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Proteomics and Diabetic Nephropathy

Michael L. Merchant, PhD,*,† and Jon B. Klein, MD, PhD*,†,‡

Summary: Proteomic methods have found broad applications in kidney disease research and
more specifically in diabetic nephropathy (DN) research. Proteomic methods such as 2-di-
mensional gel electrophoresis have been used to gain insight into glomerular and tubular
nephropathies including DN. At the protein level, differences in high-abundant proteins in DN
have been shown to reflect primarily differentially posttranslationally modified plasma
proteins. Higher-sensitivity proteomic methods (eg, liquid chromatography–mass spec-
trometry) have pushed the boundaries on the known urinary proteome to include more
than 1,500 proteins. These same high-sensitivity methods have been applied toward
profiling urinary peptides, which has resulted in methods to diagnostically screen urine
to differentiate between type-2 diabetes mellitus and type-1 diabetes mellitus urine,
normal versus microalbuminuria, or by angiotensin II receptor blocker treatment. Pro-
teomic methods are being used to show response to insulin gene therapy in an animal
model or alterations in the renal cortex mitochondrial proteome with the development of
the diabetic phenotype. Proteomic methods continue to aid in the discovery of new
mechanisms of diabetic pathology and understanding of the etiology of diabetic
complications.
Semin Nephrol 27:627-636 © 2007 Elsevier Inc. All rights reserved.
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iabetes is not a new disease despite its
epidemic proportions.1-4 Early historical
reference to the diabetic condition is

ontained in the Ebers papyrus written in ap-
roximately 1552 BCE. The condition refer-
nced described polyuria; considered by many
s the first reference to a clinical description of
iabetes. A millennium later (4th-5th century
CE), diabetes was diagnosed by the ancient
ndian physicians Charak and Susrutha, who
ad observed ants collecting around the urine
f certain individuals. They termed the condi-
ion Madhumeha or honey-like urine. We now
now diabetes to be a disease of mixed etiology
ith both genetic and environmental inputs.

n addition, the complications of diabetes are
ncompletely understood and many of the
reviously held paradigms are being re-
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ersed.5-7 Given the varied nature of diabetes
nd our evolving understanding of diabetic
omplications, an unbiased approach used to
evelop subsequent hypotheses for testing
hould be valuable and necessary in diabetes
esearch. Proteomics represents an approach
o rapidly develop a set of testable hypothe-
es from a set of well-controlled unbiased
cientific experiments.

The proteomic method is a method whereby
iological samples are analyzed systematically
ith the intent of identifying, quantifying, and
iscerning the function of conditionally unique
roteins or peptides.8 Although the underlying
ethods used in proteomics have existed for

ecades, if not centuries in some cases, recent
roteomic advances have been driven by devel-
pments in a set of core technologies including
eparation sciences, mass spectrometry, and
omputer-assisted data analyses (ie, bioinfor-
atics) that can accommodate extremely

arge information sets. Recent reviews of pro-
eomic methods and advantages or disadvan-
ages of individual methods are available.9-12
pecific categorization or review of these
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628 M.L. Merchant and J.B. Klein
ethods is outside the scope of this article.
he insight gained from proteomics should
llow for a better understanding in the initi-
tion or propagation of disease state(s). Sig-
ificant efforts in many laboratories are build-

ng to capitalize on identifying proteins or
eptides unique to the disease state and using
hese quantifiable features in comparison
ith contemporaneous controls as metrics to
vertly gauge the disease state progression.
hese features are referred to as biomark-
rs.13-15 In addition to allowing for diagnosis
f the disease state, the hope of the biomar-
er is that it will allow for a more clear mech-
nistic understanding of the disease state
uch that rational design of interventional
ethods are feasible.
Despite the current knowledge of the natural

istory of diabetic nephropathy (DN), renal mi-
rovascular disease can occur with insulin-de-
endent (type 1) and non–insulin-dependent
type 2) diabetes mellitus (T1DM and T2DM,
espectively). The overall incidence of end-
tage renal disease with T1DM is higher than
ith T2DM and is approximately 4% to 17% at

0 years from time of initial diagnosis. Early
athologic abnormalities include glomerular
esangial cell expansion progressing to glo-
erular basement membrane thickening and

lomerular sclerosis, which often is associated
ith deposition of plasma proteins such as fi-
rin, immunoglobulin, and complement pro-
eins. Later nonglomerular pathologic abnor-
alities include but are not limited to the loss

f visceral epithelial cell (podocyte) foot pro-
esses, tubular basement membrane thicken-
ng, interstitial fibrosis, and, controversially, tu-
ular epithelial to mesenchymal cell transitions.
everal animal models recapitulating some of
he DN phenotype have been used in recent
roteomic investigations including the OVE26,
lloxan, and streptozotocin models of T1DM
nd the db/db, ob/ob, Zucker fatty rat, KK
ouse, and Ostuka-Evans Tokushima Fatty rats.
lthough none of these models recapitulate

he diabetic phenotype perfectly, a better un-
erstanding of DN has been achieved through
he proteomic analysis of an individual dia-

etic model. d
ROTEOMIC ANALYSIS OF
ORMAL URINARY PROTEINS

rine represents a dilute solution containing
rotein derived from a number of sources—
redominately plasma proteins and to a lesser
xtent renal cell types (visceral epithelial, glo-
erular, and tubular origins). A complete un-

erstanding of protein identities that are
ourced into the urine in normal individuals is
ecessary to understand the diabetic pheno-
ype. To that end a number of studies have
mplemented combinations of electrophoretic
1- or 2-dimensional electrophoresis), chro-
atographic (affinity capture or chip-based

dsorption methods), and mass spectrometric
matrix-assisted laser desorption ionization time-
f-flight mass spectrometry [MALDI-TOF MS] or

iquid chromatography electrospray ionization
ass spectrometry [LC-ESI-MS]) methods to iden-

ify prevalent urinary proteins. Wittke et al16 used
apillary electrophoresis-mass spectrometry (CE-
S) to identify a pattern of 247 prevalent urinary
olypeptides in normal human urine. Fiedler et
l17 used reversed-phase resin-coated magnetic
eads to capture urinary polypeptides with pro-
ling of 427 urinary polypeptides by MALDI-
OF MS. Castagna et al18 used a similar affinity
apture approach to identify 383 unique uri-
ary proteins. A recent application of surface-
nhanced laser desorption/ionization (SELDI),
lower-resolution MS method, identified 136

onredundant urinary polypeptides.19 Wang et
l20 and Sleat et al21 both used affinity capture
ethods to isolate the urinary glycoprotein sub-
roteome and identified 225 and 67 proteins,
espectively, including a large number of lyso-
omal proteins. This is in agreement with ear-
ier work by Thongboonkerd et al22 and Pisit-
un et al23 on urinary exosomes that identified
p to 295 proteins; a large portion of which
ere membrane proteins derived from the
roximal tubular endosomal-lysosomal-exoso-
al protein catabolic pathway. Adachi et al24

sed analyzed urine protein from an individual
nd also a pooled urine sample established from
0 individuals. The urine protein analyses was
onducted using LC–ion trap MS with and with-
ut size prefractionation by 1-dimensional so-

ium dodecyl sulfate–polyacrylamide gel elec-
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Proteomics and DN 629
rophoresis (PAGE). In their study a large num-
er of tryptic peptides were observed (8,041), a
igh degree of variability existed between indi-
iduals or replicate runs. Less than 10% were
bserved within 4 replicate runs, 10.6% were
bserved within 3 replicate runs, and 26.0%
ere observed in half of all replicate runs. A

ubstantial number of proteins were hydro-
hobic in nature and a greater number of
ydrophobic proteins were identified from
amples prefractionated using 1-dimensional
odium dodecyl sulfate–PAGE than from di-
ect analyses of the identical samples. Over-
ll, 1,543 proteins were identified success-
ully and used to annotate a publicly accessible
rine proteomic database.25

LECTROPHORETIC ANALYSIS OF THE DN
RINARY PROTEOME

number of advances have occurred with the
tudy of DN using urinary proteomics and 2-di-
ensional electrophoresis (2DE). The variabil-

ty of the urinary proteome and the variability
n the diabetic phenotype are such that fre-
uently included within the analyses of the di-
betic urinary proteome are control urine sam-
les inclusive of nondiabetic glomerular
athophysiology. Recently, the human urinary
roteomes of normal controls, diabetics, and
lomerular nephropathy were compared with
ther disease controls including focal segmen-
al glomerular sclerosis, lupus nephritis, and
embranous nephropathy. This analysis used
igh-resolution 2DE and artificial neural net-
orks to analyze the gel spot patterns.26 The

DE urine gel data set was analyzed for gel
pots (referred to as features) that would dis-
inguish one gel group from other gel groups.
y using univariate and multivariate methods,
o one feature was able to guide or self-sort the
el images into the nephropathy phenotypes.
y using machine learning methods, groups of
pots were identified whose collective expres-
ion vectors were able to differentiate or distin-
uish sample origin. A remarkable aspect of
his work is that all of the proteins that al-
owed for differentiation of the nephropathy
henotype were common serum proteins;
ainly glycoproteins that exist in multiple
harge forms resulting from differential post- a
ranslational processing. These proteins in-
luded albumin, �-1-antitrypsin (AAT), �-1 mi-
roglobulin, complement factor B Ba fragment,
aptoglobin, hemopexin, orosomucoid, plasma
etinol binding protein, transferrin, transthyre-
in, vitamin D binding protein, and zinc-�2-
lycoprotein. Although urine contains proteins
erived from renal cells, the major urinary pro-
ein component originates from plasma filtered
y the renal glomerulus. This work did not
istinguish whether the protein charge forms
ere present in the plasma or generated in the
rine. This work excellently establishes the
anger in ascribing protein expressional differ-
nces to diseases versus disease complications.
urther, these data support the position that
rotein expressional differences validated by
rthogonal methods should include not only
ormal controls but disease complication con-
rols if the goal is identification of a sensitive
nd specific disease biomarker.

Other 2DE methods have been used to study
N urinary proteomics and one with promise is

he differential in-gel electrophoresis (DIGE
ethod). DIGE is a method for higher through-
ut analyses of sample because of the ability to
ix 2 samples (ie, case and control) and co-

lectrophoresis proteins, thereby reducing vari-
bility when making between gel comparisons.
hree cyanine dyes that are chemically reactive

oward lysine side chains and N-terminal
-amino groups are available for use in this
ethod. These cyanine dyes are referred to

ommercially as Cy-2, Cy-3, and Cy-5. Typically,
y-3 and Cy-5 dyes are used to label pairs of
ase and control protein samples. Cy-2 dyes
ypically are used to label an internal standard
erived from equivalent mass aliquots of all
amples. The DIGE experiment is achieved by
ixing equal masses of labeled protein, yield-

ng a single sample that then is used for a 2DE
xperiment. The gel is imaged sequentially by a
uorescence scanner using combinations of ex-
itation and emission wavelengths specific to
he Cy-2, -3, or -5 dyes. The fluorescence vol-
mes (per spot or total) for all Cy-3 or Cy-5
cans are normalized to the internal standard
y-2 scans, thus allowing direct comparison of
ase and control protein expression levels. Ex-

mples of the DIGE analyses are provided in
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630 M.L. Merchant and J.B. Klein
igure 1. These studies, performed in our labo-
atory, compared urine from microalbuminuric
1DM patients with and without progressive

igure 1. Urine from T1DM patients with and witho
epleted of albumin using an immunodepletion resin (V
uidelines. The immunodepleted urine was concentrate
100-�g protein aliquot was redissolved into a urea/t

ulfonate (CHAPS)/Tris HCl pH 8.5 buffer to completely
sing the provided Cy-dyes according to the manufactu
away, NJ); T1DM RFD (�) labeled with Cy-3 and T1DM
y pooling 50 �g albumin immunodepleted T1DM RFD
FD (�) and labeled with Cy-2 dye. Aliquots (25 �g) of

mmobilized pH gradient (IPG) strip and protein mixtur
uently reduced with two incubations of a dithiothreitol
f an iodoacetamide-based equilibration buffer. The pr
Invitrogen, Carlsbad, CA) gel using 200 V/200 W/200 A
ye and the label proteins were protected from light

maging for the Cy-2, Cy-3 (Fig 1A) and Cy-5 (Fig 1B) wa
avelength combinations on a Perkin Elmer ProXpress
pment with the Cy-3 and Cy-5 images was achieved fo
he Cy-2-labeled internal standard protein.
enal function decline. The urine was immu- p
odepleted using the VivaScience Albumin
epletion Kit (Sartorius, Inc, Edgewood, NY).
roteins were concentrated and desalted by

nificant renal function decline (RFD� and RFD�) was
ience, Sartorius, Edgewood, NY) by the manufacturer’s
desalted using trichloroacetic acid (TCA) precipitation.
a/3-[(3-cholamidopropyldimethylammonio]-1-propane
ure urinary proteins. The protein samples were labeled
uidelines (GEHealthcare, Amersham Biosciences, Pisca-
�) labeled with Cy-5. An internal standard was created
ine protein and 50 �g albumin immunodepleted T1DM
sample ad-mixed and rehydrated into a 7-cm 3–10 pH
ocused for 2,000 volt-hours (Vh). The strip was subse-
-based equilibration buffer and alkylated with one wash
were transferred into a 4% to 12% gradient NuPAGE
rophoresis profile. At each stage of the experiment the
oid photo bleaching of the fluorophore. Fluorescence
eved sequentially using appropriate excitation/emission
am, MA). Overlay or composite image (Fig 1C) devel-
g fluorescence normalization and spot matching using
ut sig
ivaSc

d and
hioure
denat
rer’s g
RFD (

(�) ur
each
e co-f
(DTT)
oteins

elect
to av
s achi

(Walth
llowin
recipitation. Aliquots of individual urine pro-
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Proteomics and DN 631
ein samples (50 �g) were redissolved in a pH
.5 urea-thiourea–based system and labeled
ith Cy-dye reagents (per Amersham guidelines

GE Healthcare, Amersham Biosciences, Piscat-
way, NY]). The total protein mass used for the
DE experiment was 75 �g, with 25 �g Cy-2,
5 �g Cy-3, and 25 �g Cy-5–labeled protein
aterial. Figure 1A represents Cy-3 (assigned as

reen) imaging of the resulting 2DE gel. Figure
B represents Cy-5 (assigned as magenta) imag-

ng of the same 2DE gel. Figure 1C represents
oftware-guided overlay of Cy-3 and Cy-5 im-
ges. Perfectly overlaying peaks of equal pro-
ein loading appear as black. The composite gel
pot image derived from variation of protein
xpression appears as a color combination of
reen and red. Expressionally, unique gel spots
ppear as red or gel within the composite im-
ge.

Sharma et al27 used DIGE to study the urine
f a diverse group of DN patients (n � 3) and
bserved the differential expression of a prom-

nent protein AAT. AAT was up-regulated in the
rine of diabetics. AAT expression subse-
uently was confirmed by enzyme-linked immu-
osorbent assay in the urine of several type 1 (n �
) and type 2 (n � 13) diabetics. The majority
f these individuals were on angiotensin con-
erting enzyme inhibitor (ACEi) therapy and
ydroxymethylglutaryl coenzyme A (HMGCoA)
eductase inhibitor therapy. Immunohisto-
hemistry analyses of human kidney sections
n � 15) showed increased staining of AAT in
brotic areas including glomerular, interstitial,
erivascular, and luminal proximal tubular re-
ions. Although AAT has been identified pre-
iously to increase in the urine of individuals
ith diabetes, this study nonetheless showed

he potential of DIGE to increase the through-
ut of urinary proteomic analyses. A larger,
ell-matched, DIGE-based study of control
rine (n � 9), T2DM urine from individuals
ith normoalbuminuria (NA) (n � 10), mi-

roalbuminuria (MA) (n � 13), and microalbu-
inuria (n � 10) was conducted by Rao et al.28

he analyses identified 195 protein spots rep-
esenting 62 unique proteins of predominantly
lasma origin. This observation and the obser-
ation that most of these proteins are glycopro-

eins is consistent with the previous data h
Varghese et al26), suggesting that many of the
ifferentially regulated urine proteins will be
erum proteins wherein the DN phenotype is
eflected by the posttranslation processing and
ot the specific protein identity.

IRECT ANALYSIS OF THE DN URINARY
ROTEOME USING MS

lectrophoretic methods of proteome analyses
ften are thought to be competitive with meth-
ds that directly analyze the proteome with MS
ethods. However, our perspective is that each
ethod has a complementary place in pro-

eomic discovery efforts. One-dimensional elec-
rophoresis and 2DE have higher protein mass
oad capacities and low-abundant proteins can
e detected by increasing the mass load into the
lectrophoretic system. MS methods such as
hose employing high sensitivity ion counting
etectors have the advantage of sensitivity to
emtomoles (or attomoles) of analyte, direct
ample analysis, and the significant decrease in
ample loss during the analysis. 2DE methods
ave the benefit of observing protein isoforms
nd distinguishing specific per-spot data that
nclude isoelectric point, mass, and spot vol-
me. Obtaining data with liquid chromatogra-
hy–mass spectrometry (LC-MS) requires so-
histicated computer-assisted data analyses
latforms that might not be available to all lab-
ratories. One area in which MS (eg, CE-MS,
ALDI-TOF-MS, or SELDI-MS) excels over elec-

rophoresis is in biomarker discovery. As previ-
usly referenced, Wittke et al16 used CE-MS to

dentify a pattern of 247 prevalent urinary
olypeptides in normal human urine. Fiedler et
l17 used reversed-phase resin-coated magnetic
eads to capture urinary polypeptides, profiling
27 urinary polypeptides by MALDI-TOF MS.
tu et al29 used SELDI to develop a list of
utative biomarker masses from the Pima In-
ian Study wherein the urine was collected
ears before the onset of nephropathy. As evi-
enced in this study, the lack of mass accuracy
f the SELDI technique does not result in the

dentification of specific protein or peptide
asses but rather low-resolution mass win-

ows. A few groups in collaboration, however,

ave set new limits of urinary peptide biomar-
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632 M.L. Merchant and J.B. Klein
er discovery using CE-MS, including discovery
f biomarkers of DN and also response to an-
iotensin II receptor blocker (ARB) therapy.

Urine peptide patterns distinct to DN for
oth T1DM and T2DM as compared with nor-
al urine were developed using CE-MS by
eier et al30 and Mischak et al.31 T1DM
olypeptide profiles were established using
1DM spot urine samples (n � 44) and 9
ealthy age-matched control urines. The CE-MS
amples were sorted into 3 subgroups for anal-
ses (group I, normoalbuminuria, �2.5 mg al-
umin/mmol creatinine; group II, intermittent
icroalbuminuria, 2.5-3.5 mg albumin/mmol

reatinine; and group III, microalbuminuria,
35 mg albumin/mmol creatinine). Routinely,

reater than 800 ions per CE-MS urine analysis
ere observed and T1DM urine could be dis-

inguished from normal urine by 54 separated
ons. Further, binary differences (ie, peptide
resence or absence) of 88 different peptides
istinguished microalbuminuric-diabetic urine
rom normo-albuminuria-diabetic or intermit-
ent-albuminuria-diabetic urine. Empiric formu-
as were developed that allowed for evaluation
f polypeptide ion lists in a urine sample and
ssignment of that sample to the 4 urine groups
1 normal and 3 diabetic groups). Mischak et al31

creened T2DM (n � 112) urine against normal
n � 39) urine samples. The comparison of
olypeptide patterns indicated that the data
orted the samples in a fashion that accounted
or renal damage (degree of albuminuria). Here,
he polypeptide pattern was observed in indi-
iduals with albumin excretion rates of greater
han 100 mg albumin/L, to a lesser degree in
ndividuals with lower levels of urinary albu-

in.
CE-MS has been shown to have diagnostic as

ell as prognostic capacities. CE-MS biomarker
rofiling has been applied toward the study of
N response to ARB therapy.32 This well-de-

igned study used age-, sex-, and diabetes dura-
ion–matched urine samples from T2DM pa-
ients with the following (1) NA (n � 20), (2)
iabetic retinopathy (DR) (n � 20), (3) diabetic
R and MA (n � 20), and (4) DR and mac-

oalbuminuria (n � 18). The changes in urinary
olypeptide patterns of patients with mac-

oalbuminuria were followed up through a w
-month, randomized, double-blinded, cross-
ver trial treatment with placebo, or 8, 16, and
2 mg of ARB (candesartan). The urinary pep-
ide profile of NA and MA T2DM patients were
dentical regardless of DR. However, discretely
ifferent urinary peptide patterns could be ob-
erved for NA versus MA. The urinary pep-
idome as profiled by CE-MS encompassed a
otal of 4,551 polypeptides. Of these, 113 pep-
ides were observed to distinguish between NA
nd MA T2DM patients. Extending their studies
eyond biomarker profiling, Rossing et al32 at-
empted to identify amino acid sequences or
equence tags for these proteins using tandem
ass spectrometry. The peptides were shown to

e sources from common plasma proteins and an
xtracellular matrix protein. A total of 11 peptides
ere sequence tagged: albumin (6 peptides), col-

agen (2 peptides), uromodulin (2 peptide), and
mmunoglobulin heavy chain (1 peptide). Fifteen
f the 113 peptides were significantly differen-
ially expressed after ARB, but not placebo
reatment. The expression change of these pep-
ides was from the microalbuminuria expres-
ion level toward levels more closely associated
ith NA. In a discovery sense, these data sug-

ested that CE-MS is a robust peptide profiling
pproach. Further and mechanistically, these
ata suggest that the proteases that are involved

n proximal tubular protein metabolism are af-
ected differentially by ARB treatment and the
ngiotensin II signaling pathway.

ROTEOMIC ANALYSES
F RENAL PROTEINS IN
NIMAL MODELS OF DIABETES

he db/db mouse is an animal model of T2DM.
n this model, relabeled as the leprdb model, the
nimals carry an autosomal-recessive mutation
n the leptin receptor gene. Leptin is a small
�16 kd) protein hormone expressed by adi-
ose tissue. Normally, leptin binding to leptin
eceptor long form regulates satiety and metab-
lism through a signal transducer and activator
f transcription 3 (STAT3)-dependent signaling
athway. Db/db mice overeat, gain weight, be-
ome hyperinsulinemic, hyperglycemic, and
yperlipidemic. Tilton et al33 used 2DE to study
he renal cortex proteins whose expression

as dysregulated in the db/db model of T2DM.
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Proteomics and DN 633
problematic issue associated with the 2DE
ethod is variability in gel images and resulting

ifficulties during image matching. This prob-
em was addressed using pooled renal cortex
xtracts with incorporation of an internal stan-
ard. Case (db/db) and control (db/m) renal
ortex protein extract (1 mg) from 5 animals
as pooled. The samples were adjusted to con-

ain 0.5% internal standard protein (apomyoglo-
in), which would be used during gel image
atching and spot volume normalization. The

xperiment was repeated using a second set of
nimals and 6 replicate gels were run for each
ooled sample per experiment. The cumulative
umber of protein spots detected varied as fol-

ows: experiment 1: 743 total and 204 differen-
ially (P � .05); experiment 2: 643 total and 273
ifferentially (P � .05). Proteins whose expres-
ion difference was higher than 2-fold were
elected for identification using MALDI-TOF MS
nd LC-ESI-MS methods.

A finding of this study is the congruence of
bserved and expected protein expression dif-
erences. Fifty-five percent of all proteins dys-
egulated were involved with some aspect of
etabolism and more specifically mitochon-

rial metabolic pathways including lipid and
atty acid metabolism enzymes. Considering
nly the differentially expressed mitochondrial
roteins using advanced bioinformatics algo-
ithms (Ingenuity Pathways Analysis, Redwood
ity, CA), including expressional values as in-
uts, indicated that the most prominent biolog-

cal network affected in this T2DN model was
hat of lipid metabolism. Moreover, the Ingenu-
ty Pathways Analysis discerned network-con-
ained peroxisome proliferator activated recep-
or � (PPAR�) as a central regulatory axis of this
etwork. These data are consistent with recent
eports of PPAR� agonists’ renoprotective
roperties in experimental models of diabetes.

n addition, these data generated in an unbiased
ashion provide more than 140 molecular tar-
ets with which to follow the action of PPAR�
gonists in selective follow-up studies.

To date, 3 animal models of T1DM have been
xamined with proteomic methods. These
odels include one spontaneous model and 2

hemical models. The spontaneous T1DM

VE26 mouse model arises from a calmodulin p
ransgene driven by the insulin promoter. Over-
xpression of calmodulin occurs selectively in
he �-cell and results in �-cell death. The 2
hemical models are alloxan and streptozoto-
in, which result in �-cell necrosis. Of these
odels, the OVE26 model is the closest to re-

embling the human DN phenotype. Diao et
l34 used the alloxan model to study the serum,
iver, and kidney proteome before and after
lectroporation of the insulin gene into the
ural muscle. The mice were injected (intraperi-
oneally) with 175 mg/kg alloxan after a 48-
our fast. At day 7, mice with fasting blood
lucose levels greater than 20 mmol/L were
sed for gene transfer or vector transfer. At day
8, mice receiving gene transfer had blood glu-
ose levels statistically equivalent to the nondi-
betic alloxan mice. Protein lysate was isolated
rom kidneys and liver. Serum protein was an-
lyzed without depletion of overabundant pro-
eins. All protein was separated and compared
sing 2DE and protein staining. Diao et al34

bserved and identified, using MS and bioinfor-
atics analyses, 14 liver proteins, 15 renal pro-

eins, and 14 serum proteins whose expression
hanged after diabetes induction. With subse-
uent rescue by gene transfer 5 liver proteins
ad significant expressional inversions (ie, re-
ersal of protein expression from a decrease to
n increase or vice versa) including up-regula-
ion of regulcalcin (gi|6677739), haao protein
gi|15277547), and glyeraldehyde-3-dehydroge-
ase (gi|34785735), and down-regulation of serine
ydroxymethyl transferase I (gi|6677943) and
ethionine adenosyltransferase (gi|476917).
After rescue of the diabetic phenotype, 5 renal

roteins had significant expressional inversions in-
luding up-regulation of 14-3-3 zeta (gi|1841387),
cetyl-CoA dehydrogenase (gi|20071667), a mitofi-
in homologue (gi|26328849), heat shock protein-
0/glucose regulated protein-94 (gi|14714615),
nd down-regulation of pyruvate carboxylase
gi|32822907). Seven serum proteins were reg-
lated and included up-regulation of plasmino-
en (gi|31982113) and down-regulation of
omplement factor I (gi|13959319), �-fetopro-
ein (gi|191675), albumin (gi|26341396), apo-
ipoprotein (Apo)A-IV (gi|29477189), ApoA-I
2145139), and haptoglobin (gi|41019124). Ex-

ression regulation of ApoA-I was confirmed
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isually by immunoblot analyses without sup-
ort of statistical analyses on replicate data.
lthough the majority of the serum proteins are
bundant proteins, several were identified from
pots focusing and migrating at masses different
rom expected (lower isoelectric mass or al-
ered isoelectric point), suggesting some aspect
f posttranslational modification developed in
he rescued phenotype. Perhaps additional and
ore interesting data could have been devel-

ped using proteomic prefractionation of the
ell lysates (cytoplasmic, mitochondrial, nu-
lear, ER, and so forth) or immunosubtraction
f overabundant proteins. These data represent
future application of proteomics in a cocktail

ashion to bioinformatically profile multiple or-
an or biofluid systems and develop hypotheses
n the effects of disease treatment or response
o treatment.

Other work with serum profiling of the con-
inuum of T2DN renal failure has been reported
y Kim et al.35 Notably this study was powered
y high replicate numbers with T2DM patients
ithout MA (n � 30), with MA (n � 29), and
ith chronic renal failure (CRF) (n � 31). High

bundant serum proteins were removed by im-
unosubtraction using the Agilent Multiple Affin-

ty Removal System (MARS) column (Santa Clara,
A). The Agilent Multiple Affinity Removal Sys-

em column is effectively a LC affinity depletion
olumn in which antibodies to the 7 most abun-
ant plasma proteins have been immobilized. Se-
um is passed across the column. Specific high-
bundant proteins are removed and the serum
roteins typically have been enriched 10-fold. A
eak point of this study is the use of silver

taining for protein detection. Although silver
tain is a sensitive stain, it is a problematic stain
o work with for purposes of quantification.
ther protein visualization approaches such as

he use of dyes that bind to proteins in an
quilibrium fashion include colloidal Coomas-
ie Blue and Sypro Ruby. Silver stain is chemi-
ally deposited or plated onto the gel surface at
ites of exposed protein in a catalytic fashion.
ecause of the importance of time and protein
oncentration effects on silver deposition it of-
en is difficult or impossible to reproduce the
ilver staining and developing process across

arge sets of gels. Therefore, proteins having a m
mall differential expression between condi-
ions are difficult to discern reliably. However,
roteins having a large differential expression
an be detected with this method. A total of 17
roteins were regulated differentially between
2DM NA versus MA and a total of 18 proteins
ere regulated differentially between T2DM
A versus CRF. Twenty-six protein spots repre-

enting 17 gene products were identified by MS
ethods with statistical confidence. Expres-

ional differences for extracellular glutathione
eroxidase and ApoE were confirmed by immu-
oblot analyses. Five gene products were up-
egulated in the MA and CRF T2DM state and
his list of identified proteins included adi-
onectin. Adiponectin is a regulator of insulin
ensitivity, tissue inflammation, and plays a role
n the complications of diabetes-related obesity.
diponectin exists in circulation as varying mo-

ecular weight isoforms (ie, varying oligomer-
zation states) and is known to decrease in cir-
ulating concentration with diabetes. Further
xploration as to the nature of this protein spot
ould yield information relevant to a key axis of
iabetic complications. Here proteomic meth-
ds have developed 2 possible plasma biomar-
ers of DN (extracellular glutathione peroxi-
ase and ApoE) as well as provided other
nexpected protein isoforms for study whose
iology is mechanistically relevant to the T2DM
tate.

ONCLUSION: TODAY’S
XPECTATIONS FOR TOMORROW’S REALITY

iabetes is a complex disease with substantial
omplexity derived from the variable complica-
ions of diabetes such as DN. Proteomic ap-
roaches have evolved to deal with disease
omplexity using such prefractionation meth-
ds as used by Sleat et al21 or Castanaga et al,18

igher-throughput separation methods such as
he DIGE method or higher sensitivity MS meth-
ds such as that of Adachi et al.24 We have seen
hat likely urine-based biomarkers of renal dis-
ases involving proteinuria will be composed of
omplex protein-charge-form patterns of uri-
ary-resident serum proteins. Further investiga-
ion into the enzymatic pathways producing
hese biomarker patterns perhaps can yield

ore relevant mechanistic information into re-
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Proteomics and DN 635
al glomerular and/or tubular pathophysiology.
he variability within the human urinary pro-

eome requires that higher numbers of well-
atched replicate samples be compared. Higher

umbers of replicates necessitate higher-through-
ut, higher-sensitivity proteomic methods and
ill result in the research workflow changing

rom PAGE-based methods into true LC-MS meth-
ds. Because the LC-MS method presently is
nable to differentiate between charge-train iso-
orms of a single protein, PAGE methods will
ontinue to be needed. Nonetheless, because
abel-free MS methods of protein quantification
ermeate general proteomic research fields, we
hould begin to see these methods applied suc-
essfully toward the study of DN.25
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