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Abstract Diabetes mellitus (DM) is a chronic progressive disease that often results in microvascular and
macrovascular complications, yet its pathogenesis is not clear. Automated proteomic technology, coupledwith powerful
bioinformatics and statistical tools, can provide new insights into the molecular alterations implicated in DM. Following
our previous findings of redox changes in the eye and aorta of diabetic rats, as well as the activities of different antioxidant
enzymes during the development of DM, this study is further launched to find potential biomarkers by comparing the
serum and tissue samples of 26 diabetic rats (8 weeks after streptozotocin [STZ] administration) with 29 normal controls
using surface enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF MS) technology. Eight
potential biomarkers were found in the serum, one potential biomarker was found in the kidney and eye, respectively,
whereas three potential biomarkers were discovered in the aorta. One of the serum biomarker candidates was found to
match the C-reactive protein (CRP) in the Swiss-Prot knowledgebase. Further validation has been conducted by ELISA kit
to confirm the role of CRP during the development of DM. To conclude, the increased level of CRP in diabetic serum
demonstrated in this study indicates that the development of DM is associated with inflammation. This is also the first
report demonstrating that some potential lysate biomarkers in the kidney, eye, and aorta may be involved in the
development of diabetes and its complications. Further identification and evaluation of these potential biomarkers will
help unravel the underlying mechanisms of the disease. J. Cell. Biochem. 99: 256–268, 2006. � 2006 Wiley-Liss, Inc.
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Diabetes mellitus (DM) is one of the top five
global leading causes of death. In the year 2000,
the excess global mortality attributable to

diabetes and its late complications was esti-
mated to be 2.9 million deaths, equivalent to
5.2% of all deaths [Roglic et al., 2005]. Despite
decades of intensive research into its pathogen-
esis, the triggering factors and underlying
mechanism behind the development of DM
and its complications remain largely unknown.

Type 1 diabetes has highest incidence in
children and adolescents. It is characterized
by pancreatic b-cell destruction, which usually
leads to an absolute deficiency of insulin.
Around 90–95% of DM are type 2 diabetes
which is characterized by insulin resistance as
insulin-receptor in body cells do not bind
and response appropriately when insulin is
present. Severe complications can be resulted
from latent type 2 diabetes with the vascu-
lature exposed to an unfavorable internal
environment arising from hypertension, dysli-
pidemia, inflammation, and impaired fibrinoly-
sis [Hanson et al., 2002].
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Patient with DM may experience a series of
intractable long-term complications. Hypergly-
cemia induced adverse effects on various sys-
temic systems and sensory organs of the body,
resulting in heart failure, stroke, claudication,
retinopathy, nephropathy, neuropathy, and
skin dysfunction. Most of these complications
are progressive and they usually develop over
years. The longer the patient has been suffering
from DM, the more likely that complications
will arise.
Diabetic nephropathy (DN) is one of the main

causes of morbidity and mortality in patients
with DM [Phillips and Molitch, 2002]. Approxi-
mately 40% of type 2 DM patients will develop
diabetic kidney disease [Lewis and Lewis, 2003].
Diabetic retinopathy (DR) is also a major
complication of DM and is a leading cause of
acquired blindness. Blood-retinal barrier break-
down is a hallmark of thismicrovascular disease
and around 85% of all diabetics eventually
develop retinopathy [Tewari and Venkatesh,
2004]. On the other hand, cardiovascular impact
accounts for thegreatestmorbidityandmortality
associated with DM, such as coronary athero-
sclerosis, hypertension, and cardiomyopathy.
Macrovascular diseases are two to six times
more common among people with DM, such as
coronary artery disease, peripheral artery dis-
ease, and stroke [Varughese et al., 2005].
Hyperglycemia is the primary cause of dia-

betic complications, but the underlying mechan-
isms are not clear. During the past decade,
proteomics has been extensively applied to
various fields of biological andmedical research.
While many investigators have used surface-
enhanced laser desorption/ionization time-of-
flight mass spectrometry (SELDI-TOF MS)
technology to study malignancies [Yip and
Lomas, 2002], proteomic profiling of DM is still
in its infancy. Proteomics is a powerful platform
for investigating protein expression profiles and
their modifications in response to specific phy-
siological or pathophysiological conditions in
biological systems. It can be particularly useful
for the identification of molecular alterations
implicated in diabetes [Cho et al., 2005].
We have previously demonstrated that redox

status and oxidative stress occurred in the eye
and aorta but not in the kidney of diabetic rats
8 weeks after streptozotocin (STZ) injection,
and the onset of oxidative stress was preceded
by a depletion of glutathione in the tissues [Yue
et al., 2003]. Moreover, we also demonstrated

that different tissues employed different anti-
oxidant enzymes in their defense against oxida-
tive stress during the development of diabetes
[Yue et al., 2005]. The present study focuses on
the protein disregulation in the sera and tissues
of diabetic rats 8 weeks after STZ injection by
proteinchip profiling analysis. In this study,
high-throughput MS and bioinformatic tech-
nologies were applied to find potential biomar-
kers so as to enhance a better understanding of
diabetes and its complications, as well as to ex-
plore the complexity of the disease mechanisms.

MATERIALS AND METHODS

Experimental Animals

Wild-type outbreed male Sprague–Dawley
(SD) rats (250–300 g) were provided by
the Laboratory Animal Service Centre (The
Chinese University of Hong Kong). Experimen-
tal DM was induced by double intraperitoneal
injection of STZ as previously described [Yue et
al., 2003]. Briefly, the animals were injected
with STZ (40 mg/kg) on 2 consecutive days
[Arulmozhi et al., 2004].At the4thand8thweek
after STZ injection, body weight was measured
on a standardized digital scale while venous
blood samples were collected from the tails of
overnight fasted rats in order to measure their
corresponding serum glucose level by the
Glucose Diagnostic Kit (Sigma, St Louis, MO),
26 rats with confirmed serum glucose level >
300 mg/dl at both time points were used as the
diabetic rat model. Twenty-nine age-matched
normal male SD rats injected with the same
amount of 0.1M sodium citratewere used as the
control group. Comparing to the non-diabetic
rats, the mean body weight of the diabetic rats
was significantly lower at the 4th week
(445� 28 g vs. 282� 93 g, P< 0.001) and 8th
week (528� 51 g vs. 247� 32 g, P< 0.001) after
STZ administration. All the animals were
housed (three to four per cage) under a daily
cycle of 12 h light and 12 h darkness, supplied
with food and water ad libitum and then used
8 weeks after the injection. All rats were treated
in compliance with the approved guidelines
for animal experiments established by the
HongKongBaptistUniversityAnimalResearch
Committee.

Sampling of Sera and Tissues

Animals were deprived of food for 8–10 h
and killed by cervical dislocation on the day of
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sacrifice. Blood samples were collected together
with excision of the whole kidney, eye (anterior
segment of the eye, lens, and optical nerve were
discarded), and descending aorta tissues.

Each blood sample was allowed to clot and
centrifuged at 1,500g for 10 min. Sera were
collected, aliquoted and kept frozen at �808C.
When the experiment was carried out, the
serum samples were thawed and 20 ml of each
sample was denatured by adding 30 ml of 50mM
Tris-HCl buffer containing 9 M urea and 2%
3-[3-(Cholamidopropyl) dimethylammonio]-1-
proanesulfonate (CHAPS) at pH 9.

Each tissue sample was rinsed with ice-cold
phosphate buffered saline (137 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4) and blotted dry, then frozen
immediately in liquid nitrogen and stored at
�808C. When the experiment was carried out,
the tissue samples were homogenized in a
chilled mechanical homogenizer at 48C using
20 strokes for each tissue sample. The mixture
was then centrifuged at 12,000g for 15 min at
48C. The supernatant was taken out and
isopropanol (1.5 ml per 50 mg of tissue) was
added. The precipitated protein/peptide was
then washed with 0.3 M guanidine hydrochlor-
ide/95% ethanol (2 ml per 50 mg of tissue).
After washing, 2 ml of 100% ethanol was
added and the resulting mixture was centri-
fuged. Finally, 150 ml 6 M guanidine thiocya-
nate, 1% octyl-b-D-glucopyranoside and 350 ml
9 M urea, 2% CHAPS in 50 mM Tris-HCl at
pH 9 were added to the protein pellet for
dissolution.

After the above preparation procedures,
the protein/peptide in each serum and tissue
sample was fractionated in an anion ex-
change Ciphergen Q HyperD F 96-well filter
plate. The protein/peptide bound by the ion
exchange beads was eluted by a pH 9 elution
buffer, followed subsequently bybuffers at pH7,
pH5, pH4,pH3, andfinally byanorganic buffer
containing isopropanol, acetonitrile, and tri-
fluoacetic acid as previously described [Cho
et al., 2004; Yip et al., 2005].

SELDI-TOF MS Profiling

All fractionation and profiling steps were
performed on the Biomek 2000 Robotic Station
(Beckman Coulter, Inc., Fullerton, CA) and
Aquarius (Tecan Trading AG, Mannedorf,
Switzerland). These integrated robots aid auto-
mated high-throughput proteinchip profiling by

conducting sample loadingandwashing steps in
a highly reproducible manner.

Each serum (n¼ 55) and lysate (n¼ 55 for
each type of tissue) sample was profiled in
duplicate on two types of proteinchip arrays
(Ciphergen Biosystems, Inc., Fremont, CA),
weak cationic exchange and immobilized metal
affinity capture-copper (IMAC3-Cu), using dif-
ferent binding conditions for each array type as
previously described [Cho et al., 2004]. The
arrayswere read inaproteinchip readerPBS IIc
(Ciphergen Biosystems, Inc.) with mass deflec-
tion at 1.5 kDa and time-lag focusing. The
acquisition range was set to 0–200 kDa and the
instrument has a mass accuracy of 0.1% when
properly calibrated, which was performed with
the all-in-one peptide standard chip (seven
peptide calibrants, 1–7 kDa, Ciphergen Biosys-
tems, Inc.). The parameters used for spectral
preprocessing and peak selectionwere: baseline
subtraction, both the smoothing before fitting
baseline and the automatic fittingwidth options
selected (with awindow of 25 data points for the
former); filtering, variable width moving aver-
age filter of 0.2 times expected peakwidth; noise
estimation: to start from1.5 kDa; normalization
by total ion current (TIC), to start from 1.5 kDa;
peak detection, to start from 2 kDa and by
centroid mass. Outlier spectra were excluded
from further analysis if thenormalization factor
exceeded 2 standard deviations above the mean
normalization factor. Two thousand six hun-
dred and forty proteinchip spots on 330 chips of
each type of proteinchip array were used, with
the controls randomized and run concurrently
with the disease samples on the same chip.
Variability analyses were performed in a spot to
spot and chip to chip fashion for both the
IMAC3-Cu(II) and week cationic exchange
chips as previously described. The chip-to-chip
and spot-to-spot coefficient of variation were
found to be 1–16%and1–14%, respectively [Yip
et al., 2005]. These variations were within 20%
of other quality control study [Hong et al., 2005].

Bioinformatics and Statistical Analysis

CiphergenExpress Biomarker Analysis Sys-
tem (Ciphergen Biosystems, Inc.) was used to
analyze all the spectra in this study. Baseline
subtraction was first performed on individual
spectra to eliminate systematic biases such as
those generated by the energy absorbing mole-
cules and ‘‘flatten’’ the spectra. Baseline correc-
ted spectra were then normalized against each
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other by TIC, which is defined as the sum of all
the intensity values of a spectrum. The normal-
ization process involved computing the TIC of
each spectrum, and scaling the spectrum so that
its new TIC equaled the collective mean TIC.
Since TIC is ameasure of the protein concentra-
tion (or other ionizable substances) of the sam-
ple, this in effect normalized all the spectra to
the same sample concentration.
Peak detection was next performed on the

normalized spectra and peaks of very similarm/
z values across spectrawere associated together
into clusters which formed the initial pool of
potential biomarkers. These two steps are auto-
mated by the Biomarker Wizard in Ciphergen
ProteinChip Software 3.2.1 (Ciphergen Biosys-
tems, Inc.). A signal-to-noise ratio >5 was used
for the first pass peak detection and a signal-to-
noise ratio >3 was used for the second pass.
Additionally, a mass window of 0.3% of mass
was specified as the maximum threshold for
associating peaks together as one cluster, and a
minimum peak threshold of 5% was chosen to
reject clusters with too few peaks from the first
pass peak detection. With these Biomarker
Wizard parameters, a total of 948 peak clusters
were obtained. A P-value was calculated for
each of the peak clusters using the Mann–
Whitney U test. Values of P< 0.05 were con-
sidered to be significant. The spectral region
from 0–2 kDa is unreliable for both normal-
ization and peak detection due to matrix
interference and was therefore excluded in the
analysis.
The Biomarker Analysis Module in Cipher-

genExpress Biomarker Analysis System was
used to mine potential biomarkers while the
supervised learning process of Biomarker Pat-
terns Software 4.0.1 (Ciphergen Biosystems,
Inc.) was used for cross-validation and boot-
strapping for multiple testing to optimize the
minimization of classification error.
The powerful analytical tools used in this

study are broadly divided into univariate and
multivariate. Univariate analytical tools inclu-
ded Mann–Whitney U test (non-parametric
statistical significance test used to calculate a
confidence interval for the median difference
between two independent groups of sam-
pled data [Whitney, 1997]), receiver-operator
characteristic (ROC, plotting the dynamic rela-
tionship between sensitivity and specificity
independent of disease prevalence [Nettleman,
1988]), scatter plot (displaying data points on a

2-D graph), Box and Whisker plot (displaying a
statistical summary of the data values: median,
25–75 percentile quartiles and minimum to
maximum value range); whereas multivariate
analytical tools included principal components
analysis (PCA, reducing the complexity of data
and distinguishing sample clusters [Jayakar,
1980]), heatmap (presentation of a dendrogram
representing similarities in the expression
patterns between the sample groups), classi-
fication and regression tree analysis (CART,
predicting multiple potential biomarkers and
cross-validation by applying the tree compu-
ted from learning sample to testing sample
[Gribonval, 2005]).

Univariate analysis uncovers single potential
biomarkers that can classify the sample groups
by itself. In some cases univariate analysis
alone is sufficient, but biological systems are
usually complex and the disease can be caused
bymultiple factors. In those cases, multivariate
analysis is needed to discover these factors for
proper classification. In other words, if univari-
ate analysis reveals individual biomarkers that
can be positively identified and linked to the
disease pathway, the CiphergenExpress Bio-
marker Analysis System would weigh over
multivariate analytical tools such as the Bio-
marker Patterns Software.

Protein Matching

Protein matching was conducted via the
Expert Protein Analysis System (Swiss Insti-
tute of Bioinformatics, Geneva, Switzerland),
which is dedicated to the analysis of protein
sequences and structures as well as 2-D gel.
Using the TagIdent tool in the system, a list of
proteins close to themolecular size and pI of our
potential biomarkers can be generated, with
molecular weight range within 0.1% and pI
rangewithin0.1.Details (including the function
of protein, domain structure, post-translational
modifications, variants, etc.) of the matching
protein can be retrieved by the Swiss-Prot
protein knowledgebase in the system.

C-Reactive Protein (CRP) Measurement

The quantitative measurement of CRP in the
rat serum was performed using the commercial
Rat CRP ELISA Test Kit (Helica Biosystems,
Inc., Fullerton, CA) with an intra-assay varia-
bility of 4–8%. Briefly, rat sera for testing
were diluted to 1:4,000 and allowed to react
with antibodies coated on specially treated
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micro-wells. After appropriate incubation, the
wells were washed to remove unreacted serum
proteins, and an enzyme-labeled rabbit anti-rat
CRP (conjugate) was then added to react with
and tag the antigen-antibody complexes. Follow-
ing another incubation period, the wells were
washed again to remove unreacted conjugate. A
urea peroxide substrate with tetramethylbenzi-
dine as chromogen was added to initiate color
development. Development of a blue color indi-
catedapositive reactionwhilenegative reactions
appeared colorless or with a trace of blue. The
reaction was interrupted with a stop solution
that turned the blue positive reactions to yellow.
Negative reactions remained colorless or with a
hint of yellow. Color intensity (absorbance) was
read at a wavelength of 450 nm on a spectro-
photometer (Tecan Trading AG). Semi-quantifi-
cation of absorbance was accomplished using a
standard curve generated by measuring twofold
dilutions of the standard provided.

RESULTS

Overview of Potential Biomarkers in
the Serum and Tissue Lysates

By SELDI-TOF MS technology, 13 potential
biomarkers were discovered in the serum and
different organs of DM rats. Among them, eight
biomarker candidates (at 3,507, 3,968, 5,165,
6,150, 11,612, 25,491, 47,736, and 76,433 Da)
were found in the serum, one biomarker
candidate (at 13,983 Da) in the kidney, one
biomarker candidate (at 5,621 Da) in the eye,
and three biomarker candidates (at 10,039,
10,803, and 11,077 Da) in the aorta (Table I).

Serum Protein Profile Alterations
in Diabetic Rats

Comparing the serum proteinchip profiles of
the 26 DM rats with those of the 29 normal
controls, 532 peak clusters were found. Among
which, 353 were statistically significant (P<
0.05). The top eight biomarker candidates were
selected with the highest sensitivities (�86%)
and specificities (�75%) to differentiate the
diabetic samples from the controls. The repre-
sentative peaks of interest were illustrated in
Table I and Figure 1.

Protein Matching and Validation

These potential biomarkers have not yet
been identified. As the first step discovery,
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MW matching identification was conducted as
speculative at this stage. One of the serum
biomarker candidates at MW 25,491 Da was
found to match the CRP in the Swiss-Prot
knowledgebase (accession number P48199;
MW 25,468 Da; pI 5; MW ranges 0.09%, more
stringent than the standard error 0.1% of the
current MS analysis). Search by molecular size
and pI using the TagIdent tool returned a
fragment of CRP at MW 23,285 Da which was

found to match another significant peaks clus-
ter at MW 23,306 Da (0.409� 0.092 vs.
0.250� 0.062, P¼ 2.7E-8).

The preliminary identification of the tenta-
tive biomarker was further validated by estab-
lished assay. The quantitative measurement of
CRP in serum was performed using a commer-
cial ELISA kit to validate the matched protein,
and the results were expressed as arithmetic
mean�SE. As shown in Figure 2, CRP levels of

Fig. 1. Protein expressionpatterns between the26diabetes sera
and 29 normal control sera. a: Principal components analysis of
proteome data of diabetes serum and normal control serum
represented in a 2D-graph and 3D-graph with components 1–2
and 1–3 displayed on the two axes and three axes. b: Heat map

presentation of a hierarchical cluster representing similarities in
the expression patterns between the diabetes sera (in blue) and
normal control sera (in red). The intensity of the redor green color
indicates the relative protein concentration, that is, higher thanor
lower than the median value, respectively.
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the diabetic rats sera (n¼ 26) were significantly
higher than those of thenormal controls (n¼ 29)
by 42% (298� 19 mg/ml vs. 210� 2 mg/ml,
P< 0.001).

Differential Renal Protein Expression
in Diabetic Rats

Comparing the kidney lysate of theDMgroup
with the non-DM group, 81 peak clusters were
discovered, of which 23 potential biomarkers
were deemed statistically significant (P< 0.05).
The top biomarker candidate at 13,983 Da was
elevated by 99% in the DM group and a 92%
sensitivity and 93% specificity were yielded
(Table I). The peak of interest of the biomarker
candidate was illustrated in Figure 3.

Changes in Protein Expression Between
the Eyes of Diabetic Rats and Normal Controls

Biomarkers in the eyes were subsequently
investigated. Overall, 218 peak clusters were
discovered, among which 70 have a significant
P-value. Significant alterations of the peak
intensities of the top biomarker candidate at
5,621 Da was observed, with a decrease of 61%
in its average peak intensity in the diabetic
lysate compared to the control lysate (Table I
and Fig. 4).

Proteomic Alterations in the Aorta Lysate
of Diabetic Rats

A total of 117 peak clusters were found in the
profiles of the aorta lysate, of which 62 have a
significant P-value. The average peak intensi-
ties of the top three biomarker candidates at
10,039, 10,803, and 11,077 Da in the diabetic
aorta lysate were significantly decreased by
51%, 81%, and 76% compared to the control
lysate (Table I and Fig. 5).

DISCUSSSION

General awareness of the importance of
proteomes in physiology and pathophysiology
has increased tremendously over the last few
years [Schulte et al., 2005]. Proteins are
involved in most cellular processes, and it is
thus expected that their cumulative expression
profile reflects the specific activity of cells.

Typically, proteomic information is gathered
by analyzing samples on two-dimensional gel
electrophoresis with the subsequent identifica-
tion of specific proteins of interest by using
trypsin digestion and peptide mass fingerprint-
ing. These procedures are generally labor-
intensive and manual, and therefore of low-
throughput. The development of automated

Fig. 2. The levels ofC-reactiveprotein (CRP) ondiabetic rats andnormal control ratsmeasuredbyELISAkit.
The mean CRP concentration of diabetic rats is significantly (P< 0.001) higher than those of the normal
control rats. The normal control rats are marked by (&) and diabetic rats are the (&) box.
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Fig. 3. The detection of potential biomarker at MW 13,983 Da
in the kidney tissue of diabetic rat by proteinchip profiling. a:
Peak views of the mass spectra of kidney lysate samples
illustrating the higher intensities of the biomarker candidate in
the kidney tissue of diabetic rats compared with normal control
rats. b: Receiver-operator characteristic curve analysis of the

diagnostic score in discriminating between diabetic kidney and
normal kidney lysates. c: Results of diagnostic testing with 92%
sensitivity, 93% specificity, and 93% classification accuracy:
PPV¼positive predictive value; NPV¼ negative predictive
value.



proteomic technology for processing large num-
bers of samples simultaneously has made the
concept of profiling entire proteomes feasible at
last [Lopez et al., 2000].

Proteomics can be useful in describing the
protein expression profile and thus the diabetic
phenotype. However, relatively few studies
using proteomic technologies to investigate the
DM pathogenesis have been published to date
regarding the defined target organ, the beta-
cell. Proteomics has been applied in studies of
differentiating beta-cells, cytokine exposed
islets, dietary manipulated islets, and in trans-
planted islets. Although these studies have

revealed a complex and detailed picture of the
protein expression profiles, many functional
implications still remain to be answered [Sparre
et al., 2005].

In order to explore themechanismunderlying
the development of diabetes and its complica-
tions, the serum and lysate protein profiles of
STZ-induced diabetic rats were investigated
using SELDI-TOF MS in this study. The
investigation produced a list of potential bio-
markers that were found to be differentially
expressed in the serum and selected organs
of the diabetic rats 8 weeks after STZ adminis-
tration.

Fig. 4. The detection of potential biomarker atMW5,621Da in
the eye lysate of diabetic rat by proteinchip profiling. a: Peak
views of the mass spectra of eye lysate samples illustrating the
higher normalized peak intensities of the biomarker candidate in
the eye tissue of diabetic rats comparedwith normal control rats.
b: Principal components analysis of proteome data of diabetic
eye lysate and normal control eye lysate represented in a 2D-

graph with components 1–2 displayed on the two axes. c: Box
and Whisker plot displayed a statistical summary of the normal-
ized peak intensities of the biomarker candidate in the eye tissue
of diabetic rats compared with normal control rats: median,
quartiles (25–75 percentile) and range (minimum to maximum
value).
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The levels of the eight serum biomarker
candidates were significantly elevated in the
diabetic state. Identification and characteriza-
tion of these overexpressed peaks may contri-
bute to a better understanding of the
pathogenesis of the disease.
One of the potential serum biomarkers was

found to match the CRP in the Swiss-Prot
knowledgebase. CRP is produced by the liver
in response to inflammation, it is one of the
principal members of the pentaxin family.
Pentaxins are a family of penta- or decameric
serum proteins that includes serum amyloid
protein and CRP which are involved in acute
immunological responses [Reid and Blobel,
1994].
C-reactive protein is expressed during acute

phase response to tissue injury or inflammation
in mammals [Romero et al., 1998]. Inflamma-
tion is closely associated with endothelial
dysfunction and is recognized as one of the
cardiovascular risk factors clustering in the
insulin resistance syndrome or metabolic syn-
drome.
In the present study, a significant elevation

was observed in the normalized peak intensities
of CRP in the diabetic rats. Other previous
studies also found that elevated serum CRP
level was related to the development of diabetes

[Chase et al., 2004; Doi et al., 2005] and its
complications, including diabetic atherosclero-
sis [Tajiri et al., 2005] and cardiovascular
complication [Best et al., 2005]. The increased
level of CRP in diabetic serum indicates that the
development of DM is associated with inflam-
mation.

Further validation was conducted by a com-
mercial ELISA kit to confirm the role of CRP
during the development of DM. The CRP levels
of thediabetic ratswere found to be significantly
higher than those of the normal controls. These
results are concurrent with our findings by
proteinchip profiling.

The metabolic abnormalities associated with
DM could lead to a series of microvascular and
macrovascular complications in multiple organ
systems. The risk for mortality increases with
the severity of each complication. Prevention of
these complications should be themain issue for
managing diabetes. In this study, three vital
organs were investigated by proteinchip profil-
ing to probe into the protein alterations in their
tissues. Interestingly, compared to the kidney
and the aorta, the serum and the eye yielded
larger numbers of peak clusters, presumably
due to their more aqueous nature.

Despite significant progress in understand-
ing DN, the cellular mechanisms that lead to

Fig. 4. (Continued)
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diabetes-induced renal damage are still incom-
pletely defined.New insights into the pathogen-
esis of diabetic renal disease may emerge from
recent advances in proteomics using high-
throughput mass spectrometry. In our results,

the level of the kidney lysate biomarker candi-
date at 13,983 Dawas significantly increased in
ratswith diabetes over the normal controls. The
level of this potential biomarker was positively
correlated with the development of DM, it is

Fig. 5. The detection of potential biomarkers at MW 10,039,
10,803, and 11,077 Da in the aorta lysate of diabetic rat by
proteinchip profiling. a: Principal components analysis of
proteome data of diabetic aorta lysate and normal control aorta
lysate represented in a 3D-graph with components 1–3
displayed on the three axes. b: Heat map presentation of a
hierarchical cluster representing similarities in the expression
patterns between the diabetic aorta lysate (in blue) and normal
control aorta lysate (in red). The intensity of the red or green color

indicates the relativeprotein concentration, that is, higher thanor
lower than the median value, respectively. c: Distribution of the
normalized peak intensities of the three biomarker candidates in
diabetic aorta lysate and normal control aorta lysate. Mean peak
intensities (�SD) are tabulated at the top of each column.
Statistical comparisons of the mean normalized peak intensities
in different groupswere performedbyMann–WhitneyU test and
presented at the top right corner.
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logical to suggest that this biomarker candidate
could be associated with DN. It would be
interesting to monitor the level of this potential
biomarker serially and correlate its level with
the extent of renal damage to investigate its role
as a surrogate marker for DN.
Recent finding indicates that DR has char-

acteristics of chronic inflammatory disease
and neurodegenerative disease [Leal et al.,
2005]. Our finding demonstrated that a poten-
tial biomarker at 5,621 Da was significantly
decreased in the diabetic lysate of the eye
compared to the normal controls. Identification
and evaluation of this biomarker candidate will
enlighten our understanding of the cellular and
possibly the molecular mechanisms underlying
the pathogenesis of this diabetic complication.
Thiswill facilitate thedevelopment of strategies
to prevent, or at least delay the progression of
the disease.
Chronic hyperglycemia induces endothelial

dysfunction, which is an early sign of the
development of diabetic vascular complications.
It is imperative for early detection of cardiac
abnormalities during the course of diabetes.
Proteomics has been successfully applied to
study protein alterations in the vasculature
[Mayr et al., 2004]. In this study, three potential

biomarkers (10,039, 10,803, and 11,077 Da)
identified in the aorta lysate samples of the
diabetic rats were significantly decreased as
compared with those of the normal controls.
Reduced level of these biomarker candidates
could be significant indicators for susceptibility
to vascular complications in diabetic subjects.

Remarkable applications of proteomics pro-
mise a bright future for molecular biology and
hopefully for clinical biochemistry. This is the
first report demonstrating that certain poten-
tial biomarkers in the serum, kidney, eye, and
aorta may be involved in the development of
diabetes and its complications. In the coming
decades, proteomic technologies will broaden
our understanding of the underlying mechan-
isms of DM and will further enhance our ability
to diagnose, prognosticate and treat diabetes
and its complications.
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