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During the last decade, a major breakthrough in the field of proteomics has been 
achieved. This review describes available techniques for proteomic analyses, both gel and 
non-gel based, particularly concentrating on relative quantification techniques. The 
principle of the different techniques is discussed, highlighting the advantages and 
drawbacks of recently available visualization methods in gel-based assays. In addition, 
recent developments for quantitative analysis in non-gel-based approaches are 
summarized. This review focuses on applications in Type 1 diabetes. These mainly include 
proteomic studies on pancreatic islets in animal models and in the human situation. Also 
discussed are mass spectrometry-based studies on T-cells, and studies on the 
development of diagnostic markers for diabetic nephropathology by capillary 
electrophoresis coupled to mass spectrometry.
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From genomics to proteomics
The term proteome was first introduced in 1994
by Wilkins and coworkers in Siena, Italy [1].
Proteome refers to the already established
terms genome and transcriptome, and
describes all proteins present in a given cell or
organism. Although researchers realized that a
systematic analysis of the proteins expressed by
a cell or organism would be essential to under-
stand the mechanisms and pathways involved
in all aspects of cell growth and differentiation
many years earlier, it was only until the com-
pletion of the first genome projects that this
proteome investigation boosted enormously.
This was the start of the post-genomic era,
where researchers realized that many processes
occur in a cell from the transition from genome
to proteome, which could not be explained
solely by genomics and transcriptomics. 

It is undoubtedly clear that the availability
of the human genome has aided greatly to our
understanding of many genetic disorders and
is a great step forward in the diagnosis and
treatment possibilities for their associated dis-
eases. However, the majority of diseases, even
if they are genetic, are not caused by a single
mutation. Rather, they are a combinatorial
effect of multiple genetic mutations or an

unfavorable combination of common alleles.
In addition, environmental factors may also
contribute to initiation of the disease, which is
true for Type 1 diabetes (T1D). Concurrently
with the sequencing of the human genome,
RNA-based assays, such as microarrays and the
real-time reverse transcriptase PCR technique,
were a major research topic, both in funda-
mental research and in clinical diagnostics [2].
Although our knowledge of the pathways
involved in many diseases greatly improved, no
information whatsoever could be obtained
from these RNA-based studies regarding the
importance of translational regulation and the
role of post-translational modifications
(PTMs). Moreover, some authors proved a very
poor correlation between mRNA levels and
protein levels [3,4]. From this perspective, pro-
teomics covers the real executing molecules that
change expression in a diseased state or after
application of a candidate medical compound. 

The International Human Genome
Sequencing Consortium has estimated that
there are most likely 30,000–40,000 protein-
encoding genes in Homo sapiens [5]. The
number of proteins present in human has been
estimated to be as high as 2 million, due to a
variety of protein isoforms generated by
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PTMs, alternative splicing or mRNA editing. More than
200 different types of protein modifications have been
described, including phosphorylation, glycosylation and
proteolytic cleavage. These numbers undoubtedly point to an
important role for proteomics. Nevertheless, it should be noted
that even the most recent and sensitive proteomic studies detect
or identify only a fraction of all the expressed proteins, due to
the low abundance or extreme biochemical properties of many
of the proteins. On the other hand, microarray analysis can
detect nearly all transcribed genes. Therefore, the most valuable
information will result from combining microarray data with
proteomic data. 

Development of proteomic techniques
Concurrent with these new insights, the available techniques to
perform proteomic analyses have also undergone major
improvements. Although the classical technique of 2D gel
electrophoresis (2DE) already dates from the early 1970s [6], a
variety of new techniques have been developed during recent
years. These improvements have made it possible to signifi-
cantly increase the output for qualitative and quantitative pro-
teome analysis. For qualitative proteomic analysis, a major goal
was to improve the techniques for subcellular fractionation,
since this would increase the total number of proteins that can
be visualized from a single cell population or tissue. Second,
much attention has been paid to optimize strategies for ade-
quate protein separation. Apart from this, many different tech-
niques have been developed recently for relative or absolute
quantification in proteome analyses, as this would enable dif-
ferent biological conditions to be compared (e.g., healthy vs
diseased tissues). 

Out of a confusing multitude of presently existing proteomic
techniques, two major approaches exist for performing pro-
teomic studies, be it either qualitative or quantitative. In the first
approach, also called the European way of working, proteins are
separated in two dimensions using sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis (PAGE). They can be
visualized by a wide variety of techniques (further described
below) and subsequently identified using mass spectrometry
(MS) or, although less common these days, Edman degradation. 

In the second approach, MS-based proteomics, proteins are
not separated in gel, but in liquid. High-performance (HP)
liquid chromatography (LC) is used to separate proteins, or
more often, peptides resulting from their enzymatic digestion,
in one or more dimensions using column-based techniques.
The resulting separated peptides and/or proteins are analyzed
and sequenced using MS. This approach is also called the
American way, because it is more often used in the USA. 

Although some overlapping techniques between the gel- and
MS-based proteomic approaches exist, a clear distinction
between the two can be made [7,8]. This review will first focus on
the different existing and new methodologies presently used for
proteomics, including both gel- and non-gel-based proteomics,
and second, concentrate on their applications for deciphering
the molecular mechanisms involved in T1D.

Proteomic techniques
Gel-based proteomic techniques: an introduction
Electrophoresis as a tool for separating proteins dates from the
1960s. At that time, gel-based separation of proteins was already
performed in 2D. These early protocols made use of gel rods
poured in glass tubes for separation in the first dimension, and
acrylamide gels for second dimension separation [9]. These gel
rods were found to have poor handling and reproducibility
capacities. Only 10 years later, with major enhancements made
in the protocol, it became possible to separate thousands of pro-
teins in a reproducible manner [10,11]. In the first dimension,
proteins are separated according to their isoelectric point (pI).
This implies that their natural charge has to be preserved, which
compromises the use of SDS as a solubilizing agent. Instead,
high concentrations of urea are used (7–9 M), most often in
combination with thiourea (2 M). This first dimension is exe-
cuted in polyacrylamide gels with an internal pH gradient, made
by small molecules, so-called ampholines. A major breakthrough
was achieved by the development of immobilized pH gradient
gel (IPG) strips [12]. In this system, a series of buffering acryl-
amide derivates, termed immobilines, are copolymerized with
the acrylamide matrix. Extremely stable pH gradients are gener-
ated in this manner, enabling steady-state isoelectric focusing
(IEF) with great reproducibility (FIGURE 1). 

For the second dimension separation, gradient or nongradient
acrylamide gels are used. These enable the separation of proteins
according to their molecular size, which implicates that the pro-
teins have to be denatured and unfolded completely. In addition,
their net charge has to be equalized. This is performed by making
use of the strong negative molecule SDS. Using large format first
dimension gel strips (up to 24 cm) and gels (e.g., 24 × 20 cm),
up to 1000–2000 proteins are separated routinely (FIGURE 1). 

A major advantage of the gel-based separation of proteins
compared with the liquid-based separation (see next section), is its
ability to visualize proteins that have undergone a PTM or muta-
tion. These appear as spot trains in the horizontal and/or vertical
axis of the gel (e.g., phosphorylation, glycosylation and limited
proteolysis or point mutations). Another advantage is the high
amount of proteins that can be separated. Due to the commercial
availability of a whole range of different pH strips for first dimen-
sion separation, this technique has become the most powerful
existing separation technique for proteins. Using a combination
of separate narrow-range pH strips, more than 10,000 proteins
can be separated from a single tissue or cell extract. For example, a
study of the mouse proteome using prefractionation of proteins
and organ-specific samples yielded an estimated 27,752 unique
protein spots in total [13]. This is much more than can be obtained
by any currently available non-gel-based separation technique. In
addition to this, major efforts have been undertaken to further
improve the separation capabilities of this technique, by optimiz-
ing different prefractionation techniques. The isolation of differ-
ent subcellular fractions can significantly improve the separation
and visualization capacities of the proteins on a 2D gel. Also,
special optimized protocols for the separation and visualization of
specific subsets of the proteome are being designed [14–16].
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Upon gel-based protein separation, each spot on the 2D gel
will ideally contain one individual protein (rarely two or more,
due to identical or almost identical properties). Subsequently,
the protein spots of interest will have to be identified. For this
purpose, the spots are cut out of the gel, either manually or
using a robotic spot-picker, and the proteins are enzymatically
digested inside the gel piece (e.g., by trypsinization). If the

genome sequence of the species under investigation is available,
the most commonly used approach for identification of 2D
protein spots is peptide-mass fingerprinting. In this case, the
resulting peptides are extracted and subjected to matrix-assisted
laser desorption/ionization (MALDI) time-of-flight (TOF) MS
analysis. The peptide masses acquired by the MALDI-TOF
instrument are matched against the list of calculated peptide

Figure 1. (A) General overview of 2D electrophoresis. (A1) A protein sample is applied on the first dimension strip (usually ranging between 50 and 500 µg of 
protein). (A2) After applying an electric current protocol, which depends on the strip type (pH range and company), proteins migrate towards their isoelectric 
point. The proteins will be equalized in charge and completely denatured preceding the second dimension. After finishing the first dimension, the strip is placed on 
top of an sodium dodecyl sulfate (SDS) polyacrylamide gel. (A3) Once again, current is applied, enabling the proteins to migrate into and through the SDS 
polyacrylamide gel. The gel can subsequently be stained. In order to perform a differential analysis, multiple separate gels must be run using this approach. 
(B) An overview of the 2D differential in-gel electrophoresis technology. A total of 50 µg of protein from Sample 1 (e.g., control sample) is labeled with cyanine 
(Cy)3 (red), and 50 µg of protein from Sample 2 (e.g., treated sample) is labeled with Cy5 (blue). The internal standard (a pool of Samples 1 and 2) with equal 
protein amount is labeled with Cy2 (yellow). (B1&2) The three samples are then pooled and run on the same 1D strip and applied to the second dimension (B3). 
(B4) After completion of the second dimension, the gel is scanned with the three different excitation wavelengths of the fluorescent dyes. (B5) An overlay picture 
is generated and statistical analysis performed to reveal differences in protein abundance. Proteins of interest (e.g., differential spots from one of the two 
approaches) will be cut out of the gel and enzymatically digested. Resulting peptides will be subjected to mass spectrometry for protein identification.
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masses from each entry in the database (e.g., using the
MASCOT® software), resulting in the identification of the
digested protein. In case no genomic database is available or no
significant hit is made, sequence information must be acquired.
This can be obtained using a MALDI tandem TOF
(TOF/TOF) instrument or another mass spectrometer capable
of generating sequence information; for example, a quadrupole
(q)TOF mass spectrometer. Sequence information can also be
obtained by Edman degradation; but this technique requires a
high amount of protein or peptide, which is most often not
available from a single 2DE protein spot.

Gel-based proteomic techniques: recent developments
During the last decade, major advances have been made to
improve both first- and second-dimension protocols. As a
result, prefractionation became more and more important in an
attempt to further enhance the amount of proteins to be sepa-
rated from a single tissue or cell lysate sample [17–19]. Commer-
cial companies came into the picture, who were willing to
devote a large or small part of their efforts to improve on hard-
ware and software for proteomic analysis. As 2DE became
widely used and accepted, the technique has undergone exten-
sive standardization (e.g., the length of IPG strips), making it
possible to combine supplies from different companies. Also,
the available equipment has improved substantially and has
become more user-friendly.

Since proteins have a wide dynamic range in abundance, spot
visualization has always been one of the major problems in
2DE. Ideally, visualization techniques should both be very sensi-
tive and should provide a broad dynamic range for quantifica-
tion. When prelabeling proteins, the method should not alter
(or alter in a reproducible manner) the charge state or mass of
the proteins. In this part, a description of the most commonly
used as well as latest labeling and staining technologies for 2DE
will be given. Their most important characteristics are summa-
rized in TABLE 1. Classical stains, such as silver, Coomassie Blue
or reverse staining, have already been extensively described in
other recent review articles [20,21].

Radioactive labeling of proteins by incorporation of radio-
isotopes is already a very old technique, used for instance by
O’Farrell [10]. An advantage of this labeling technique is that
the charge state or mass of the proteins is not altered. Although
many different protocols exist, the most recently developed
method uses the radioactive isotopes 125I and 131I. Advantages
of this technique are:

• Outstanding sensitivity (some sources have reported detection
limits as low as 10-3 ng)

• Broad linear dynamic range of up to 8 orders of magnitude

• Possibility to conduct relative quantitative analyses by
combining 125I and 131I in a single gel

On the other hand, disadvantages related to this technique
are the high costs associated with waste handling and the fact
that the technique is restricted to cell culture experiments. 

A more recently developed system, especially suitable for
quantitative purposes, is the 2D differential in-gel electrophoresis
(DIGE) system, which makes use of cyanine (Cy) dyes [22,23].
These dyes bind to the ε-lysine groups of proteins. They carry a
positive charge that compensates for the loss of charge caused
by binding to the lysyl residue. Today, three dyes are commer-
cially available: Cy3, Cy5 and Cy2 (GE Healthcare, Uppsala,
Sweden). This system makes a real quantitative approach possi-
ble and tackles some very important issues in 2DE [24]. First, as
these dyes are equalized in mass, they enable different samples
to be labeled with a different dye and run on a single gel
(e.g., control vs diseased). Evidently, this opens possibilities for
analyzing changes in protein expression profiles, with a much
better statistical certitude compared with the classical method of
silver- or Coomassie Blue-stained gels, which is performed by
analysis of the two samples run on separate gels. In addition,
smaller changes in protein expression can be detected with high
statistical significance. The recent development of a third fluo-
rescent dye (Cy2) permits the application of an internal stand-
ard in each replicate gel. This internal standard, usually a
mixture from the control and treated sample, is used to mini-
mize gel-to-gel variation, thus further improving the statistical

Table 1. Overview of different common visualization methods for 2D gel electrophoresis and their major characteristics. 

Visualization method Lowest amount 
detectable (ng)

Linear dynamic 
range

Differential display Quantification

Silver stain 0.1 60–100 fold Two gels/graphic manipulations Relative

Negative imidazole zinc staining 1.4 10–100 ng (101) Two gels/graphic manipulations Relative

SYPRO Ruby 0.5 103 Two gels/graphic manipulations Relative

Deep purple 0.06 104 Two gels/graphic manipulations Relative

Colloidal Coomassie Brilliant Blue 15 30–250 ng Two gels/graphic manipulations Relative

Cy-dyes (minimal labeling) 1 104 One gel Relative

Cy-dyes (maximal labeling) 0.1 104 One gel, two samples Relative

ProteoTope platform 125I, 131I 10-3 108 One gel, two samples, phosphorylation Absolute and relative 
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relevance of the detected protein abundance differences. The
original protocol is a minimal labeling approach, whereby only
3–5% of the proteins receive a Cy dye. As a result, only one
lysine residue per protein is tagged, preventing the formation of
vertical trains of spots on the 2D gel, which would result from
the increased mass added by binding of the dye. If more lysine
residues per protein were tagged, this could also impede trypsin
action on the blocked residues, thus providing difficulties for
subsequent identification. It should be noted that, in the mini-
mal labeling procedure, a shift is encountered in the low-mole-
cular-weight region of the gel, since the bulk of the protein (the
unlabeled portion) can be as far as one spot diameter lower than
the labeled portion [25]. This will necessitate post-staining of the
2D gels to visualize the bulk of unlabeled protein prior to cut-
ting out the protein spots of interest for identification. The sen-
sitivity of the 2D-DIGE method is very high, compared with
Coomassie- or silver-staining methods, thus enabling protein
detection as low as 1 ng.

To further increase the sensitivity of protein detection, an
analogous method has been developed (GE Healthcare) that
uses saturation labeling. In this case, a similar set of dyes is
used (Cy3 and Cy5 only), but they react on the cysteine resi-
dues of the proteins. As little as 100 pg of protein per spot can
be detected using this technique. This opens the possibility to
generate quantitative gel-based proteomic studies on very
scarce samples; for example, fluorescent-activated cell sorting-
purified cells or laser-capture dissection material. A first dis-
advantage for this method is that the Cy dyes are hydrophobic,
and thus saturation labeling renders the proteins much less
resolvable. Up to 40% of the protein population can precipi-
tate during the labeling reaction, which accounts mostly for
the higher molecular weight proteins [25]. Second, proteins
that do not contain a cysteine residue will not be detected.
Third, the method necessitates the availability of an expensive
scanner (e.g., Typhoon™ 9400 series) for fluorescent imag-
ing. The latter will also be needed for the minimal labeling
protocol. Recently, new and cheaper charge-coupled device
camera-based equipments have become available
(e.g., proXPRESS™ from PerkinElmer, Inc. or Ettan DIGE
Imager from GE Healthcare), which enable a considerable
reduction in running costs.

Apart from the classical staining methods such as silver and
Coomassie Blue, two new and widely used fluorescent stains
have recently been introduced for total protein post-staining of
2D gels: Deep Purple™ (GE Healthcare) [26] and SYPRO®

Ruby (Molecular Probes, Inc., CA, US) [27]. They both have a
sensitivity comparable to the best silver-staining methods, but
they yield a much higher dynamic range. 

Recently, specific staining methods have been developed for
the selective staining of two major PTMs, phosphorylation
and glycosylation; Pro-Q® Diamond and Pro-Q Emerald,
respectively (Molecular Probes, Inc.). These two stains open
interesting opportunities for multiplexed staining, enabling the
visualization of all phosphorylated or glycosylated proteins
within a 2D gel [28,29]. However, one study found some minor

differences between the images from a Pro-Q Diamond-
stained gel and the same protein sample labeled with radio-
active 32P. This could be due to the low turnover rate of some
phosphorylated proteins [30].

Finally, another new and promising technique is blue native
electrophoresis. Blue native electrophoresis is also a type of
2DE [31–33]. Protein complexes are separated in a first dimen-
sion according to their molecular mass. The second dimension
is performed under denaturing conditions, enabling the com-
plex to fall apart in its individual subunits. These subunits are
separated on the basis of their individual molecular masses.

Non-gel-based proteomic techniques: an introduction
From a historical point of view, the MS-based approach has
been introduced more recently than the gel-based approach. A
major breakthrough came with the invention of the so-called
soft ionization methods, namely MALDI [34] and electrospray
ionization (ESI) [35] in the late 1980s. Using this sophisticated
equipment, larger biomolecules could be analyzed without
breaking them apart. The ESI method is based on ionization of
the molecules out of a solution, and is therefore most often
coupled to a liquid-based separation device (e.g., nano-LC [36]

or capillary electrophoresis [CE] [8]). On the other hand, in the
MALDI method, a dry crystalline matrix is mixed with the
analytes. A laser pulse is then used to convert the peptides or
proteins in a gaseous and ionized state.

In the gel-based approach, protein separation and identifica-
tion are performed in two well-separated steps. Contrary to
this, identification readily follows separation in the MS-based
approach. The separation step is often directly coupled to the
mass spectrometer, which not only measures, but also identifies,
the proteins (usually after their cleavage into peptides). A wide
variety of elegant separation techniques have been designed, a
number of which can be considered as a link between gel- and
MS-based proteomics [7,8]. The most popularly used technique
is the chromatographic separation of a peptide mixture, which
was generated by tryptic digestion of the protein sample, in two
dimensions (strong cation exchange as the first and reverse
phase as the second dimension) (FIGURE 2) [37–39]. This method
has some distinct advantages over classical gel separation. Since
the analysis is performed on a pool of tryptic digested peptides,
proteins of all sizes can be identified. In this regard, identifica-
tions of proteins with a molecular weight over 500,000 Da
have been reported, which would not be possible using gel-
based techniques [40]. Another advantage is the possibility to
identify low-abundance proteins as well as proteins with
extreme pIs, which could not be readily visualized or identified
on 2D gels. 

On the other hand, despite the ever-increasing technical
improvements, the MS-based technique also has some dis-
advantages as compared with gel-based techniques. First, gel-
based assays enable the detection of a greater number of pro-
teins. No study could separate as many proteins using 2D-LC
compared with 2DE. Second, it should be noted that many
identifications are made on a single peptide only, and thus the
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results must be interpreted with some caution. Third, since
many of the peptides resulting from a single protein are very
often missed in the fragmentation step, 2D-LC coupled to
qTOF (one of the most used combinations) has a poor capa-
city for identifying PTMs. These modifications, which will not
be detected at all using the current method, are often critical
for the function of a protein, and may be the only difference in
a specific experimental set-up (for instance comparing a con-
trol with a diseased state). Finally, already in the early years of
MS, one problem was the fact that apparently not all peptides
ionized in a similar way. This was troublesome for the quanti-
fication of proteins at first. Different recent developments
have tackled this problem; for example, isobaric mass tags for
relative and absolute quantitation (iTRAQ™) [41], stable
isotope labeling by amino acids in cell culture (SILAC) [42],
absolute quantification (AQUA) [43], isotope-coded affinity tag
(ICAT) [44] and solid-phase isotope tagging [45]. These
developments resulted in a major breakthrough in the field of
MS-based quantitative proteomics.

Quantitative mass spectrometry-based analyses
One of the most important improvements in MS-based pro-
teomics, apart from the ever-continuing upgrading of hardware
and software, are the advances made in quantitative MS-based
proteomics and the possibility to investigate PTMs.

The involvement of MS for the detection of peptides requires
the molecules to be converted in an ionized state and, sub-
sequently, be transferred into the gas-phase. This ionization process

is dependent on the physicochemical properties of the peptides
(ionization efficiency) as well as on the presence of other com-
ponents (such as buffers or solvents) in the sample mixture
(suppression effects). Consequently, the intensity of a particular
peptide signal is not a simple function of its abundance. There-
fore, the ion signals of two different peptides or the signal
intensities of the same peptide ion from two independent
experiments cannot be compared with each other. In an
attempt to enable quantitative analysis, a wide variety of crea-
tive solutions to solve this problem have been described. A
selected number of these techniques are discussed here.

One of the first methods for quantitative proteomic analysis
for complex mixtures of proteins is the ICAT method, which
was first described by Gygi and coworkers [44]. This method
makes use of an ICAT reagent, which consists of a thiol-specific
reactive group, a linker with eight deuterium atoms for the
heavy reagent (opposed to normal hydrogen for the light rea-
gent) and a biotin affinity tag. In the experimental protocol, the
two protein samples to be compared are differentially deriva-
tized with either the isotopically light or heavy chain of the
ICAT reagent. This derivatization occurs at the side chains of
cysteinyl residues of the proteins. Subsequently, the two labeled
protein samples are pooled and enzymatically digested. The
cysteine-containing peptides are isolated by avidin affinity
chromatography and separated with nano-LC prior to tandem
MS (MS/MS). A mass difference of 8 Da (for singly charged
peptides) or 4 Da (for doubly charged ions) between ion pairs is
observed, resulting in two separate peaks for each of the differ-

entially labeled proteins to be compared
between the two samples. This enables
quantification of the peptides in the MS
mode. The ratios between the intensities
of the lower and upper mass components
of these pairs of peaks provide a quantita-
tive measure of the relative abundance of
the peptides in the original sample pools.
Although ICAT is a very interesting tech-
nique, a disadvantage is that only proteins
that contain a cysteine residue will be
detected. Also of note, the site-specific
tagging group of the ICAT reagent bears
the possibility for an alternative chemical
engineering, and thus the isotopes and the
attached affinity tags can be used for selec-
tive isolation and analysis of specifically
functional groups or protein classes. A
number of these isotope-tagging chemis-
tries have been developed specific for sulf-
hydryl groups [45], amino groups [46],
active sites for serine [47] and cysteine
hydrolases [48], phosphate ester groups [49],
and for N-linked carbohydrates [50].
Finally, a combination of 2DE and ICAT
has been described, but this appears to be
a rather marginal application [7]. 

Figure 2. Classical 2D liquid chromatography mass spectrometry. A cell lysate or fraction is digested 
with an enzyme (e.g., trypsin or chymotrypsin). The resulting peptides are separated in two dimensions 
with a SCX column and a RP column. The separated peptides are analyzed either online (electrospray 
ionization) or off-line (MALDI ionization) with a mass spectrometer. The fragmentation spectra are 
submitted for identification to MASCOT® or other online or in-house search algorithms.
FT: Fourier transform; HPLC: High-perfomance liquid chromatography; MALDI: Matrix-assisted laser 
desorption/ionization; RP: Reverse phase; SCX: Strong cation exchange; TOF/TOF: Tandem time-of-flight.
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Concurrent with the development of the ICAT method,
another group reported an alternative method for quantitative
MS-based analysis. In this method, proteins are not labeled
after their extraction, as in the ICAT method, but they are
labeled during culturing of the cells. This is performed by the
use of an enriched culture medium with 15N for metabolic
labeling of the proteins [51]. After culturing, the two samples
(labeled and nonlabeled) are pooled, and proteins are separated
and purified with electrophoresis before single spots can be
digested and analyzed. A major advantage, as compared with
the ICAT method, is that all proteins will be labeled. On the
other hand, this method also has some distinct disadvantages.
Indeed, the method is only applicable for in vitro cultured cells,
and not for labeling of tissue samples. Furthermore, since each
peptide may contain a different amount of incorporated 15N,
the procedure proved to be rather difficult to automate. Never-
theless, metabolic labeling has proved to be a useful technique
for cell cultures, and many variations on this technique have
been made to date [52]. One of these is SILAC, a protocol spe-
cially developed for investigations on mammalian cells [42]. In
this case, deuterium-labeled leucine is incorporated into the
proteins during cell culturing. More recently, other amino acids
have also been reported as useful in this assay [53,54].

A third method for a quantitative analysis of protein mixtures
is an isotopic labeling approach using trypsin and 18O-enriched
water. In this protocol, 18O is incorporated into the peptides
through the enzymatic incorporation of oxygen in the C-ter-
minal end of the peptide during the digestion procedure [55,56].
As for ICAT, this method can be used for any protein extract
(i.e., cells, tissues or tissue biopsies). A disadvantage is the mass
difference of only 2 Da, resulting in overlapping ion envelopes
in the higher mass region. 

A fourth way of conducting quantitative experiments in an
MS-based approach is the use of synthetic peptides as isotope-
labeled internal standards [57]. Contrary to the three approaches
described above, which only enable relative quantification, this
methodology was developed for absolute quantification of pro-
teins. Gygi and coworkers have further improved this method
by developing the AQUA strategy [43]. Stable isotope-labeled
synthetic peptides are introduced as an internal standard to a
protein sample during proteolytic digestion. This was found to
be a useful method for the quantitative analysis of proteins as
well as some PTMs. However, the method is not suited for
large-scale analyses.

Recently, a new and very promising technique, iTRAQ, has
been added to the number of MS-based relative quantitative
proteomic techniques [41]. This method is based on the develop-
ment of a multiplexed set of isobaric reagents that yield amine-
derivatized peptides. Each reagent consists of three groups: a
reporter, balance and peptide reactive group. The peptide reac-
tive group binds at the N-termini and lysine side chains of pep-
tides, thus linking the iTRAQ reagent isobaric tag to all pep-
tides derived from a tryptic digest of the protein sample.
Through combining multiple iTRAQ-labeled digests into one
sample mixture, the mass spectrum of the mixture resembles the

spectrum of an individual sample (if the same peptides are
present). The balance group ensures that every iTRAQ reagent-
labeled peptide displays the same mass, whether it is labeled
with reagent 114, 115, 116 or 117. During the MS/MS step,
the reporter group is cleaved from the remainder of the reagent
along with the peptide fragmentation. As a result, the reporter
groups generate diagnostic ions in the low-mass region between
mass-to-charge ratios 114 and 117. Quantification of the peak
areas of these reporter ions is representative for the relative
amount of a given peptide in the respective protein sample.

Analysis of post-translational modifications
PTMs are important biological events. These processing events
change the properties of a protein by adding one or more
modifying groups to the protein or by proteolytic cleavage of
the protein. PTMs can be responsible for the final activity of a
protein, its localization or its interaction with other proteins.
Also, specific forms of PTMs target proteins for degradation;
for example, ubiquitination [58,59]. It has been estimated that
almost 50% of all proteins possess one or more PTM [60].
Despite their apparently important significance, the identifica-
tion of PTMs has long been hampered by the lack of suitable
methods. The introduction of MS in the field of protein
research has set a milestone for the identification of PTMs.
However, it is beyond the scope of this article to discuss all the
different methodologies for PTM analysis, and the authors
recommend the following interesting reviews by some of the
renowned researchers in the field [61–63].

Capillary electrophoresis coupled to mass spectrometry 
& surface-enhanced laser desorption/ionization
Although not directly possessing the ability for a quantitative
analysis, CE-MS is another fairly new and promising tech-
nique. In this approach, polypeptides are separated with gel
electrophoresis conducted in a small capillary. The capillary
outlet is either directly or indirectly coupled to a mass spectro-
meter for identification of the polypeptides. An advantage of
this technique is the short experimental time for a run compared
with classical 2DE and, for this reason, it is more readily applica-
ble for high-throughput clinical studies. A known disadvantage
of this approach is the low loading capacity of the capillary
column and the difficulties associated with optimization of the
CE step with the MS step [8].

Another novel, promising technique is the so-called surface-
enhanced laser desorption/ionization (SELDI) affinity techno-
logy. Basically, this is a MS-based proteomic approach with a
few similarities to MALDI-TOF analyses regarding the ioniza-
tion method and type of mass spectrometer used (TOF tube
with detector at the end). The great advantage of this techno-
logy is its possible ability to separate a complex sample or to
purify a ligand on-target. The laser desorption/ionization target
or protein-chip functions as a solid-phase extractor through
chemical or biochemical modification of the probe, and could
be manipulated into almost any form. The specificity of the
affinity probe surface ranges from immobilized transition metals
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to biomolecular interactions specific for DNA, antibodies,
receptors, ligands and so on [64–66]. This technology appears very
promising for clinical research and biomarker discoveries, and
an increasing number of studies have used SELDI in a clinical
approach [67–71]. It should be noted that a correct interpretation
of the data is crucial for obtaining valuable results [72]. 

Type 1 diabetes
T1D is an autoimmune disease characterized by T-cell mediated
destruction of the insulin-producing β-cells in the pancreatic
islets of Langerhans. Although the exact triggers initiating the
disease definitely need further unraveling, it is clear that β-cell
destruction is mediated by the release of cell-destructive mole-
cules, including cytokines (such as interleukin [IL]-1β, inter-
feron [IFN]-γ and tumor necrosis factor [TNF]-α), granzyme B
or perforin, or by direct delivery of cell-death signals [73]. Most
of these signals (when present in high amounts or under appro-
priate conditions, such as stress situations or inflammation) are
reported to induce significant apoptotic β-cell death (in vitro
and in vivo). These dying β-cells will be taken up by antigen-
presenting cells, such as macrophages, which have been
described to produce high amounts of inflammatory cytokines
upon encounter with dying cells [74], and β-cell antigens will be
made available for the circulating autoreactive T-lymphocytes.
From this point of view, β-cell death can be seen in the context
of initiation of autoimmune reactions.

Many studies have been undertaken in an attempt to unravel
the pathways involved in this β-cell destruction, either in insulin-
producing cell lines, primary β-cells or whole islets, upon incu-
bation with a variety of apoptosis-inducing agents (combina-
tions of IFN-γ plus IL-1β, double-stranded RNA plus IL-1β,
and Fas plus Fas ligand) [75–78]. The majority of these have been
performed at the RNA level by microarray analysis, and sug-
gested that β-cell death depends on the aberrant activation of a
complex network of transcription factors and effector genes. In
this regard, one major apoptosis-inducing signaling pathway is
mediated by the nuclear factor (NF)-κB. Cytokines can activate
NF-κB in primary human islets, and administration of NF-κB-
blocking agents protects β-cells from cytokine-induced cell
death and nitric oxide production [79,80]. Besides IL-1 signaling,
which activates NF-κB, IFN-γ appears to be necessary to fully
trigger β-cell death.

Although to a lesser extent, different studies have also been
performed at the protein level in order to unravel the mecha-
nisms involved in β-cell death, where changes in protein profiles
were investigated in insulin-producing cells lines [81], whole
islets [82–84] or transplanted islets [85,86]. In these studies, the
investigations were mainly performed upon treatment of the
cells with IL-1β. Although a significant part of the complex pic-
ture of protein expression profiles has already been unraveled
based on these studies, many questions remain unanswered.

It is not only the islets of Langerhans that have been subject
to proteomic studies related to T1D. For the identification of
autoantigens and the importance of their PTMs, MS-based
studies have also been undertaken and have aided in our

understanding of T-cell recognition of autoantigens [87,88]. In a
different area of research, proteomics has actively contributed
to the understanding and diagnosis of T1D-related pathologies.
In an attempt to identify biomarkers for diabetic nephropathy,
proteomic analysis of urinary samples has been undertaken [89].

Studies in rat models
Although some early studies already used 2DE for deciphering
mechanisms involved in the pathogenesis of T1D [90], a real
breakthrough came much later, which, not surprisingly, was
concurrent with the development of more sophisticated MS
equipment, since this enabled a much more efficient identifica-
tion of protein spots. In this regard, extensive research has been
performed on rat islets of Langerhans. Most of these studies
have been performed by Nerup and coworkers. In all their stud-
ies, they made use of 2DE, in which protein samples were incor-
porated with [35S-Met], which enabled quantitative measure-
ments. For first-dimension separations, they used IEF strips for
the pH 3.5–7 range in combination with nonequilibrium pH-
gradient gel electrophoresis (NEPHGE) strips for the basic pH
range (pH 6.5–10.5). Different studies were undertaken to
investigate the effects of IL-1β on islet protein expression
changes from Wistar–Furth rat islets [91–93]; as well as from
BB-diabetes prone (DP) islets in comparison with BB-diabetes
resistant rats [94,86]. The group found 82 spots demonstrating
changes in expression in BB-DP rats after exposure of the islets
to IL-1β. A total of 45 of these spots could be identified and
were classified into one of the following groups:

• Energy transduction and redox potentials

• Glycolytic and Krebs cycle enzymes

• Protein synthesis, chaperoning and folding

• Signal transduction, regulation, differentiation and apoptosis

• Cellular defense

However, they failed to pick up some already well-known
cytokine-modified proteins, such as inducible nitric oxide syn-
thase (iNOS), insulin and manganese superoxide dismutase.
iNOS has a pI of 6.89 and a molecular weight of 130.6 kDa,
and thus appears at the borders of the gels used by this group.
In this area, resolution and reproducibility of the gels are
inaccurate [85]. Through the use of other first-dimension strips
with different pH ranges, the resolution in this area could be
improved. As for insulin, proteins with molecular masses
smaller than 12 kDa are not detected using 2DE [81]. Again,
this points to a limitation of 2DE analyses (i.e., that only a
limited percentage of the total protein content can be visual-
ized as compared with microarray analyses). Furthermore,
effects of low-protein diet on intra-uterine environment and
development of β-cells and islets through intra-uterine gene
programming have been investigated by the same group [95].
Finally, a large in vivo study has been performed where they
investigated the protein expression changes in syngeneic islets
from newborns transplanted under the kidney capsule of
30-day old BB rats (7 weeks before disease onset) [85]. This
study confirmed 60 protein spots out of the 82 previously
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identified proteins that changed expression by IL-1β in an
in vitro islet cell culture system (BB-DP islets). These were also
shown to be important for diabetes development in vivo. This
revealed a complex pattern of protein expression changes
responsible for diabetes development [96,97].

Studies in mouse models
While investigations on rat islets have been the subject of many
publications, studies in mouse models have been very limited.
Although no studies investigating cytokine-induced apoptosis
of pancreatic islets are available, different proteomic studies of
interest have been published in this field. A first detailed pro-
tein 2D reference gel map has been published by Sanchez and
coworkers for normal mouse islets [98], and published on the
mouse SWISS 2D-PAGE [201], visualizing 2528 different spots
in the pH range 3.5–10. Although not directly related to T1D
studies, this 2D map is a very valuable start for further investi-
gations. In this 2DE reference map, whole pancreatic islets iso-
lated from 8-week old C57Bl/6J females were used. A total of
44 protein spots were identified by either gel matching, Edman
degradation, peptide-mass fingerprinting (MALDI-TOF-MS)
and/or peptide fragment sequencing (qTOF-MS). This refer-
ence map can be useful for scientists using similar 2DE proto-
cols for comparison of their images. Following two more recent
studies, 76 new protein identities were added to this first refer-
ence map [99,100]. The latter study demonstrated that many pro-
teins implicated in Alzheimer’s disease are highly expressed in
normal pancreatic islets. 

Finally, very recently, 28 new protein entries were added to
the mouse islet reference map [101]. In this study, the effect of
11-mM glucose on protein changes in mouse islets was investi-
gated compared with freshly isolated islets. Out of a total of
1074 protein spots, 379 spots were differentially expressed. A
total of 124 of these corresponded to 77 different proteins. By
comparison of silver-stained 2D gels, 379 protein spots were
more than twofold changed in expression upon incubation with
11-mM glucose. These included proteins involved in enhanced
insulin synthesis, granular mobilization and maturation and
increased stress response [101]. 

Recently, a first study investigating protein expression
changes in a knockout mouse model has been published, which
compares changes in protein expression in islets from the
α2-adrenergic receptor. Although more related to mechanisms
taking place in Type 2 diabetes, the technical set-up may also be
of interest for studies in T1D. This study made use of the 2D-
DIGE technique, identifying significant changes in protein
spots of as low as 1.2-fold. In the pH range 4–7, approximately
1500 spots were detected, 25 of which were differentially
expressed compared with control islets. Of interest, the findings
identified a role for the α2-adrenergic receptor in suppressing
insulin release upon glucose stimulation. Proteins involved in
insulin processing, biosynthesis and/or regulated secretory
release were identified as being regulated in this system [84].
Apart from proteomic studies on pancreatic islets, a different
study analyzed the proteome profile of mouse kidneys, with the

main goal to identify alterations in protein expression associ-
ated with diabetic nephropathy, one of the well-known compli-
cations associated with T1D. Again, this study used 2DE,
reporting a first protein reference map for mouse kidneys,
which consisted of 300 visualized protein spots in the pH 3–10
range, as analyzed by SYPRO Ruby staining. Of these, 41 spots
were shown to be differentially expressed in the OVE-26 trans-
genic mouse model, a model for early-onset T1D nephropathy.
Proteins of importance in diabetic nephropathy, as concluded
from this study, were proteases, protease inhibitors, apoptosis-
associated proteins, regulators for oxidative tolerance, calcium-
binding proteins, transport regulators, cell signaling proteins
and smooth muscle contractile elements. Further evidence was
provided for an important role for elastin, an extracellular
matrix protein, in diabetic nephropathy [102].

Studies on human material
Although proteomic studies on human tissues would be very
helpful in studying the etiology of T1D, no proteomic studies
on β-cell destruction and the development of T1D are cur-
rently available from human sample material. An early study
used NEPHGE on rod gels to investigate a specific marker for
T1D [90]. A more extensive reference map describing the whole
protein expression profile in human pancreata has been recently
described, and is a good starting point for further investigations.
In this study, a reference 2D map was published, with 302 iden-
tified proteins [103]. More recently, another group published a
detailed 2DE map of purified human pancreatic islets [104].
Here, a total of 744 proteins were detected between the pH
range 4–10, of which 130 were identified by MALDI-TOF and
annotated to 66 different proteins. Most of these proteins have
been similarly identified in mouse islets, although 13 protein
identifications resulted in new entries [98,100]. 

For a totally different application, although also related to
T1D studies, SELDI-TOF-MS has been used to detect auto-
antibodies against glial fibrillary acidic protein, in newly diag-
nosed diabetic children with T1D [67]. This suggested that
immune-mediated β-cell destruction may be mediated by aber-
rant targeting of peri-islet Schwann cells. Also using TOF-MS,
peptide epitopes from naturally processed proinsulin were iden-
tified. These were further used to assess the nature of auto-
reactive T-cells in T1D [87]. A specific PTM of proinsulin
(i.e., the formation of a vicinal disulfide bond between adjacent
cysteine residues at A6 and A7) was recently shown to be specif-
ically recognized by CD4+ T-cell clones isolated from blood of
T1D patients, but not from controls. This was determined by
MALDI-qTOF-MS/MS analysis, seen as a loss of 2 Da at the
adjacent A6-A7 cysteines [88]. Interestingly, this study revealed
for the first time that a PTM on proinsulin is required for T-cell
recognition of the insulin A chain in T1D. 

In the field of clinical nephrology, great advances are being
made in developing high-throughput assays to screen urine
samples for early detection of diabetic nephropathy. A novel
proteomic approach, CE-MS, has been described to enable a
high-throughput analysis of polypeptides and proteins from
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urine samples. Using this method, more than 1000 polypeptides,
ranging from 800 Da to 66.5 kDa could be separated, 54 of
which were specific for T1D patients (i.e., absent in normal
control samples). In addition, 88 polypeptides were specific for
diabetic nephropathy [105]. This method may enable an earlier
and more accurate detection of individuals at high risk for
developing diabetic nephropathy. The same method has
resulted in the identification of 113 polypeptides, specific for a
diabetic renal damage pattern, which is typical for diabetic
nephropathy associated with T2D [106].

Expert commentary & five-year view
Although proteomics has definitely taken an important place in
many research and clinical laboratories during the last couple of
years, technical improvements on the technique will be impor-
tant to further optimize the technique. In this regard, for the
further development of gel- or MS-based proteomics, pre-
fractionation techniques will certainly gain in importance.
Indeed, further separation and identification power without
losing precious sample appears to be a matter of improving
fractionation methodologies. The IEF step in 2DE is especially
prone to a considerable loss of sample material. Depending on
the pH range of the first dimension IEF strip (e.g., narrow IPG
or zoom strips), up to 50% of the sample can be lost. Different
roads are already being explored, such as IEF for peptides prior
to MS-based proteomics [107], different prefractionation meth-
ods for 2DE, such as HPLC fractionation, prior to IEF [18], a
fractionation step in-gel prior to IEF [17], or subcellular prefrac-
tionation [19]. Another way to avoid sample losses is the use of
very long IPG strips with a very broad pH range. Pilot studies
have been made using either one long strip [108] or the daisy-
chain method [109,110].  The analysis of PTMs is also of ever-
growing importance, and subject of many technical and experi-
mental improvements [61]. Understanding the proteome in
terms of how organisms live and respond to different condi-
tions requires a variety of methods for analyzing the changes in
proteins themselves. As discussed above, each of the described
methods has its own advantages and drawbacks. It is evident
that the gel- or MS-based approaches by themselves cannot
provide us with all the answers needed, but a combinatorial use
of different complementary methods should significantly
increase the outcome of the results, and offer a more complete
view on the total proteome of a cell or tissue state. 

Here, two new developments will be discussed, which the
authors believe will gain much attention in the coming years.
The first one, peptidomics (the analysis of all peptides
expressed in a cell or tissue), is a logical next step in the explora-
tion of the proteome of an organism. At present, a MEDLINE
search for the term ‘peptidomics’ results in only 45 hits [202];
the most interesting of which are [111–114]. Mass spectrometers
will not only be used to analyze peptides derived from enzy-
matic digests of proteins, but also for the identification and
quantification of neuropeptides, antimicrobial peptides and
signaling peptides [115]. To date, the main applications of imaging
MS were in biomedical research. This promising new develop-
ment is a growing field, and already has some applications in
cancer research [116,117] and pharmaceutical localization [118].
Tissue imaging and profiling also hold great promise for funda-
mental research, as better software and MS protocols are being
devised [119,120]. 

In the field of T1D-related fundamental research, a compre-
hensive amount of work has been performed investigating the
effects of IL-1β on rat islets. These studies have greatly aided
in our understanding of the pathways involved in β-cell death.
However, to further complete this picture, data from cytokine-
induced islets form mice and humans would be very interest-
ing. In addition, the mechanisms involved could be further
completed by investigating effects of other β-cell death-inducing
agents, such as combinations of IL-1β with IFN-γ and TNF-α,
double-stranded RNA with IL-1β or Fas and Fas ligand. In
this regard, the 2D reference maps of normal mouse and
human islets are an interesting starting point for further analy-
sis. In addition, proteomic investigations of mouse islets will
enable the analysis of a variety of available transgenic or
knockout mouse models, for studying different pathways
involved in β-cell death. During the coming years, it is to be
expected that the proteomic analysis of these available models
will greatly aid in a better understanding of the mechanisms
involved in β-cell death. Next to this, with the major improve-
ments in the field of peptidomics, it is again to be expected
that new findings will contribute to a further understanding of
mechanisms leading to β-cell death. In view of more clinical
applications, proteomic analyses could significantly contribute
in our understanding of the mechanisms of promising new
therapeutic agents, as well as in the discovery of biomarkers for
this autoimmune disease or its associated complications, such

Key issues

• During the last decade a major breakthrough in the field of proteomics, both in fundamental and clinical research, has 
been achieved.

• In general, two major fields for protein separation in proteomic research can be identified: gel- and MS-based proteomics. 

• Although some studies have investigated effects of β-cell death in rat islets, greatly aiding our understanding of cytokine-induced 
β-cell death in Type 1 diabetes, no such studies are presently available on mouse and human islets. 

• New developments in proteomics, especially for post-translational modifications, and quantitative analysis will be of great aid for 
the further elucidation of pathways involved in Type 1 diabetes. 
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as diabetic nephropathy. In conclusion, the major breakthrough
in proteomics, made possible by the improvements in available
equipment and the availability of the human genome, will
result in a better understanding of T1D, both in fundamental
research and in clinical biomarker and treatment development.
This will definitely help to further solve the puzzle of this
complex disease.
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