multiple signaling 
pathways, but recent studies implicate a new role of mitochondria 
in antiviral innate immunity. The retinoid-inducible gene 1 (RIG-I) is 
a cytosolic pathogen recognition receptor that engages viral RNA in 
infected cells to trigger innate immune defenses through its adaptor 
protein MAVS. MAVS resides on mitochondria and peroxisomes, 
and a major site of MAVS signaling is the mitochondrial-associated 
membrane (MAM), a distinct membrane compartment that links the 
endoplasmic reticulum to mitochondria. During RNA virus infection, 
RIG-I is recruited to the MAM to bind MAVS. Dynamic MAM tethering 
to mitochondria and peroxisomes then coordinates MAVS localization 
to form a signaling synapse between membranes. Importantly, the 
hepatitis C virus NS3/4A protease, which cleaves MAVS to support 
persistent infection, targets this synapse for MAVS proteolysis from 
the MAM, but not from mitochondria, to ablate RIG-I signaling of 
immune defenses [41].
 Mitochondria research is one of the most active areas in medicine. 
Researchers in the field of not only cancer but also infectious diseases 
have paid great attention to mitochondria proteomics owing to 
its potential of providing a better understanding of the protein 
interactions that regulate diseases phenotype.
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13.1 Introduction

Infectious diseases are responsible for a substantial burden of 
morbidity and mortality worldwide. They are the world’s biggest 
killer of children and young adults with the citizens of developing 
countries being particularly vulnerable. As well as the high death 
toll, infectious diseases are disabling. For example, repeated bouts 
of disease keep children away from school and prevent adults from 
working, deformities lead to handicap and stigma and chronic 
infectious disease can lead to other serious debilitating conditions 
such as cancer, e.g. hepatitis C virus (HCV) and hepatocarcinoma. 
Disablement is one of the major reasons for the underdevelopment 
of many countries particularly those in sub-Saharan Africa [2]. Many 
of the infectious diseases throughout the world are preventable. 
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However, new diseases and threats are continually emerging. 
Acquired immune deficiency syndrome (AIDS), severe acute 
respiratory syndrome (SARS) and influenza virus H1N1 are prime 
examples of infectious diseases that have had major impacts on the 
world in the last 20 years. Multi-drug resistance in many infectious 
agents such as tuberculosis and methicillin resistant Staphylococcus 
aureus (MRSA) is a real threat. Global warming is predicted to result 
in new diseases or the emergence of old scourges [38]. There is a 
real need for new preventive measures (e.g. vaccines), therapeutics 
(new classes of antibiotics) and diagnostics. In the latter category, 
the infectious disease has typically been diagnosed by the presence 
of the aetiological agent in clinical specimens directly by either 
microscopy, after culture or the presence of nucleic acids (DNA/
RNA), or antibodies or immune reactions that indicate a particular 
infection. Depending on the disease and infectious agent, there 
have been varying degrees of success. CD4 count and viral load 
is a good indicator of AIDS infection. However, in the case of 
paediatric tuberculosis diagnosis is very difficult primarily due 
to the low bacterial load of the causative agent Mycobacterium 
tuberculosis. With the availability of new technologies, there has 
been an increasing focus on identifying host biomarkers specific to 
a particular infection or a syndrome that is caused by a number of 
possible infectious agents. This is a natural extension to the extensive 
use of acute phase reactants such as C-reactive protein (CRP) that are 
indicative of infection but lack specificity. In addition, biomarkers 
are being sought that can indicate effectiveness of therapeutic 
regimens. This review will focus on a high throughput method to 
identify biomarkers for specific infectious diseases, syndromes 
caused by different microorganisms and/or monitoring therapy 
that is called surface-enhanced laser desorption/ionisation mass 
spectrometry (SELDI). It will focus on the technology, study design, 
sampling considerations and the advantages and disadvantages of its 
use. Emphasis will be given to papers published from January 2008 
onwards, as the literature prior to this has been extensively reviewed 
[29, 34], and to examples of its use applied to infectious diseases 
that are particularly informative. Discussion has been restricted to 
clinical-based studies involving SELDI analysis of fluids or specific 
cell types from infected humans or animals. Such studies include 
those where there may have been sub-culture of cells from infected 
and/or controls. Only papers where samples are obtained from 
infected patients and controls, whether they be analysed directly 
or from cultured cells, will be considered. For the convenience of 
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readers, we have formulated a summary table of all of the studies 
discussed in this review in Section 13.9.

13.2 SELDI Technology

SELDI was developed in the 1990s, Ciphergen being the company 
that commercialized the technology. Following a takeover, Bio-Rad 
now sells the ProteinChip Reader (mass spectrometer), associated 
software and consumables. SELDI is a variation of matrix-assisted 
laser desorption ionisation (MALDI) mass spectrometry. The main 
difference is the different surfaces that samples are applied to. In 
MALDI, the surfaces, e.g. stainless steel used are chosen to bind all of 
the proteins in that sample. This contrasts with SELDI where a range 
of surfaces (different ProteinChips) are used. The most common for 
biomarker discovery in the infectious disease arena are hydrophobic 
reverse phase (H4 and H50), strong anionic exchange (SAX2, Q10), 
weak cationic exchange (WCX2, CM10) and immobilized metal 
affinity chromatography (IMAC30). The latter ProteinChips are 
similar to IMAC columns and can be loaded with different ions, e.g. 
copper, zinc or rubidium. The equivalent general protein-binding 
ProteinChips to those used in MALDI are NP20, which have a surface 
comprising silicon dioxide or alternatively the ProteinChip gold 
array. The latter is not widely used because of expense. In addition, 
there are the reactive surface arrays. These include PS10, which has 
preactivated reactive acyl imidazole moieties, PS20 with preactivated 
epoxy surface groups and the RS100 with preactivated acyl imidazole 
groups. Through the reactive groupings, it is possible to covalently 
attach other proteins such as antibodies allowing either quantitative 
or qualitative analyses of protein-protein interaction. The PG20 
ProteinChip comprises PS20 arrays precoupled with recombinant 
Protein G. Antibodies recognizing known ligands can be added 
allowing a quantitative measurement of the ligand of interest. There 
are comparatively few examples of the use of reactive surfaces in 
the literature. This reflects that the structure and confirmation of 
the primary antibody and ligand seems crucial. Some combinations 
work well, others not at all.
 After the sample is placed onto the ProteinChip surface, a series 
of washes in a buffer of defined pH and salt concentration is carried 
out. Alternatively, an organic solvent may be used in the case of 
the hydrophobic ProteinChips. Washing with different buffers will 
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enrich for a sub-set of proteins dependent on their isoelectric point 
and/or hydrophobicity. For a single ProteinChip type, different 
mass-spectrometric profiles can be generated by buffering at 
differing pH. Next, the proteins remaining on the ProteinChip 
surface are co-crystallised with an energy-absorbing matrix. The 
type of matrix used primarily depends on the mass range of interest 
but it is normally sinapinic acid (SPA) or cyano-4-hydroxy cinnamic 
acid (CHCA). The ProteinChip containing the protein sample co-
crystallised with energy-absorbing matrix is placed into the SELDI 
mass spectrometer and the laser applied. Proteins are ionised and 
the mass/charge (m/z) values are calculated from the time the ions 
take to travel down the flight tube of the instrument to the detector. 
The readout is relative intensity (X-axis) versus m/z ratio (Y-axis). 
However, in many papers m/z is reported as Da. We have chosen 
to use m/z or Da dependent on the term used by the author of the 
paper being discussed. The process and representative spectra are 
depicted in Fig. 13.1. Using robotics, a single instrument can read 
hundreds of ProteinChip spots in a day.

13.3 Considerations for a Successful SELDI 
Study

One of the many advantages of SELDI is that a variety of different 
sample types can be run. These have included serum, plasma, cell 
lysates, urine, tears, nipple aspirates, saliva, dialysis fluid, sputum and 
bronchial alveolar lavage fluid. The advantages and disadvantages 
of all of these are considered in recent reviews [19, 61]. SELDI 
is particularly useful when only small volumes of bodily fluid 
(microlitres), e.g. from small babies and large numbers of samples 
are available. Study design is also crucial and has been discussed in 
a number of reviews [12, 13, 19, 35, 42].
 A classic study design is illustrated in Fig. 13.2. In brief, some of 
the considerations that should be made when carrying out a study to 
identify biomarkers to discriminate between patient groups include 
the following: (1) Standardised protocols to collect the biological 
samples and appropriate storage methods. There may be protein 
degradation in biological samples at particular temperatures. For 
example, the potential biomarker cystatin C degrades if samples are 
stored at –20°C [13]. The addition of protease inhibitors has been 
used by some investigators but this may lead to the loss of potential 
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Figure 13.1 The SELDI process.  As schematically shown on the top row, 
different ProteinChips have different surface chemistries. 
Sample is added to the ProteinChip surface and unbound 
proteins are removed by washing, leaving a sub-proteome 
(blue and red dots) of sample remaining on the ProteinChip 
surface. Energy absorbing matrix (yellow stars) is applied. The 
ProteinChips are inserted into the SELDI mass spectrometer, 
the laser applied and a readout of relative intensity versus 
mass/charge (m/z) ratio is obtained.

biomarkers. (2) Sample preparation and handling. In general, the 
more the sample is processed prior to analysis the more there is for 
potential bias through liquid handling errors. For example, there is 
a greater use of approaches that result in the removal of albumin 
and/or abundant proteins in serum. The use of robots may be 
advantageous in this regard. (3) Randomization of samples across 
ProteinChips and the use of internal controls not only to calibrate 
the SELDI machine but also of the sample type under investigation. 
For example, in a study identifying serum biomarkers, pooled 
serum can be used as an internal control across ProteinChips. (4) 
The SELDI operators should be blind to the identity of the samples 
being investigated in the test and validation sets. (5) Many studies 
have, because of availability of samples, only used small numbers 
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of samples. This may be suboptimal. Ideally, different groups (test, 
control etc.) of at least 30–50 should be used. (6) A typical study 
design would comprise an initial study on a training set to identify 
possible biomarkers and subsequent analysis of a test set. Ideally, a 
separate independent validation cohort is then analysed. However, 
there are comparatively few papers in which such cohorts are 
reported. (7) Investigators will also need to consider what their 
control groups are. The use of healthy controls as a comparative set 
may lead to the identification of many biomarkers but clinically the 
use of a cohort, e.g. of patients with diseases that can be mistaken for 
the one under investigation may be more meaningful. (8) Instrument 
considerations. Attention should be paid to maintenance, internal 
calibration and machine settings. (9) Data analysis. There are many 
methods and software packages available to analyse SELDI data. 
Readers are referred to recent reviews for further details [18, 19]. 
Typically, data will be normalized prior to analysis. If a particular 
biomarker is found to be discriminatory by more than one analytical 
method, then greater confidence can be assigned to its significance 
and it will be a good candidate for follow up studies such as molecular 
identification.
 Thus, there are many factors that need to be taken into account 
when designing a SELDI-based biomarker discovery study. The 

 
Figure 13.2 An overview of the biomarker discovery process. Arrows 

indicate that the identification and validation steps commonly 
occur simultaneously.
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limitation of potential bias, by taking into account the factors listed 
above, is crucial to the successful application of the technology. 

13.4 Diseases or Syndromes Associated with 
Viral Infection

13.4.1 Hepatitis B and C Viruses and Hepatocellular 
Carcinoma

Hepatocellular carcinoma (HCC) is a primary malignancy which 
is a leading cause of cancer worldwide. The major risk factors are 
cirrhosis, primarily associated with alcoholism, and hepatitis B virus 
(HBV) or HCV infection. There have been many proteomic studies 
searching for biomarkers of HCC because it is difficult to diagnose 
particularly early stage disease. Additionally, there is a poor 
prognosis; over 50% of patients may die within a year of definitive 
diagnosis [47]. The most commonly used biomarker for diagnosis 
of HCC is serum alpha-fetoprotein (AFP). However, tests that utilise 
AFP are not sensitive (less than 60%) or specific (less than 90%). 
Liver biopsy is expensive and potentially deleterious to health. Thus, 
the ability to identify a highly specific and sensitive biomarker from a 
readily available body fluid such as serum would be of great benefit. 
There have been a number of excellent reviews of proteomic studies 
involving HCC biomarker discovery [21, 34, 46, 65, 68, 71]. With the 
exception of Zhang et al. [74], who investigated liver biopsy material, 
all of the papers published in 2008 and beyond in this area involve 
the search for serum biomarkers. All of the papers that conform to 
our inclusion criteria are detailed below.
 Cui et al. [17] analysed serum samples obtained from patients 
with HBV-associated HCC (N = 81), cirrhosis (N = 36) and chronic 
hepatitis B (N = 43) patients on WCX2 ProteinChips. Between the 
HCC and liver cirrhosis patients, there were 87 peaks that were 
significantly different in their expression, as measured by relative 
intensity. Forty-five peaks had greater than two-fold differences 
of which 15 were up-regulated and 30 down-regulated. There 
were only nine peaks (two up- and seven down-regulated) whose 
intensities differed significantly at the two-fold level when HCC and 
chronic hepatitis B samples were compared. Finally, when cirrhosis 
and chronic hepatitis B samples were compared, there were 28 
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peaks (17 up- and 11 down-regulated) which were significant at the 
two-fold level. The authors concluded that the five common down-
regulated proteins in HCC serum (2870, 3941, 2688, 3165 and 5483 
m/z) and the two common up-regulated proteins (3588 and 2017 
m/z) in HCC and cirrhosis sera were potentially good biomarkers, 
but further validation and development work was clearly needed.
 He et al. [32] compared the sera of those with HBV-related HCC (N 
= 81) and healthy controls (N = 33). The training set consisted of 33 
HCC and 33 controls and the testing set had 48 HCC and 33 controls. 
Samples were analysed on WCX2 ProteinChips and decision tree 
analysis was performed using six proteomic peaks (3157, 4177, 4285, 
4301, 7790, and 7984 m/z). The latter peak showed a sensitivity and 
specificity of 95.92%, and 100%, respectively, and was identified as 
neutrophil-activating peptide 2. Immunohistochemical staining of 
a single specimen showed that neutrophil-activating peptide 2 was 
present in HCC but not adjacent tissues. The authors speculated that 
neutrophil-activating peptide 2 was a molecule whose up-regulation 
was liver cancer-specific.
 He et al. [33]—the first author being different to that in the study 
described above—analysed the sera of three groups: HBV-related 
HCC (N = 67), HBV infection (N = 50), and healthy controls (N = 44). 
A wide range of ProteinChip type was used: IMAC30, WCX2, SAX2, 
H50, and NP20. Hierarchical clustering and step-wise ordinal logistic 
regression analyses were applied and three highly discriminatory 
peaks at 5890, 11,615, and 11,724 m/z that could distinguish HBV-
related HCC from HBV infected individuals were identified. In the test 
set, the three markers could distinguish the two groups with 100% 
sensitivity and specificity. Two-dimensional gel electrophoresis and 
peptide mass fingerprinting of the proteins in the 12 kDa region 
identified a peak of 11,615 Da as being serum amyloid A. Identification 
of the latter was confirmed by immunodepletion experiments. Serum 
amyloid A is an acute phase reactant and widely used as a marker of 
general infection. Thus, it is unlikely to be useful as a biomarker for 
HCC. However, it remains possible that the two other markers may 
be of practical use for HCC surveillance and prediction.
 In contrast to other authors, Zhang et al. [74] analysed liver 
biopsy material. Samples came from 26 HCC (HBV-related) and 18 
liver cirrhosis (non-HBV related) patients and were analysed on 
CM10 ProteinChips. Sixteen peaks (seven up-regulated, nine down-
regulated) could discriminate HCC and cirrhotic (non-HBV related) 
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patients. Discrimination between moderately or well differentiated 
and poorly differentiated HCC (as determined by histology) was not 
possible. There was a correlation between histological staining of 
AFP and biomarker intensity in some cases. A 4674 Da peak was 
putatively identified as Bax—a protein which activates caspase 3 
resulting in nuclear fragmentation (apoptosis). Identification was 
made by interrogating the ExPASy database using the parameters 
m/z +/–0.1% and assuming the isoelectric point was 9 +/– 5. 
There was a correlation between Bax expression, as determined 
histochemically, and 4674 Da peak intensity. Whilst there was not 
definitive identification of the 4674 Da peak as Bax, the results 
were suggestive. This study illustrates the potential merits of a 
simple search to identify possible candidates to be taken forward 
to the next stage of analysis. Considerations would include potential 
cellular location, prior literature and the biological context under 
investigation.
 Wu et al. [72] analysed serum samples from 29 HBV-related 
HCC versus 30 HBV-related liver cirrhosis patients on IMAC30 
ProteinChips loaded with copper. Preliminary experiments 
established that the use of sodium acetate at pH 4.0 was optimal. 
Forty five protein/peptide peaks were found that differed between 
the two patient groups. Discriminant analysis was applied and the 
most significant differentiating peak was one at 3892 Da. This peak 
was able to distinguish HCC from liver cirrhosis at a sensitivity of 69% 
and a specificity of 83.3%. The 3892 Da peak was present in six HCC 
patients who had a negative serum AFP. Further analysis established 
that a combination of peaks at 9297 and 29,941 Da and AFP gave a 
sensitivity, specificity and positive predictive value of 82.8%, 93.3% 
and 92.3%, respectively, when compared with AFP alone. A peak of 
9294 Da was one of four serum biomarkers identified in a SELDI-
based study of Schwegler et al. [59] to discriminate normal, HCV, 
HCV-related cirrhosis and HCV-related HCC. It is highly likely that 
the 9294 Da and 9297 Da peaks are the same, although this remains 
to be proven formally, suggesting that the cognate peptide/protein is 
not specific to HBV or HCV-related HCC. The authors concluded that 
the 3392 Da peak was a good complementary diagnostic marker 
to positive AFP for HCC and also for the diagnosis of AFP-negative 
HCC. None of the molecular identities of peaks of interest was 
determined.

Diseases or Syndromes Associated with Viral Infection
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 A relatively large study was carried out by Wu et al. [73]. Eighty-
one patients with HBV-related HCC were compared with 80 healthy 
controls. Patients were randomly assigned to a training set (48 
HCC, 47 controls) and a testing set (33 HCC, 33 controls). Samples 
were analysed on WCX2 ProteinChips at pH 4.0 and decision tree 
analysis using Biomarker Patterns software was used to identify the 
most informative peaks which were those at 4096 and 7860 Da. In 
the test set, a sensitivity of 90.9%, specificity of 87.9% and positive 
predictive value of 81.8% were found. In a multivariate model that 
included a cut-off of AFP at 400 ng/mL and the two biomarkers, 
a sensitivity of 92.7% and specificity of 92.7% were found. The 
sensitivity and specificity if AFP was used alone was 69% and 
83%, respectively. The two informative peaks were identified at the 
molecular level after their separation by gel filtration and/or reverse 
phase chromatography, and peptide mass fingerprinting. The 4096 
and 7860 Da peaks were human thrombin light chain and human-
related oncogene-alpha (GRO-alpha), respectively. Neither protein 
had been reported as biomarkers in previous HCC-based studies. 
SELDI-based immunoassays were developed for both proteins 
with the serum levels in each case being significantly higher in HCC 
patients than healthy controls (P < 0.01). GRO-alpha expression was 
significantly higher in patients with stage III compared with stage 
I and II disease (p = 0.04). Whilst the two biomarkers clearly have 
diagnostic potential, particularly when compared with AFP alone, 
further larger studies in different patient cohorts are warranted. It 
remains to be determined whether the specificity and/or sensitivity 
obtained using the two biomarkers (with or without AFP) will be 
maintained when patients with other liver conditions, rather than 
healthy controls, are used as the comparative group.
 A further study was that of Chen et al. [16], who investigated 
two patient cohorts (each N = 120): one with HCC and the other 
with liver cirrhosis. Patients in both cohorts were positive for 
hepatitis B antigen. Serum SELDI profiles were obtained on IMAC30 
ProteinChips and decision tree analysis carried out using Biomarker 
Patterns software. Training and test sets comprised 60 randomly 
chosen samples from each of the patient cohorts. In the training set 
using five peaks (3324, 3994, 4665, 4795 and 5152 Da), decision tree 
analysis differentiated HCC from LC with a sensitivity and specificity 
of 98% and 95%, respectively. In the blind test set, a sensitivity 
of 83%, a specificity of 92% and an accuracy rate of 87.5% were 
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obtained. Impressively, 87% and 89% of HCC patients in stages I and 
II of disease, respectively were detected. The diagnostic odds ratio 
indicated that SELDI-profiling was superior too using an APF cut-
off of 20 ng/mL (92.7 vs. 9.1). The use of both SELDI-profiling and 
AFP enhanced the detection rate of HCC considerably (sensitivity 
95%, specificity 98% and diagnostic odds ratio of 931). Ten patients 
were recruited to obtain serum samples prior to and 3 months 
after surgery. A decrease in the serum level of peak 3324 Da was 
observed although this was not statistically significant (p = 0.13) 
There was, however, an increase in relative intensity of the 4795 Da 
peak (p = 0.01). Presumptive identifications were made of the 3324 
Da and 4795 Da peaks as relaxin B chain and PACA-related peptide, 
respectively. Microarray analysis of 10 pairs of HCC and adjacent non-
tumour tissues suggested that RLN2 (relaxin B) gene expression was 
up-regulated in HCC compared with controls. However, confirmation 
that the 3324 Da peak is relaxin B is required.
 Since 2007, two studies have focused on HCV-related HCC. The 
first is that of Zinkin et al. [75] who analysed the serum of patients 
with HCC (N = 41) and those with hepatitis C cirrhosis and no 
HCC (N = 51). The samples were randomly assigned to training 
(26 cirrhosis, 20 HCC) and validation (25 cirrhosis, 19 HCC) sets. 
Analysis was done on three different ProteinChip types: CM10, 
IMAC30 and H50 and the aggregate number of peaks detected was 
1145. An 11-peak protein signature was derived using hierarchical 
clustering and comprised three proteins from the CM10, four from 
the IMAC30 and four from the H50 ProteinChips. These 11 peaks 
could distinguish between HBC-related cirrhosis and HCC with a 
sensitivity and specificity of 85%. The results were compared with 
standard methods of diagnosis. Using an AFP cut-off of 20 ng/mL, 
the sensitivity and specificity were 73% and 71%, respectively. With 
the Lens culinaris agglutinin-reactive AFP test, a sensitivity of 63% 
and specificity of 94% was obtained. A similar sensitivity (84%) but 
lower specificity (69%) was found when the samples were analysed 
by the prothrombin induced by vitamin K absence-II test. SELDI 
identified seven out of eight patients with the largest HCC tumours in 
contrast to three for AFP, and one each by the L. culinaris agglutinin-
reactive AFP and prothrombin induced by vitamin K absence-II tests. 
One of the peaks (13,391 Da) was identified by mass spectrometry 
as cystatin C. This was verified by immunodepletion and pull down 
experiments using anti-cystatin C antibodies.
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 The second study is that of Kanmura et al. [39], who investigated 
the SELDI profiles of serum obtained from 45 HCV-related HCC (HCV-
HCC), 42 HCV-related chronic liver disease without HCC (HCC-CLD) 
and 21 healthy controls on a CM10 surface. When compared with 
HCV-CLD patients and healthy controls, five protein peaks (4067, 
4470, 7564, 7929, and 8130 Da) were significantly increased in HCV-
HCC patients. The 8130 Da peak was the most differentially expressed 
and was identified as a fragment of complement component C3a by 
mass spectrometry and confirmed by immunodepletion. Another 
fragment of complement C3a was identified as a marker for HCV-
HCC by Lee et al. [43] although the m/z of their peak was 8.9 kDa. 
Complement C3a is know to have a short half-life and be cleaved 
into C3desarg (8.9 m/z). In the study of Kanmura et al. [39], the 8.9 
m/z peak was significantly higher intensity in HCV-HCC patients 
compared with other groups but lacked the discriminatory power 
compared with the 8.1 m/z peak. Additionally, the 8.9 m/z peak did 
not significantly increase with time as HCC progressed in individual 
patients. Kanmura et al. [39] found that for discrimination of HCV-
HCC patients a sensitivity and specificity of 78% and 52% was 
obtained using the C3a fragment (8.1 m/z) alone. When combined 
with AFP and des-gamma-carboxy prothrombin assays, the 
sensitivity increased to 98% although the specificity dropped to only 
20%. No C3a fragment was found in supernatants obtained from 
culture in vitro of either the human hepatocarcinoma HuH-7 or the 
hepatoblastoma HepG2 cell lines. In contrast to the studies above, 
Steel et al. [62] found C3a to be down-regulated in HBC-infected 
HCC patients. In the discussion by Kanmura et al. [39], they report 
that serum from 25 HBV-related HCC patients was additionally 
analysed. Although no data were shown, the authors stated that “35 
protein peaks, including the C3a fragment, were over-expressed 
in the sera of both HCV-HCC and HBV-HCC patients compared to 
healthy volunteers”. Furthermore, “the C3a fragment (8.1 m/z) was 
particularly overexpressed in the sera of HCVB-HCC patients and 
was not significantly different between HBV-HCC patients and HCV-
CLD patients without HCC”. They speculated that the 8.1 m/z peak 
is a marker of HCV-HCC but not HBV-HCC infection. Clearly, further 
work is required to substantiate such claims.
 Another study to investigate treatment responses of chronic 
hepatitis C patients is that of Fujita et al. [24]. Patients were given 
pegylated interferon alpha and ribavirin, a regime considered to be 
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the most effective treatment with genotype 1b. Twenty percent of 
patients are non-virological responders characterised by viral load 
being positive throughout 48 hours of therapy. It is difficult to predict 
which patients will respond and those that will be non-virological 
responders. To identify host factors associated with treatment 
responses, SELDI profiles were determined on 32 patients with 
genotype 1b and a high viral load. Independent variables associated 
with responders were serum ferritin and three peaks (apolipoprotein 
A1, haemopexin, and transferrin). Impressively, receiver operating 
characteristic (ROC) curves for prediction of responders using the 
apolipoprotein A1/haemopexin and haemopexin/transferrin were 
0.964 and 0.936. The data show that pre-treatment tests may be of 
value in identifying chronic hepatitis C patients that respond or do 
not respond to pegylated interferon alpha and ribavirin. Additionally, 
the results suggest that there may be a link between treatment 
resistance and lipogenesis or iron homeostasis in chronic hepatitis 
C patients.

13.4.2 Epstein–Barr Virus and Nasopharyngeal 
Carcinoma

Nasopharyngeal carcinoma (NPC) has a higher incidence in parts 
of Asia compared with Europe and North America. Because of the 
association between Epstein–Barr virus (EBV) infection and NPC, 
serological tests detecting antibodies to viral antigens are used for 
screening high-risk populations. Such antibodies include the EBV 
viral capsid antigen and nuclear antigen (EBNA1). However, these 
tests suffer from a lack of specificity and sensitivity. As with many 
cancers the earlier the disease is detected the better the prognosis. 
Huang et al. [36] analysed the serum profiles of SELDI spectra from 
a test set of 24 patients with NPC and 24 non-cancer controls and, 
subsequently, a blind validation set of a further 20 patients with 
NPC and 12 non-cancer patients. Four ProteinChip surfaces were 
used CM10, Q10, H50 and IMAC30 loaded with copper. Three peaks 
(3160, 5188, 13,739 Da) were highly discriminatory. The 13,739 m/z 
peak was highest in samples from NPC patients whilst the 3160 and 
5188 m/z peaks were highest in controls. A decision tree calculated 
in Biomarker Patterns software using these three peaks resulted in 
a sensitivity of 95% and specificity of 83.3% for the validation set of 
samples. None of the peaks was identified at the molecular level. This 
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preliminary study is very promising and further experiments aimed 
at identifying the biomarkers with a view to formulating a simple 
clinical test are warranted. From an infectious disease perspective, 
it will be interesting to determine whether the peptides/proteins of 
interest are primary (directly related to EBV infection) or secondary 
biomarkers.

13.4.3 Chronic Fatigue Syndrome

Chronic fatigue syndrome (CFS), also known as post-viral fatigue 
syndrome (if the onset follows a flu-like illness) or myalgic 
encephalomyelitis is a debilitating disorder characterised by 
persistent fatigue not caused by exertion and not relieved by rest. At 
present, there is no specific diagnostic laboratory test or biomarker 
for CFS. Eight-eight genes were differentially expressed in the blood 
of patients with CFS compared with controls and cluster analysis 
identified seven subtypes with distinct clinical phenotypes and 
associated disease severity [41]. Amongst those 88 genes were 
those associated with haematological and immunological function, 
cancer, cell death and viral infection. It has long been thought that 
the disease has an infectious disease origin, either as the causative 
agent or as one of the triggers for subtype(s) of the syndrome. A link 
between CFS and retrovirus xenotropic murine leukaemia virus-
related virus (XMRV) in the U.S.A. was reported by Lombardi [49]. 
However, subsequent studies throughout the world failed to find 
such a link. [22, 31, 66, 67]. More recently, Lo et al. [48] reported 
murine leukaemia virus-like retrovirus gag gene sequences similar 
to polytrophic MLVs and XMRVs present in 87% of patients and 
7% of blood donor controls. The authors concluded that their data 
“clearly support” an association of MLV-like viruses with CFS. There 
are two studies which have either analysed pre-generated [4] or 
generated [40] SELDI data on CFS patients. Spectra from the sera of 
164 subjects (IMAC30, H50 and CM10 ProteinChips) were compared 
using Bayesian methods with blood transcriptome data obtained from 
microarray experiments [4]. Peaks of interest were presumptively 
identified from m/z ratios using ExPASY’s TagIdent although, as the 
authors admit, this approach is potentially flawed because m/z values 
may be insufficiently accurate and post-translational modifications 
may have occurred. Nevertheless, in six cases (AHBHD1, MGC29506, 
PCMTD1, JRK/PSCA and SNRPA1 and TGFB1) there was a correlation 
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between protein and gene expression. The study illustrates the 
difficulties in correlating SELDI and microarray data without the 
identity of m/z peaks being known. Typically, in eukaryotic systems, 
genes that are differentially expressed in a particular disease state 
may be detected as differentially expressed at the protein level in 
only 30–70% of cases [28]. In the study of Kerr et al. [40], which was 
not considered in our previous review, serum samples from 30 cases 
of CFS and 30 normal blood donors (age and sex-matched) were 
examined on CM10 and Q10 ProteinChips. A potential biomarker of 
17,899 Da which was decreased in expression in CFS patients (p = 
0.005) was found. This pilot study is promising and a larger study 
may be valuable. However, whether a single protein, or more likely 
a cocktail of proteins, would be able to distinguish the 7 subtypes of 
CFS is a leading question.

13.4.4 HIV-1 Associated Dementia (HAD)

Neurocognitive disorder is a common feature in those infected 
with HIV. Features might include cognitive impairment such as 
poor concentration and memory loss, motor symptoms such as 
clumsiness and poor balance and behavioural changes including 
apathy and reduced emotions. The symptoms arise after immune 
activation of brain macrophages and microglia in response 
to infection. HIV is thought to enter the brain within infected 
monocyte/macrophages early after infection. The most serious 
form is HIV-associated dementia (HAD). Highly active antiretroviral 
therapy can slow disease progression and delay the onset of 
neurocognitive disorders. However, the prevalence is increasing 
as more people survive the infection. Unfortunately, there are no 
biomarkers that predict individuals who will develop HAD. Wiederin 
et al. [69] obtained spectra from serum samples from HIV-1 infected 
patients with HAD (N = 14) and without (N = 7). All samples were 
immunodepleted with the Beckman Coulter IgY-12 High Capacity 
Proteome Partitioning kit, which removes the 12 most abundant 
serum proteins, before being analysed on WCX2 ProteinChips. 
Four peaks were significantly differentially expressed between the 
two groups. Two peaks (4493 and 25,872 m/z) were statistically 
significantly increased and two decreased (6633 and 25,872 m/z) in 
patients with HAD. None of the peaks was identified at the molecular 
level. Ratto-Kim et al. [55] analysed the supernatants derived from 
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monocyte/macrophages obtained from a predominantly Thai 
cohort, and also some individuals from Hawaii, of volunteers with 
HIV-1 (N = 15) or with HAD (N = 15) and matched HIV-1 negative 
controls (N = 30). Samples were pre-separated by high-pressure 
liquid chromatography and fractions analysed on gold ProteinChips. 
All samples from HIV-1-positive patients were obtained prior to the 
initiation of antiretroviral therapy. However, no peaks were found 
that separated HIV-positive patients with and without HAD.

13.4.5 Human Papillomavirus and Oral Squamous Cell  
 Carcinomas

Human papillomavirus (HPV), especially type 16, is associated with 
a subset of oral squamous cell carcinomas (OSCC). To gain an insight 
into the pathophysiological events in HPV-positive versus HPV-
negative OSCC, a SELDI study was undertaken by Melle et al. [52]. 
Samples comprised formalin-fixed and paraffin-embedded tumours 
from 17 HPV-associated and 7 HPV non-associated patients. Laser 
microdissection and a pressure catapulting microscope were used 
to collect 3000–5000 cells for SELDI analysis on Q10 and CM10 
ProteinChips. Eighteen peaks in total differentiated HPV-negative and 
HPV-positive OSSC. Two of the peaks at 11,434 and 15,339 Da were 
identified, through the use of two-dimensional gel electrophoresis 
and peptide mass fingerprinting, as thioredoxin and epidermal-fatty 
acid binding protein, respectively. Immunodepletion experiments 
confirmed the identity of both peaks. It was unclear why the two 
proteins were specifically associated with HPV-associated as 
opposed to HPV non-associated OSSC. The authors speculated that 
thioredoxin and epidermal-fatty acid binding protein would be good 
biomarkers for HPV-associated OSSC.

13.4.6 Porcine Reproductive and Respiratory Disease 
Syndrome

The porcine reproductive and respiratory disease syndrome 
(PRSS) virus is responsible for substantial economic losses in the 
worldwide pig industry through reduced daily weight gain and 
increased use of medication required for control of secondary 
pathogens. A combination of antigenic heterogeneity and immune 
evasion strategies of PRRSV has meant that conventional vaccine 
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strategies have failed to eradicate the virus. PRSS virus targets 
alveolar macrophages in the lungs and the infection can result in 
respiratory distress and influenza-like symptoms. The virus can 
be transferred by secretions and also through the air [37]. Genini 
et al. [25] used SELDI to identify serum biomarkers that could 
differentiate weaning asymptomatic piglets positive for PRRS 
viraemia from negative controls (PCR tested) and with potential 
predictive value for the subsequent occurrence of clinical PRRS. 
Serum from eight controls and eight infected pigs were analysed on 
WCX2, IMAC30 and H50 ProteinChips. Eighteen highly significant 
peaks were found that differentiated infected from control animals. 
However, none could discriminate infected from controls in an 
independent validation set. Possible confounders contributing to the 
results obtained in the training and validation sets were differences 
in protein concentration and the masking of potential early disease 
biomarkers by more abundant proteins. Although no biomarkers 
were discovered, excellent SELDI profiles were obtained on all of the 
ProteinChip surfaces used.

13.5 Diseases Associated with Bacterial 
Infection

13.5.1 Tuberculosis

Tuberculosis (TB) is a major global health concern, especially in low- 
and middle-income countries, and accounted for over 9 million new 
cases in 2007. Diagnosis is particularly problematic for latent TB and 
early disease. A positive bacterial culture from sputum remains the 
“gold standard” for diagnosis; however, results are not obtainable 
for 2 to 6 weeks. Moreover, a positive bacterial culture is even more 
problematic in infants due to a paucibacilliary load. A rapid, low-
cost, point-of-care test is urgently needed to reliably diagnose TB. 
Lui et al. [45] recently carried out a large study comparing 155 sera 
samples from smear-positive pulmonary tuberculosis (SPPTB) and 
smear-negative pulmonary tuberculosis (SNPTB) adults in China. 
Samples were divided into a preliminary training set (31 SPPTB, 22 
SNPTB and 42 non-TB controls) and a blinded testing set (20 SPPTB, 
14 SNPTB and 26 non-TB controls) and analysed on a CM10 surface. 
An optimal decision tree of nine peptide/protein peaks showed a 
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93.5%, 95.5% and 88.1% accuracy in classifying SPPTB, SNPTB 
and non-TB controls, respectively. Two peaks (4821 and 4792 m/z) 
for distinguishing between SNPTB and non-TB controls showed a 
sensitivity of 86.3% and a specificity of 85.7%. Identification of the 
4.8 kDa protein by tandem mass spectrometry revealed a previously 
unpublished 43 amino acid protein (BOV386_HUMAN) that will 
require more characterisation to assess its role in the diagnosis of 
smear-negative cases.

13.5.2 Sepsis

Sepsis is defined as a systemic infection caused by bacterial, viral 
or fungal infection. Sepsis is the leading cause of death in critically 
ill patients where severe cases can lead to septic shock and organ 
failure. Diagnosis of sepsis is complicated and typically based 
on levels of CRP or procalcitonin (PCT), despite their modest 
diagnostic specificity. Bacterial sepsis is also the leading cause of 
death following liver transplantation. In order to search for more 
reliable biomarkers of sepsis, Paugam-Burtz et al. [54] determined 
the plasma protein profiles of patients with postoperative sepsis 
(N = 62) compared with non-septic patients (N = 64) on CM10 
ProteinChips. The training set, comprising 61 samples, showed that a 
mean of 317 peaks could be detected on the CM10 surface and a total 
of 29 were significantly differentially expressed. Sixty-five additional 
patients (31 with and 34 without sepsis) were used for the test set. 
The expression of five protein peaks (4152, 4627, 5744, 5812 and 
5912 m/z) were common to both data sets and could estimate the 
likelihood of disease in individual patients better than measuring 
CRP or PCT plasma levels.

13.5.3 Respiratory Diseases

Chronic obstructive pulmonary disease (COPD) is responsible for 
substantial morbidity and mortality worldwide. The disease is 
characterised by progressive and irreversible decline in lung function 
resulting in reduced airflow in the lungs. COPD is an umbrella term 
covering two main diseases: chronic bronchitis and emphysema. 
The most common cause of COPD is smoking, although it is also 
associated with occupational exposure to pollutants, cold weather 
and irritants. Disease progression is characterised by intermittent 



241

worsening of symptoms called recurrent acute exacerbations, which 
are typically associated with infections of either viral or bacterial 
origin, in particular non-typable Haemophilus influenzae. A pilot 
study to screen for candidate biomarkers of acute exacerbations of 
COPD was reported by Bozinovski et al. [6]. Using serum collected 
from four patients with severe COPD, they found increased expression 
of an 11.6 kDa peak. Based on the peak mass, they predicted 
the identity as serum amyloid A, an acute phase inflammatory 
mediator. This was confirmed by ELISA in a larger cohort (N = 99) 
of individuals with stable versus acute COPD and longitudinally 
through convalescence.
 Another common respiratory disease is cystic fibrosis (CF), a 
hereditary disease caused by a mutation(s) in a gene encoding the 
cystic fibrosis trans-membrane conductance regulator, which is 
a chloride ion channel. Hallmarks of CF disease include recurrent 
and persistent bacterial infection. Early infections may be caused 
by a variety of bacterial pathogens such as Staphylococcus aureus, 
H. influenzae and non-mucoid Pseudomonas aeruginosa. However, 
mucoid P. aeruginosa infections predominate amongst older 
patients and these are associated with a substantial decline in lung 
function. Since 2008, four SELDI studies have been conducted to 
define specific biomarker signatures that can distinguish between 
these important respiratory diseases. In CF, airway inflammation 
is predominantly associated with neutrophils. To further define 
the immune response, MacGregor et al. [50] compared the SELDI 
proteomic profiles of bronchial lavage fluid from children with CF 
or other respiratory disease (i.e. lower respiratory tract infection, 
chronic cough, primary ciliary dyskinesia and croup). Twelve 
different binding surfaces and wash conditions were used, and 202 
proteins/peptides were differentially expressed in the CF samples. 
The most abundant biomarker was identified as S100A8 (calgranulin 
A), which was previously reported in induced sputum of CF patients 
[51]. The most discriminatory biomarker was 5.1 kDa, although this 
was not identified at the molecular level. There was no correlation 
between the 5.1 kDa peak and the neutrophil count in BALF, although 
there was a negative correlation with calgranulin A. Three markers 
at 6.2, 10.1 (S100A12), and 21.0 kDa, were positively correlated with 
neutrophil counts.
 Some SELDI studies have directly compared patients with COPD 
and CF and other respiratory diseases. Gray and colleagues [27] 
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compared the proteomic profiles of induced sputum from both 
COPD (N = 24) and CF (N = 28) patients, 18/28 of the latter who 
were chronically infected with P. aeruginosa. Additional groups 
comprised healthy controls (N = 20) and patients suffering from 
bronchiectasis (N = 19) or asthma (N = 24). Longitudinal samples 
were taken from 12 CF patients during an infective exacerbation, 
including at onset and after the completion of intravenous 
antibiotic therapy. Samples were analysed on CM10, Q10 and IMAC 
ProteinChips to maximise the discovery of new biomarkers. There 
were a substantial number of differential peaks associated with 
all disease conditions compared with healthy controls and more 
similarity was observed between SELDI profiles between the two 
obstructive diseases and between the two suppurative diseases. 
Over the three surfaces tested, 58 peaks could differentiate between 
the groups at P < 0.01 and 8 peaks at P < 0.001. A number of these 
peaks were identified, including calgranulin A-C, Clara cell secretory 
protein, proline rich salivary peptide, lysozyme C, cystatin S and 
haemoglobin α. CF and bronchiectasis were associated with high 
levels of calgranulins, including a truncated form of calgranulin A, 
that was confirmed by western blotting. No correlation between the 
amount of calgranulin A and neutrophil number was observed. Clara 
cell secretory protein was lower in abundance in all disease groups 
and this was confirmed by western blotting. A second study is that of 
Gomes-Alves et al. [26] who investigated the SELDI profiles of both 
serum and nasal epithelial cells in patients with CF, COPD, asthma 
and healthy controls. A total of 125 sera were collected (26 CF, 29 
asthma, 16 COPD and 54 controls) and run on CM10 ProteinChips. 
Nasal epithelial cells were collected from 14 CF, 20 asthma and 15 
controls and run on both CM10 and Q10 surfaces. Profiling analysis of 
the serum and nasal epithelial cells revealed over 160 differentiating 
protein peaks that were statically significant (P < 0.05). When logistic 
regression was applied they observed that combinations of two or 
more of these peaks significantly improved the predictive value of 
differentiating these diseases with common clinical features. Protein 
purification yielded a positive identification of the 15,887 m/z peak 
as haemoglobin subunit-beta. Both of these studies demonstrate 
that SELDI shows promise in identifying novel biomarkers in 
respiratory disease that may lead to advances in our understanding 
in pathophysiology and could prove useful for monitoring disease 
progression and treatment.
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13.5.4 Intra-Amniotic Infection

Preterm labour, where neonates are born before 37 weeks of 
pregnancy, is a major cause of morbidity and mortality worldwide. 
In the Western world, it accounts for 70% of all neonatal deaths and 
preterm infants are 40 times more likely to die compared with term 
neonates [5, 15]. Long-term handicaps include blindness, deafness, 
developmental delay, chronic lung disease, bowel problems 
(necrotizing enterocolitis) and a higher risk of cerebral palsy. The 
aetiology of preterm birth is not completely understood; however, 
intra-amniotic inflammation plays a major role. Infection and/or 
sepsis are major causes of intra-amniotic inflammation. Organisms 
including Fusobacterium nucleatum, Mycoplasma hominis and 
Ureaplasma species have come under particular spotlight but many 
others have been implicated. There have been a number of studies, 
in particular from Buhimschi and colleagues, aimed at identifying 
those at risk of preterm birth using amniotic fluid. These studies 
established four biomarkers (defensin-1, defensin-2, calgranulin 
A and calgranulin C) that could accurately predict intra-amniotic 
inflammation or infection with high sensitivity and specificity 
[9]. Moreover, these four proteins were used to formulate a mass-
restricted (MR) score, which ranged from 0–4 depending on the 
presence or absence of these protein peaks, or that showed a 100% 
correlation with the presence of intra-amniotic inflammation. If a 
peak is present, it is given a value of 1 and if absent a value of 0. 
Values of 3 or 4 indicate severe intra-amniotic inflammation. SELDI-
based studies in this area of research have proved particularly 
fruitful and best demonstrate where this technology can be used for 
rapid diagnosis in clinical practice. Studies prior to 2008 have been 
the subject of previous reviews [29, 34].
 A relationship between MR score and histologic chorioamnionitis 
was established in a study investigating 158 consecutive women with 
singleton pregnancies admitted with preterm labour or premature 
rupture of membranes [10]. There was a significant correlation 
between the MR score, severity of histologic chorioamnionitis and 
inflammation of the amnion, choriodecidua and chorionic plate, 
with African-American women being overrepresented in the severe 
inflammation group. Calgranulin C was the strongest predictor 
of severe chorioamnionitis, time to delivery and gestational age 
and independent of mode of delivery or exposure to antibiotics 
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or steroids. Calgranulin C (S100A12) is a calcium-binding protein 
that is associated with neutrophil function and released during 
inflammatory responses. Buhimschi and colleagues [8] also did a 
prospective study to determine the relationship between MR score 
and foetal inflammatory status at birth in a cohort of 132 patients. 
The ratio of IL-6 level in cord blood compared with amniotic fluid 
was used as an indicator of the differential inflammatory response 
in each compartment. Shorter amniocentesis-to-delivery intervals 
were found for women who had a MR score of 3–4 and higher 
IL-6 levels were found in the amniotic fluid of women and in the 
cord blood of neonates at birth. The IL-6 levels in neonates and 
the severity of intra-amniotic inflammation could not always be 
predicted, however. Early onset neonatal sepsis was also associated 
with increased levels of IL-6 in cord blood. Concentrated amniotic 
fluid was cultured for anaerobic bacteria in cases where the MR 
score suggested possible infection. It was not possible, however, to 
detect bacteria in approximately 30% of cases. The lack of positive 
bacterial culture, the gold standard for detecting intra-amniotic 
infection, could be due to the presence of unculturable or difficult 
to cultivate bacteria. In order to determine the rate of undetected 
infections in women with intra-amniotic inflammation, Han et al. 
[30] examined the amniotic fluid from preterm patients and controls 
by bacterial culture and 16S rRNA and related it to the MR score. 
Amongst the preterm birth samples, bacterial DNA was amplified 
from all culture-positive samples and, most important, from 17% of 
the culture negative samples. 16S rRNA analysis also detected further 
species in the culture-positive samples and there was evidence of 
intra-amniotic inflammation, as adjudged by the MR score, in the 
samples which were culture negative but PCR positive.
 Buhimschi et al. [11] have more recently employed 
multidimensional proteomics coupled with non-hierarchical 
bioinformatics algorithms to devise a new ranking system, the 
Q-profile, which is complementary to the MR score. The Q profile was 
generated from 286 amniotic fluid samples from women presenting 
with preterm labour. The proteomic fingerprint consisted of five 
peaks in the 10 to 12.5 kDa mass range that could identify a novel 
pathway related to preterm birth in the absence of intra-amniotic 
inflammation or bleeding. The results suggest that in some patients 
there is a distinct intra-amniotic inflammation-independent pathway 
that results in preterm birth. The study illustrates the powerful 
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combination of proteomics and pathway analysis. In a retrospective 
cross-sectional SELDI study, Romero et al. [57] investigated patients 
with spontaneous preterm labour who delivered at term and those 
that delivered preterm with intra-amniotic inflammation. They also 
developed a novel computational method which involved SELDI 
spectra obtained from two ProteinChip surfaces (CM10 and H50), 
using two energy-absorbing matrices and two laser intensities. 
Thirty-nine peaks could discriminate between patients with intra-
amniotic inflammation/infection versus those without with a 
sensitivity and sensitivity of 91.7% and 91.5%, respectively. Some of 
the m/z values corresponded to those found in previous studies and 
used in the MR score.

13.5.5 Bacterial Peritonitis

In patients with renal failure, osmotic correction of blood solute can 
be achieved across the internal lining of the abdomen in a process 
called continuous ambulatory peritoneal dialysis (CAPD). Although 
the ability of CAPD to successfully treat end-stage renal disease is 
well established, infection at the catheter site remains a serious 
cause of morbidity. In order to identify biomarkers of infection, Lin 
et al. [44] compared peritoneal fluid of patients undergoing CAPD. 
Several bacteria, including Staphylococcus epidermidis, S. aureus or 
Klebsiella pneumoniae, were isolated from the peritoneal fluid of 
infected patients. A combination of two-dimensional polyacrylamide 
gel electrophoresis and SELDI found an 11,117 m/z peak that could 
differentiate infected patients from controls with an accuracy of 
95%. The peak was identified as a peptide fragment derived from 
β-2-microglobulin, (full length 11,731 m/z), and confirmed by 
SELDI-based immunodepletion experiments. β-2-microglobulin is 
an established peritoneal fluid biomarker for infection.

13.6 Parasitic Infections

13.6.1 Fasciola Hepatica

The trematode Fasciola hepatica (common liver fluke) can cause 
fasciolosis in many herbivorous mammals, including sheep and 
cattle, and humans. It is found mainly in Europe, America and Oceania 
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and is an economically important pathogen in livestock. Rioux et 
al. [56] evaluated SELDI to identify serum biomarkers associated 
with F. hepatica infection of Corriedale sheep. Sera were collected 
at weekly intervals from eight experimentally infected sheep and 
pooled, fractionated and analysed on CM10 ProteinChips. For the 
test phase, sera from individual sheep (3 and 9 weeks post infection) 
were used. Six biomarkers were up-regulated at weeks 3 and 9 post 
infection, 16 were up-regulated only at week 9 post infection and 
four biomarkers were down-regulated at week 9 post infection. 
Transferrin and apolipoprotein A-IV were identified as two of the 
biomarkers that were up-regulated at 9 weeks post-infection. This 
study has been one of the few that have analysed pooled serum in 
the initial test phase and individual sera in a validation phase.

13.6.2 Cestode Infection of the Brine Shrimp

The brine shrimp Artemia parthenogenetica is an economically 
important organism and an intermediate host for many species of 
cyclophyllidean (cestode) tapeworms which can infect several water 
birds. Cestode eggs are released by tapeworms into water in the 
faeces of their avian host and consumed by the brine shrimp. The 
newly hatched oncosphere penetrates the haemocoel and develops 
into a cysticeroid which is associated with changes of behaviour 
and colour and makes the brine shrimp more susceptible to being 
eaten by foraging birds, as they are more likely to be found at the 
water surface. Adult tapeworms grow in the small intestine of the 
birds and the life cycle starts again. In order to understand these 
behavioural changes, Sánchez et al. [58] infected brine shrimps with 
Flamingolepsis liguloides, Confluaria podicipina and Anomotaenia 
tringae which infect flamingos, grebes and a variety of shore birds, 
respectively. The five categories investigated were (1) uninfected 
brine shrimp from the bottom; (2) uninfected brine shrimp from 
the bottom placed at the water surface (controls); (3) brine shrimp 
infected by F. liguloides; (4) brine shrimp infected by C. podicipina; 
and (5) brine shrimp infected with A. tringae. In total, the heads of 56 
infected, 52 uninfected from the bottom and 42 uninfected controls 
brine shrimp heads were analysed on H50, NP20 and IMAC30 
ProteinChips. In possibly the most unusual processing procedure 
in the literature, brine shrimp heads were individually bound to 
ProteinChips for 24 hr at 4°C prior to SELDI-profiling. A peak at 
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4515 m/z was down-regulated in brine shrimp brain when infected 
with A. tringae and 3951 m/z when infected with F. liguloides and 
C. podicipina. Two peptides (4.1 and 4.2 m/z) were of increased 
relative intensity in all samples of brine shrimp brains at the surface. 
The latter suggests that these peptides are associated with the 
environment rather than infection per se. None of the peptides was 
identified, although this is the next logical step.

13.6.3 Chaga’s Disease

Chaga’s disease is caused by the flagellate protozoan Trypanosoma 
cruzi and is transmitted by triatomid blood sucking insect vectors 
and occasionally through blood transfusion, organ transplantation, 
ingestion of contaminated food and from mother to foetus. It is most 
common in the Americas, particularly in poor rural areas of South 
America. Most infected individuals are asymptomatic and 15–30% 
will develop cardiac or gastrointestinal complications. Those that do 
get severe illness after infection will have local swelling and fever. 
Current testing methods, which are principally immunological in 
nature, are associated with false positives and there is a need for 
more accurate tests. Thus, Ndao et al. [53] carried out a large study 
which involved the analysis of sera from asymptomatic Chaga’s 
disease patients (N = 131) and uninfected controls (N = 164) and 
those with other parasitic diseases (N = 131), including malaria, 
leishmaniasis and schistosomiasis. Samples were analysed on WCX2 
and IMAC30 ProteinChips. Decision tree analysis using Biomarker 
Patterns software identified six peaks that were consistently found 
to be included in algorithms that differentiate Chaga’s disease 
patients and controls. For example, a five-node decision tree 
achieved 98% sensitivity and 100% specificity in separating Chaga’s 
disease patients from the other control groups. The six candidate 
biomarkers were identified at the molecular level. They were a 
C-terminal truncation of C3a anaphylatoxin desArg (8.1 m/z), various 
N-terminal truncations of apolipoprotein A1 (9.3, 10.1, and 13.6 
m/z), a C-terminal truncation of apolipoprotein A1 (24.7 m/z) and 
a C-terminal truncation of fibronectin (28.9 m/z). Because the cost 
of using SELDI is likely to be prohibitive for routine use, particularly 
in areas of the world where Chaga’s disease is the most common, 
western blot and ELISAs were evaluated for use as a rapid, simple 
and cost-effective test. In the case of fibronectin, a 28.9 kDa full 
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length fragment was detected in western blots primarily in Chaga’s 
disease patients compared with those with other parasitic diseases, 
although only a sensitivity of 78% and specificity of 90% could be 
achieved. Three biomarkers (6.3, 7.5 and 15.2 m/z) were highly 
specific to Chaga’s disease with cardiac involvement when compared 
with samples from other parasitic diseases. The authors speculated 
that these may be associated with early cardiac complications of 
Chaga’s disease and were worthy of specific follow up.

13.6.4 Taenia Solium

(Taenia solium) is found worldwide but particularly in areas where 
humans live in close contact with pigs and eat pork that has been un-
dercooked. Eggs or gravid proglottids that are ingested by humans 
or pigs hatch in the intestine, invade the intestinal wall and can mi-
grate to brain, liver, striated muscle and other tissues where they 
develop into cystercerci. In humans, infection of the central nervous 
system can result in neurocysticercosis characterised by headaches, 
epilepsy, intracranial hypertension and occasionally death. Humans 
become infected when they eat pork containing the cystercerci. In 
pigs—an intermediate host—infections are predominantly asymp-
tomatic. There is no diagnostic test that can discriminate between 
infections with viable cysts (active cysticercosis) and degenerated 
cysts (inactive cysticercosis). Such a test would be helpful in epide-
miological, vaccine and antihelmintic studies. To identify potential 
biomarkers suitable for use in diagnostic tests, Deckers et al. [20] 
analysed serum samples from naturally infected pigs from Zambia 
(N = 27) and Peru (N = 59), experimentally infected pigs (N = 18) and 
pigs infected with Taenia saginata asiatica (N = 6), Taenia hydatigena 
(N = 7), Trichinella spiralis (N = 5) and Trypanosoma congolense (N 
= 7). CM10 and IMAC30 ProteinChips were used. In the experimen-
tally infected animals, 30 discriminating biomarkers were found, 13 
being active cysticercosis-specific, nine for inactive cysticercosis and 
eight common to both groups. Five biomarkers were identified at 
the molecular level as the C-terminal fragment of the alpha and beta 
chain of clusterin (3.63 kDa), an N-terminal fragment of vitronectin 
(12.3 kDa), a C-terminal fragment of Apo-A1 (15 kDa), a N-terminal 
fragment of lecithin-cholesterol-acyltransferase (22.5 kDa) and an 
N-terminal fragment of haptoglobin (10.3 kDa). The first four bi-
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omarkers were all elevated in pigs with active cysticercosis and the 
last one with inactive cysticercosis. In the field samples, 10 biomark-
ers were discriminatory. Only three of the biomarkers (8.6, 28.5 and 
55.8 kDa) were found in both experimental and field sample sets, 
although not consistently. The authors believed that biologically the 
presence of haptoglobin, clusterin and vitronectin could be linked to 
cysticercosis infection but that the other two biomarkers identified 
were probably non-specific consequences of infection.

13.7 Prion Disease

Prion diseases, also known as transmissible spongiform 
encephalopathies (TSEs), are a group of fatal neurodegenerative 
diseases that can affect both humans and animals. They include 
bovine spongiform encephalopathy (BSE) in cows, scrapie in 
sheep and chronic wasting disease (CWD) in deer. Human forms 
of prion disease can be genetic (Gerstmann–Sträussler–Scheinker 
(GSS) syndrome), sporadic (Creutzfeldt–Jakob disease (sCJD)) or 
infectious (variant CJD). These diseases are characterised by the 
accumulation of a misfolded protein isoforms PrPs(scrapie) or the 
prion protein PrPc(cellular) in brain tissue. This conformational change 
results in increased protein stability and resistance to denaturation, 
making these proteins very hard to destroy. While definitive disease 
can only be diagnosed post mortem, specific biomarkers are now 
used to assign a “probable diagnosis”, including 14-3-3-protein or 
tau protein in the case of CJD. Two recent studies have used SELDI 
technology to discover new putative biomarkers for TSEs in order 
to develop a more reliable pre-mortem diagnostic. Steinacker et al. 
[63] compared cerebrospinal fluid from 32 CJD patients, 32 patients 
having other dementive diseases and 31 non-demented controls 
on a CM10 surface. Training and test sets comprised 47 randomly 
chosen samples from each of the patient cohorts. Direct comparison 
of normalised peak intensities showed that three peaks (6438, 
7460, 8606 Da) were significantly differentially expressed (P < 
0.001) in the training set when comparing all three groups. In the 
blind test set, only two of these peaks (6438 and 8606 Da) could 
discriminate between the three groups. Moreover, using the 8.6 
kDa peak as a marker of disease resulted in more patients correctly 
diagnosed when compared with tau or 14-3-3-proteins. This peak 
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was successfully identified through enrichment by reverse phase 
chromatography followed by gel separation and in-gel trypsin digest. 
Liquid chromatography tandem mass spectrometry identified 
this protein as ubiquitin and the increased level of this protein in 
cerebrospinal fluid of CJD patients was confirmed by western blot.
 A further study was that of Barr and colleagues [3] who compared 
the SELDI profiles of murine brain tissue from groups infected with 
TSE (scrapie) to non-infected controls. This study examined the 
protein profiles of infected (N = 6) and non-infected (N = 6) animals 
throughout the course of infection (30, 60, 90, 120, 150, 180, 210 
and 240 days) and after 260 days (N = 12 infected; N = 12 controls), 
clinically assessed as the terminal stage of disease. Samples were 
analysed on CM10 and Q10 ProteinChips and statistically significant 
peaks were identified using Biomarker Wizard software. These data 
were further analysed by cluster analysis and principal component 
analysis (PCA) using the statistical package R. The analysis revealed 
that total separation between the diseased and the control group 
was achieved after 90 days of infection. A cluster of four peaks 
(5235, 6333, 8445 and 16,885 m/z) on the Q10 surface gave a 
sensitivity and specificity of 100% indicating they would be model 
biomarkers for distinguishing the healthy from the diseased. Three 
peptide peaks shown to be significantly differentially expressed on 
a CM10 surface were identified by fractionating the samples, using 
1-D PAGE to isolate the bands of interest and MS/MS applied directly 
to the ProteinChip surface (see Bio-Rad LUCID system). The protein 
peaks identified included two that were up-regulated in TSE disease 
(Hsp/Cpn10 and DBI/ACBP) and one negative biomarker of disease 
(FKBP12). Differential regulation of these three proteins was also 
confirmed by immunohistochemistry.

13.8 Hepcidin Measurement

Hepcidin is a protein hormone produced by hepatocytes and is 
a central regulator of iron homeostasis, negatively regulating 
duodenal absorption and the iron release from macrophages. It 
is linked with infection through restriction of iron availability to 
pathogens, inflammation and has some antimicrobial properties. 
The active form of hepcidin is a 25 amino acid peptide. N-terminal 
isoforms (hepcidin-20 and hepcidin-22), truncated at the N- 
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terminus, also exist. However, the role of the isoforms is unclear 
since the five N-terminal peptides of hepcidin-25 are necessary for 
binding to ferroportin and biological activity. However, hepcidin-20 
has some antimicrobial activity and may play an important role in 
infection. Hepcidin has proved to be a difficult molecule to assay 
by conventional techniques because it is small, forms hairpins and 
is compact with four disulphide bonds. There are few antigenic 
epitopes and it is highly conserved between species making it 
difficult to raise antibodies. A number of methods to assay hepcidin 
are available, e.g. competitive radioimmunoassay, MALDI-TOF and 
liquid chromatography tandem mass spectrometry (reviewed in 14). 
Quantitative SELDI analysis has also emerged as a reliable method. 
Its use has the advantage that the various isoforms can be measured. 
Analysis is done on IMAC30-copper loaded ProteinChips, with 
standard curves of hepcidin-25 being calculated and a synthesized 
hepcidin-24 peptide is used as an internal standard. Examples of 
where SELDI-based hepcidin assays have been used in the infectious 
disease arena include studies by Fujita et al. [23] and Sugimoto et 
al. [64]. In the former study, serum hepcidin was measured in 73 
consecutive chronic hepatitis C (CHC) patients and compared with 
patients with anaemia of inflammation (N = 10) and age-matched 
healthy controls (N = 10). Additionally, serum hepcidin was 
measured in 27 of the CHC patients treated with a 48-week course 
of pegylated-interferon plus ribavirin therapy. Serum hepcidin-
to-ferritin ratios were significantly lower in HCV-positive patients 
versus control groups. Hepcidin levels returned to normal after 
successful HCV eradication with the antiviral therapeutic regimen. 
Sugimoto et al. [64] measured serum hepcidin levels and sequential 
changes during phlebotomy in chronic hepatitis C patients (N = 9) 
and healthy controls (N = 10). Serum hepcidin were significantly 
higher in HCV patients than controls and phlebotomy significantly 
decreased serum hepcidin in HCV patients. One potential biomarker 
of sepsis is hepcidin, a liver derived peptide that is detectable in both 
serum and urine and strongly induced by inflammation and sepsis. 
A recent study by Altamura et al. [1] showed that a CM10 surface to 
accurately and sensitively detect hepcidin in the urine of patients 
suffering from severe sepsis (N = 8) compared with healthy controls 
(N = 12). Further work will be required to establish the sensitivity and 
specificity of hepcidin in the diagnosis of sepsis in the background of 
other pathologies and inflammatory disorders.
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13.10 Concluding Remarks

In our review of the use in SELDI in infectious diseases in 2007 [34], 
we predicted that the technique would be increasingly used for 
biomarker identification because of its requirement for only small 
amounts of sample and high throughput capability. Whilst there 
have been a number of studies, it is surprising that there has not 
been more. What are the reasons? Firstly, there was some concern 
about the level of support that Bio-Rad would give to the SELDI 
platform after its acquisition from Ciphergen. In the event any such 
fears were unfounded. Secondly, the method requires expensive 
equipment and consumables. Therefore, access to SELDI technology 
and the price of ProteinChips especially for large studies requires 
significant investment. Thirdly, the accuracy and sensitivity of the 
SELDI Reader compared with other mass spectrometric techniques 
such as MALDI-TOF have been questioned [70]. In general, the 
availability of MALDI-TOF is greater than SELDI and the former is 
increasingly being used for “SELDI-like” biomarker studies. Partly, 
this is due to the advent of methods designed for use with MALDI-
TOF that mimic the ProteinChip element of SELDI. For example, 
Invitrogen sell Dynabeads®WCX (weak cation exchange) magnetic 
particles which can be used for serum profiling. They are a direct 
equivalent of WCX2 ProteinChips and are used in the same way i.e. the 
use of different buffer and pH wash conditions results in enrichment 
of a sub-proteome. Eluates are analysed on a MALDI-TOF machine. 
Further equivalent products are in development.
 Nonetheless, as the above review of studies illustrates, SELDI 
can be a useful tool in biomarker discovery if suitable care is taken 
in collection and storage of the samples, sufficient numbers are 
analysed, steps are taken to eliminate bias such as randomization of 
samples, operators are blind to the samples they are analysing, and 
the use of random training and test sets as well as new cohorts for 
validation. One problem in early studies was that it was comparatively 
difficult to go from an m/z peak to identification at the molecular 
level. However, the advances in other peptide/protein methods 
particularly the use and availability of the ProteomeLab PF2D 
system (Beckmann Coulter) and liquid chromatography tandem 
mass spectrometric methods has made identification easier. PF2-D 
involves two-dimensional liquid separation of protein samples. 
Samples are separated by chromatofocusing and reverse phase 

Concluding Remarks
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chromatography in the first and second dimensions, respectively. In 
regard to SELDI, Bio-Rad now produce the Lucid Proteomics System 
which couples ProteinChip SELDI arrays with a high performance 
tandem mass spectrometer from Bruker Daltonics. The Lucid 
Proteomics System should facilitate molecular identity of peaks 
of interest (biomarkers) obtained from SELDI studies, although 
it is optimal in identifying peptides < 5 kDa. Another advance/
product that may influence investigators to use the SELDI platform 
in the future is the availability of ProteoMiner beads which consist 
of a library of combinatorial peptide ligands to simultaneously 
dilute high-abundance and concentrate low abundance proteins. 
Availability of ProteoMiner beads in slurry form, such that they 
can be used in multi-well formats, will potentially allow their use 
in a high throughput capacity. An alternative method, comparatively 
widely used in proteomic studies, is immunodepletion of the most 
abundant proteins in serum which again increases the dynamic 
range of proteins to be analysed. Thus, less abundant proteins may be 
amenable to detection. However, immunodepletion kits are usually 
supplied in cartridge form and are cost-prohibitively expensive if 
large numbers of samples are to be analysed.
 Also in our previous review, we envisaged that SELDI would not 
become a routine procedure in clinical biochemistry laboratories 
primarily because of cost. The literature suggests that this prediction 
has been borne out. The one possible exception is the use in some 
institutions to detect those at risk from preterm birth [7]. We predict 
that the status quo will be maintained and SELDI will primarily be 
used to identify biomarkers for infectious diseases with the aim of 
developing simpler tests for routine laboratory or, particularly in 
the case of the developing world, at the point of care. Ndao et al. 
[53] stated that “rather than replacing antibody- and nucleic acid-
based testing, it seems more likely that MS (mass spectrometric) or 
MS-derived assays will provide complementary information (e.g. 
confirmatory testing, tests for cure or prognosis)”. We concur with 
their view for the developed, although clearly not the developing 
world.
 In summary, SELDI data have identified biomarkers and provided 
valuable biological insights into host-pathogen interactive biology 
for a number of infectious diseases. It is likely that the use of SELDI in 
combination with new developments, such as ProteoMiner beads and 
methods for rapid protein identification, will result in its continued 
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use for biomarker identification and greater understanding of 
infectious disease processes.
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14.1 Introduction

Infection of human immunodeficiency virus type (HIV) 1 in an 
infected individual affects many physiological processes, eventually 
leading to the development of acquired immune deficiency syndrome 
(AIDS). For efficient replication, the virus utilizes its accessory 
proteins to modify many physiological aspects of the infected cells 
and the individual as a whole.1–3 Immense studies have been carried 
out to study HIV infection such as the role of HIV accessory proteins 
in the intracellular processes affected by HIV infection and mRNA 
changes in the infected cells.4–7 However, it is only recently that the 
proteome changes are being studied.8
 Proteomics can be defined as “the systematic study of the many 
and diverse properties of proteins in a parallel manner with the 
aim of providing detailed description of the structure, function 
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and control of biological systems in health and disease”.9 The most 
valuable information on the system being studied is the differential 
expression of proteins in cells, tissues or body fluids of different 
states. Hence, proteomic analysis needs to be quantitative. Some of 
the most common approaches employed in quantitative proteomics 
are introduced in the following section and the principle associated 
with each approach is briefly discussed.
 Various quantitative proteomic methods have been employed 
in the study of HIV infection. In the rest of this chapter, examples 
of HIV research utilizing quantitative proteomic analysis will be 
provided. As the research is much diversified, the examples are 
grouped according to the sample type. The proteome of T cells 
can be monitored for changes in response to HIV infection. The 
cultured HIV-infected macrophages can be analyzed, or the plasma 
of infected individuals can be used to study whole body responses 
to HIV infection. Cerebrospinal fluids from infected patients can be 
analyzed.

14.2 HIV Proteomic Research

14.2.1 T Cells

In the pathogenesis of HIV, the cell types T cells, monocytes, 
macrophages, and follicular dendritic cells are primarily responsible 
for the replication of HIV in the body. Hence, it is logical to study the 
proteome of these cells. The envelope and cell surface membranes 
of the virus are made up of lipoproteins and cholesterol and the 
fatty acids are synthesized in the cytoplasm. In the virus replication 
starting from its entry into the cell to integration, transcription, 
assembly and budding of HIV from cells, both lipids and lipoproteins 
are necessary for molecular communication in each replication 
step.10–12 S. Rasheed et al. investigated if HIV infection affected the 
production of any proteins involved in the lipid metabolism in a 
T-cell line (RH9) in vitro.13 In their study, proteins were extracted 
from cells of both infected and uninfected cultures. The samples 
were analyzed by isoelectric focusing (IEF), quantified by 2DE 
and identified using matrix assisted laser desorption-time of 
flight (MALDI-TOF) mass spectrometry. Eighteen proteins were 
identified to be differentially expressed in HIV-infected cells—12 
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proteins were expressed exclusively, 2 were upregulated, and 4 
were downregulated. Out of these 18 proteins, seven were from 
the various families of enzymes/kinases, five were transporter 
proteins, two were molecular chaperons, two were transmembrane 
receptors, and one was a ligand-binding protein and was an adapter-
like protein. The study provided the first direct evidence that HIV 
infection alters the production of proteins that are involved in lipid 
synthesis, transport and metabolism.
 In another study that focused on membrane-associated proteins 
on HIV-infected T cells, isolated proteins were separated by 2DE 
and later identified by MALDI-TOF mass spectrometer.14 Berro et al. 
found that 17 proteins on the surface of T cells were differentially 
expressed due to HIV infection. Of these proteins, 65% are integral 
membrane or membrane-associated proteins that could be divided 
into two functions: (1) proteins involved in cell adhesion, structure, 
and migration; (2) receptors or receptor-associated proteins involved 
in the regulation of cell death and survival. Specifically, a protein 
X-linked inhibitor of apoptosis was identified to be upregulated in HIV-
infected T cells. The authors suggested that the upregulation of this 
protein was a mechanism to increase cell survival to counterbalance 
the apoptotic effects of some viral accessory proteins.
 The proteome response of the human CD4+ cell line CEMx174 
to HIV infection was analyzed by quantitative proteomics.8 Relative 
quantitative analysis was carried out by utilizing the 16O/18O 
stable isotope labeling15 and the peptides were analyzed by using 
electrospray ionization interface-Fourier transform ion cyclotron 
resonance (FTICR) mass spectrometer. Chan et al. quantified 
3255 proteins, out of which 344 increased and 343 decreased in 
abundance. These 687 proteins were mostly involved in certain 
biological pathways such as ubiquitin-conjugating enzymes in 
ubiquitination, carrier proteins in nucleocytoplasmic transport, 
cyclin-dependent kinase in cell cycle, and pyruvate dehydrogenase 
of the citrate cycle pathways. This indicates that specific cellular 
processes may be involved in the virus replication process.
 CD4 is an integral membrane protein consisting of four 
extracellular domains, a transmembrane domain, and a cytoplasmic 
tail.16 Its function is as a coreceptor in the activation of CD4+ cells17 
and the receptor for the entry of HIV when combined with CCR-5 
and CXCR-4.18,19 Membrane proteins are usually very difficult 
to study and their low abundance requires additional strategies 
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for their detection. Bernhard et al. employed isotopically coded 
affinity tag (ICAT) to study CD4-associating proteins. They used a 
cysteinyl affinity capture method to reduce the complex protein 
tryptic mixture.20 This limited the mixture to be reduced to only 
cysteine-containing peptides. CD4 receptor complex components, 
i.e., CD4 and p56Ick and its associating molecules, and several other 
proteins were identified using this strategy. However, the reduction 
of protein mixture resulted in only 10% of the digested peptides to 
be identified. Hence, this strategy did not enable the identification of 
all proteins.

14.2.2 Macrophages

Macrophages are mononuclear phagocytes that are involved in 
both inane and adaptive immune responses. They act as protector 
of the immune systems due to their phagocytic and inflammatory 
properties. It has been discovered in the late 1980s that HIV can 
infect monocytes and macrophages.21–23 HIV persists in the host 
system even though antiretroviral treatment is administered. There 
are two theories of this persistence nature of HIV—latency and 
ongoing replication. Ongoing replication is a consequence of drug 
resistance, whereas latency involves the presence of HIV in reservoir 
cells, which include resting memory CD4+ T cells and mononuclear 
phagocytes such as peripheral blood monocytes, macrophages, 
microglia, and dendritic cells.24–32 Hence, new therapies are required 
to purge these reservoir cells in order for effective treatment. Since 
macrophages belong to one of these reservoirs, it makes sense to 
study how HIV affects macrophages.
 HIV-infected individuals exhibiting a higher risk of invasive 
bacterial infections although highly active antiretroviral therapy 
(HAART) was administered and CD4+ T cell counts had recovered.33,34 
The mechanisms behind this are not fully understood yet. However, 
some studies suggest that when HIV infects key cells of the monocyte-
macrophage lineage, the innate immune system to bacteria is 
impaired. Thus, Pathak et al. studied the effects of HIV infection on 
the proteome of undifferentiated monocyte-like THP-1 cells.35 SILAC 
was employed in this study and 651 proteins were identified. Out 
of these 651 proteins, 9 proteins were downregulated and 17 were 
upregulated in HIV-infected THP-1 cells. It was found that the IL-1 
receptor-associated kinase 4 (IRAK-4) was downregulated. IRAK-4 is 
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essential for virtually all Toll-like receptors (TLR) signaling cascade 
for pathogen recognition in monocytes/macrophages. Hence, it is 
important in effective immune response of the innate and adaptive 
immune system. The authors, thus, suggested that the ability of 
the innate immune system to sense pathogens may be diminished 
because HIV may impair the TLR signaling cascade for pathogen 
recognition.
 In a study to determine the role regulatory T cells (Treg) play 
in HIV disease, quantitative proteomic analysis utilizing iTRAQ was 
used to study the differential protein expression of HIV-infected bone 
marrow-derived macrophages (BMM) with Treg and without Treg36; 
3553 proteins were identified. The alternation of the proteome of 
HIV-infected bone marrow-derived macrophages treated with Treg 
was associated with antiviral response and apoptosis. Interferon-
stimulated gene 15 was upregulated. Interferon-stimulated gene 15 
is an ubiquitin-like protein that is involved in interferon-mediated 
antiviral immunity. Hence, it was also observed that with the 
upregulation of this protein, the virus release was reduced.

14.2.3 Cerebrospinal Fluid

HIV infection affects the development of cognitive, behavioral, and 
motor deficits and in the most severe form, HIV-associated cognitive 
impairment is called HIV-associated dementia (HAD).37 HAD can 
progress to extreme functional disability and death. Currently, the 
diagnosis of HAD is made primarily on the basis of the elimination of 
concurrent opportunistic infections, malignancies, and psychiatric 
disorders. Hence, there are a number of studies to uncover 
biomarkers for HAD and also for therapeutic monitoring.38,39

 Cerebrospinal fluid (CSF) provides nutrients, protection, and 
environment support for the nervous system.40 It is generally 
accepted that CSF proteins reflect the central nervous system 
(CNS) metabolic activity and, hence, can indicate brain pathological 
processes.41,42 Therefore proteomic analysis of CSF can provide 
information on CNS in diseases.43–47 In a comprehensive proteomic 
analysis on CSF of HIV-infected individuals using surface enhanced 
laser desorption ionization time of-flight (SELDI-TOF), nine 
proteins were identified to be unique to HIV-associated cognitive 
impairment. They were soluble superoxide dismutase (SOD 1), 
related to amyotrophic lateral sclerosis (ALS), migration inhibitory 
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factor (MIF)-related protein 14, macrophage capping protein, 
neurosecretory protein VGF, galectin-7, L-plastin, acylphosphatase 
1, and a tyrosine 3/tryptophan 5-monooxygenase activation protein. 
These proteins are involved in cell signaling, structural function and 
antioxidant activities.48 Rozek et al. utilized 2D-DIGE to discover 
potential biomarkers for HAD.49 They had discovered more than 
90 differentially expressed proteins and identified 20 of them. The 
differential expression of six proteins—vitamin D binding protein, 
clusterin, gelsolin, complement C3, procollagen C-endopeptidase 
enhancer 1, and cystatin C—was validated by Western blotting. 
The authors, hence, suggested that these proteins were potential 
biomarkers for HAD.

14.2.4 Plasma

The proteome of plasma has become easier to profile with the 
development of proteomic tools, and it has been proven to be useful 
in diagnostic, prognostic and/or therapeutic development.50 In 
the objectives of many proteomic studies, the analysis of proteins 
associated with HIV-infection could potentially identify biomarkers 
and drug targets.51,52 In one such study, 2DE was used to analyze HIV-
infected plasma samples and non-infected plasma samples collected 
from infected patients and healthy individuals, respectively.53 At least 
eight proteins were expressed differentially in HIV-infected plasma. 
In particular, apolipoprotein AI was found to be expressed differently 
for different isoforms. This was the first time such phenomenon was 
observed in HIV infection. The difference in expression levels reflects 
that there are different post-translational modifications occurring 
for different isoforms of apolipoprotein AI. The authors, therefore, 
suggested that this heterogeneous alteration may provide useful 
diagnostic information for HIV infection and therapy.
 In 2008, Rozek et al. posited the sera as an alternative to 
biomarker detection for cognitive impairment. This study was the 
first attempt to find HIV-1-associated biomarkers in sera. Eighty 
proteins spots were differentially expressed, but only 17 spots were 
identified with high confidence. Only two proteins were validated 
with Western blotting, namely afamin and ceruloplasmin. Although 
the roles of these proteins in the sera of patients with HAD are not 
clear, they may be used as potential biomarkers and the combination 
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of laboratory tests using CSF and sera as samples may aid in the 
future diagnosis of neurodegenerative diseases.54

 Recently, another study evaluated the proteomic profile of 
plasma samples from HIV/HCV mono- and coinfected patients to 
investigate the changes in protein abundance and to understand how 
these proteins are involved in the pathophysiology of liver disease 
in these patients.55 The plasma samples were subjected to 4-plex 
iTRAQ labeling and LC-MS/MS for quantification and identification. 
Seventy proteins were identified with high confidence, out of 
which apolipoproteins and complement proteins are the two major 
classes that were differentially expressed. Upregulated proteins 
include apolipoprotein A-II (APOA2), apolipoprotein C-II (APOC2), 
apolipoprotein E (APOE), Complement C3 (C3), and histidine-rich 
glycoprotein (HRG). These proteins play a role in the hepatic lipid 
metabolism, inflammation and acute-phase response signaling 
pathways. Thus, these proteins can potentially be biomarkers for 
liver disease.

14.2.5 Cervical Lavage Samples

Sex workers who are highly exposed to HIV infection but yet remain 
uninfected can be characterized to be relatively resistant to HIV 
infection. Evidence has shown that some innate immune factors 
in the mucosal layer in the cervicovaginal compartment may aid 
in resistance against HIV infection.56–60 Burgener et al. used 2D-
DIGE to do a more thorough characterization of the differences in 
genital secretions between HIV-resistant, HIV-infected, and HIV-
uninfected individuals.61 More than 15 proteins were found to be 
differentially expressed between the HIV-resistant group and the 
control group. Proteins such as antiproteases, including those from 
the serpin B family and cystatin, a known anti-HIV factor, were found 
to be highly expressed in HIV-resistant women. Western blotting 
confirmed the trends observed in 2D-DIGE for some of the proteins. 
By understanding how these factors play a role in HIV resistance, 
microbicides and/or vaccines against HIV may be developed.

14.3 Discussion and Conclusion

In HIV infection proteomic research reviewed herein, descriptive 
studies have pointed to the discovery of biomarkers, infection 
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mechanism, and protection mechanism against HIV infection with 
the aid of the various proteomic techniques. These methods have 
helped identify the proteins and quantify their relative amounts in 
experimental and control samples.
 Melendez et al.62 reviewed the applications of proteomics in 
HIV-infected macrophages. The advantages and limitations of 
each technique were described, and this suggests that there is 
not a single quantitative proteomic technique that can provide a 
complete picture of the biological system under investigation. Some 
comparative studies of proteomic methods have concluded that the 
different methods can provide complementary information63,64 and, 
hence, can provide a better picture of the biological system under 
investigation.
 In summary, quantitative proteomics is very useful in the research 
of HIV infection, but it is more efficient when a variety of techniques 
can be employed in the research to give a more complete picture of 
HIV infection in the host.
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