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Abstract

Purpose—The poor performance of current tests for predicting the onset, progression and
treatment response of diabetic nephropathy has engendered a search for more sensitive and
specific urinary biomarkers. Our goal was to develop a new method for protein biomarker
discovery in urine from these patients.

Experimental Design—We analyzed urine from normal subjects and patients with early and
advanced nephropathy. Proteins were separated using a novel analysis process including
immunodepletion of high abundance proteins followed by two stage LC fractionation of low
abundance proteins. The proteins in the fractions were sequenced using MS/MS.

Results—Immunodepletion of selected high abundance proteins followed by two stage LC
produced approximately 700 fractions, each less complex and more amenable to analysis than the
mixture and requiring minimal processing for MS identification. Comparison of fractions between
normal and diabetic nephropathy subjects revealed several low abundance proteins that
reproducibly distinguished low glomerular filtration rate (GFR) from both high GFR diabetic and
normal subjects, including uteroglobin, a protein previously associated with renal scarring.

Conclusions and clinical relevance—We developed a novel method to identify low
abundance urinary proteins that enables the discovery of potential biomarkers to improve the
diagnosis and management of patients with diabetic nephropathy.
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1 Introduction

Diabetes mellitus is the leading cause of progressive chronic kidney disease and often
requires renal replacement therapy with dialysis or transplantation. Approximately one third
of patients with diabetes mellitus develop kidney damage characterized by proteinuria,
hypertension and progressive diabetic nephropathy (DN) despite aggressive therapeutic
intervention [1]. Diabetic nephropathy is asymptomatic in its early stages and current
clinical biomarkers, such as serum creatinine and the urine albumin-creatinine ratio, lack the
sensitivity and specificity for early detection of the disease, for monitoring its progression
and for assessing response to pharmacological intervention. New urinary biomarkers for the
diagnosis and management of diabetic nephropathy are urgently needed.

The identification of biomarkers in urine is complicated by the complexity of the urine
proteome, low relative abundances of candidate biomarker proteins and the abundant
presence of water. Above all, the total protein concentration varies widely in urine from
kidney patients and may be more than 100 times normal, with albumin being the most
abundant protein — a hallmark and prognostic indicator of diabetic nephropathy [2]. General
approaches to overcoming these challenges include preprocessing steps to concentrate urine
proteins, followed by fractionation of the complex proteome and then identification of
individual proteins using mass spectrometry [3-5]. The method most frequently applied, and
heretofore the technique of choice for urine proteome mapping, has been two-dimensional
gel electrophoresis (2-DE) [6]. This method has yielded chromatograms with 1400 distinct
spots, demonstrating both the complexity of the urine protein mixture and the ability of 2-
DE to separate it [7]. Some disadvantages of the 2-DE technique are that it is time and labor
intensive, it is not easily automated and gel spots can not be directly introduced into a mass
spectrometer. Further, the reproducibility of the separation makes it difficult to compare
samples separated on different gels. The latter problem can be overcome using two-
dimensional difference gel electrophoresis, a technique whereby two protein mixtures are
separately tagged with different fluorescent dyes and then separated simultaneously on one
gel [8]. This technique allows for quantitative comparisons of two protein mixtures and has
been used, for example, to compare the proteomes of normal subjects to patients with
diabetic nephropathy [9, 10]. But problems with separation of proteins with gels remain,
including the separation of low molecular weight, highly basic and hydrophobic proteins.

A second widely-applied method for urine protein separation and identification is capillary
electrophoresis-mass spectrometry [11]. Coupling the capillary electrophoresis column to an
electrospray ionization mass spectrometer allows direct separation and identification of
urine proteins and has been used for investigation of many kidney-related diseases [12].
Advantages of this method include rapid separation and identification of complex mixtures;
disadvantages are limitations to small sample sizes and lower molecular weight proteins.

A third well-known group of analysis methods for protein mixtures includes liquid
chromatography (LC) separations [13]. Individually or in tandem, many different LC
methods have been used to separate complex protein mixtures prior to protein identification
with mass spectrometry. One tandem LC pipeline is chromatofocusing (CF) followed by
non-porous reversed phase (RP) separation, which first separates proteins into fractions
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according to their isoelectric points, then separates the proteins in each fraction by
hydrophobicity [14]. This two-dimensional technique not only provides the extensive
fractionation beneficial for analysis of complex protein mixtures, but also proteins are eluted
in solution and ready for mass spectrometry with minimal further processing.

The two-dimensional CF-RP LC process has been applied to cell lysates, rat plasma and
normal human urine [14-16]. A problem complicating the analysis of blood serum and
plasma is the presence of a few proteins in high abundance, especially albumin and
immunoglobulins. These blood proteins are largely retained by healthy kidneys but may be
present in large amounts in urine from proteinuric patients where their presence interferes
with the analysis for lower abundance proteins which are the most likely candidates for
biomarkers of disease. Selected proteins can be removed by immunoaffinity subtraction
chromatography (immunodepletion), and immunodepletion of abundant proteins prior to RP
LC has been demonstrated on human serum and plasma [17, 18], and on urine prior to 2-DE
[10]. Abundant protein depletion of rat plasma prior to sequential CF-RP chromatography
was shown to improve signal-to-noise ratios in subsequent MS analyses [19], and albumin
and IgG depletion prior to multi-dimensional LC enhance MS detection of low abundance
proteins in normal urine [20]. However, the promising combination of abundant protein
depletion followed by CF-RP multi-dimensional LC has not been applied to compare urine
proteins from patients with diabetic nephropathy to those from normal subjects. Here we
demonstrate the application of this method to compare proteins in urine of DN patients to
those from the urine of normal subjects.

2 Materials and Methods

2.1 Subjects and Samples

To demonstrate the method we used 24-hour urine samples from two male subjects with
normal kidney function and six male subjects with type 2 diabetes and nephropathy. The
diabetic subjects provided samples upon their enroliment into a double-blind, placebo-
controlled clinical trial, had massive proteinuria (2.1 to 7.8 g/24 hr) and could be separated
into two groups, three with stage 1 nephropathy and three with stages 3-5 nephropathy [21]
(Table 1). Glomerular filtration rates were 95.1, 139.2 and 201.9 mL/min for the group with
early stage disease and 11.1, 17.6 and 32.3 mL/min for the group with late stage disease;
hyperfiltration in the high GFR group is consistent with early stage nephropathy. The
proteins in these samples were concentrated, separated and identified using the analysis
scheme detailed in Figure 1 and described below. Both the clinical trial and this study were
approved by the UT Southwestern Medical Center Institutional Review Board and all
subjects gave informed, written consent for the study.

2.2 Protein Concentration by Ultrafiltration

Urine samples were divided into portions after collection and stored at -80 °C. Individual
portions were thawed on ice just before analysis, then spun at 4000 x g for 20 min at 10 °C
to remove particles. The supernatant was decanted into a Millipore Amicon Ultra-15 3 kDa
nominal molecular weight limit ultrafilter and spun at 4000 x g at 10 °C to a volume of 2
mL. Salts and small molecule metabolites and proteolysis products were washed from the
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concentrated protein by filling the ultrafilter with water and spinning again to a volume of 1
mL. Particles and precipitates were then removed by passing the protein through an Agilent
0.22 pm spin filter. Ultrafiltration of 160-180 mL of urine from normal subjects and 10-20
mL of urine from proteinuric patients was required to obtain sufficient protein for
subsequent steps; larger volumes were required from the normal subjects because the protein
concentration in their urine was much less than that of the patients with nephropathy.
Typically 20 mg of protein was obtained for high protein samples and 5 mg for normal
samples.

2.3 Immunodepletion of Abundant Proteins

Six selected proteins, here termed HAPs as they are high abundance proteins in blood
fractions, were separated from the protein mixture using a Beckman System Gold LC
system and an Agilent Hu-6HC Multiple Affinity Removal System column which retains
albumin, 1gG, IgA, transferrin, alpha-1-antitrypsin and haptoglobin. For each separation, 1.4
mg of the concentrated, desalted and filtered protein was diluted with Agilent Buffer A to 2
mL total volume and then loaded onto the column, where the six HAPs were retained while
the remaining lower abundance proteins, termed the LAPs, passed through. After elution of
the LAPs, the HAPs were cleared from the column by elution with Agilent Buffer B.
Proteins exiting the column were detected by their absorption at 280 nm and were manually
collected on ice into LAP and HAP fractions. Replicate separations (4-7) were required to
obtain sufficient LAPs for subsequent steps. Each separation diluted the LAPs with buffer
solution, so the replicate LAP fractions were pooled and reconcentrated using a 3 kDa
ultrafilter. After removal of the HAPs, equal amounts of LAPs from the normal and diseased
subjects were carried on for further analysis, thus compensating for their differing initial
protein concentrations. Each pool typically contained 1-2 mg of low abundance protein.

2.4 Fractionation by Two-Dimensional Liquid Chromatography

The immunodepleted protein fractions were further separated by 2-D LC using a Beckman
Coulter ProteomeLab PF 2D Protein Fractionation System consisting of tandem first and
second dimension LC modules with an intermediate fraction collector/injector (FC/I) [15,
16, 19]. An Eprogen ProteoSep chromatofocusing column was used in the first dimension
module. For each trial, 1 mg of protein was diluted to 5 mL with pH 8.5 Eprogen Start
Buffer and injected into a 5 mL sample loop. Eprogen Eluent Buffer with pH adjusted to 4
was then passed through the column, establishing a moving pH gradient which separated
and eluted proteins by pl. Fractions were collected into 96 well plates at 7.5 min intervals
when the pH was constant, then in 0.3 unit pH intervals as it decreased from 8.5 to 4,
resulting in the collection of 35-40 fractions in the FC/I. Protein elution was monitored by
absorbance at 280 nm.

The second dimension module used an Eprogen ProteoSep reversed phase column operated
at 50 °C. First, a solution of 0.1% TFA in water was passed through the column and the FC/I
injected 200 pL of sample from one first dimension fraction. A linear concentration gradient
established by adding 0.08% TFA in ACN separated and eluted proteins by their
hydrophaobicity. Fractions were collected into 96 well plates in an eight place Gilson FC204
fraction collector at 1 min time intervals resulting in 19 second dimension fractions collected
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for each first dimension fraction. The protein elution profile was monitored by absorbance at
214 nm. After one first dimension fraction had cleared the column, initial solvent conditions
were reestablished and the FC/I continued by injecting 200 pL of sample from the next first
dimension fraction.

2.5 Protein Identification by Mass Spectrometry

In general, second dimension PF 2D fractions with absorbance peaks that increased (or
decreased) in intensity from normal subjects through early stage to late stage disease were
chosen for identification by MALDI-MS and MALDI-MS/MS sequencing. Each fraction
was dried in a centrifugal evaporator, then resuspended in 25 pL 25 mM ammonium
bicarbonate at pH 8.0. Fifteen ng trypsin was added and the solution incubated at 37 °C for
18 hours. One microliter of the tryptic digests was spotted directly onto the MALDI target
plate and allowed to dry. A stock matrix solution (5 mg/mL CHCA in 50% (v/v) ACN) was
diluted 1:1 with 50% ACN and 1 pL of the working matrix was then applied on the sample
spot and allowed to dry.

Data were acquired with an Applied Biosystems 4700 MALDI-TOF/TOF Proteomics
Analyzer (Life Technologies-Applied Biosystems, Carlsbad CA). The instrument was
operated in positive ion reflectron mode, the mass range was 850-3000 Da and the focus
mass was set at 1500 Da. For the MALDI-MS data acquisition, 2000 laser shots were
acquired and averaged from each sample spot. Automatic external calibration was
performed using known autolytic fragments of trypsin as internal standards. Following
MALDI-MS analysis, MALDI-MS/MS was performed on several (5-8) abundant ions from
each sample spot. A 1 kV positive ion MS/MS method was used to acquire data under
postsource decay conditions. The instrument precursor selection window was +3 Da and
4000 laser shots were acquired and averaged for each sample spot.

Applied Biosystems GPS Explorer (v. 3.0) software was used in conjunction with the
MASCOQOT search engine (www.matrixscience.com) to search the Homo sapiens NCBI nr
protein database using both the peptide mass fingerprint in the first MS and the MS/MS data
from several precursor ions. MS peak filtering included the following: mass range, 800 to
4000 Da; minimum signal-to-noise filter, 10; mass exclusion list tolerance, 0.5 Da. Other
search parameters were: maximum missed cleavages were set to unity; fixed modifications
included cysteine carbamidomethylation; and variable modifications included methionine
oxidation, N-terminal acetylation and pyroglutamylation of N28 terminal glutamine and
glutamate residues. Precursor tolerance was set at 0.2 Da, MS/MS fragment tolerance was
set at 0.3 Da and peptide mass values were monoisotopic. The significance of a protein
match, based on both the peptide mass fingerprint in the first MS and the MS/MS data from
several precursor ions, is based on expectation values. The expectation value is the number
of matches with equal or better scores that are expected to occur by chance alone. Protein
scores are calculated from the expectation value of the protein identification; the higher the
protein score the more significant the match. The default significance threshold is p<0.05, so
an expectation value of 0.05, or a protein score of 67, is considered to be on this threshold
[22].
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The analysis scheme in Figure 1 meets two key requirements: removal of six selected high
abundance blood proteins when present at either high or low concentrations and extensive
fractionation of the remaining lower abundance proteins. The process first removes particles,
salts, small molecules and excess liquid and then separates the HAPs from the remaining
proteins. Using 2-D LC, the LAP fractions are first separated by pl and then by
hydrophobicity into fractions each much less complex than the initial mixture. Finally, mass
spectrometry is used to identify the proteins in individual fractions.

3.1 Protein Concentration by Ultrafiltration

The ultrafiltration process reduces the large and variable amounts of water in both normal
and high protein urine samples, concentrating high protein urine about 10-20 times and
normal urine about 160-180 times. It also separates urine proteins from small molecule
metabolites (urea, urate, creatinine, citrate, and many others), low molecular weight
proteolysis products and soluble salts. Some proteins smaller than 3 kDa may be retained by
the ultrafilter because they are bound to larger proteins [23], but this association is disrupted
in the immunodepletion step when the proteins are mixed with the denaturing start buffer.
These small molecules are then released from the large proteins and pass through the
chromatographic column with the unretained proteins during the immunodepletion.

We evaluated the benefit of the ultrafiltration by comparing immunodepletion
chromatograms of urine without ultrafiltration and of both the retentate and filtrate fractions
from the ultrafilter. (Details in Supporting I nformation.) These chromatograms show that
the small molecule metabolites and low molecular weight proteolysis products constitute a
highly absorbing component of the mixture. Without the ultrafiltration they co-elute with the
low abundance proteins thereby passing through the immunodepletion step. In the
subsequent CF separation their absorption will complicate the identification of fractions
containing desirable proteins.

3.2 Immunodepletion Separation of Low- and High-Abundance Proteins

The kidneys of DN patients allow passage of blood proteins into the urine, thus high
concentration blood proteins also tend to be high concentration in patient urine. For this
reason a protein immunodepletion column for removal of high concentration proteins from
blood serum and plasma, such as the Agilent Hu-6HC, is appropriate for urine from DN
patients. The depletion efficiencies of the six proteins removed by this column have been
measured by Brand et al. [24]. In plasma, and over the specified 200 regeneration cycle
lifetime of the column, the depletion rates for albumin, transferrin, alpha-1-antitrypsin and
haptoglobin were >99.9% for each target protein. The depletion rates for 1IgG and IgA were
>99.9% for a new column, gradually falling to 99.1% for 1gG and 99.7% for IgA after 200
cycles. Figure 2A shows that the immunodepletion step effectively separates the six HAPs
from the LAPs in both normal and high protein samples. Similar results for
immunodepletion of selected proteins have been observed for serum [17], plasma [18, 19]
and urine [25] using various affinity removal systems.
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This figure also shows that chromatograms from proteinuric patients have a large peak
corresponding to the six targeted proteins, while chromatograms from normal subjects show
a small peak because a much larger fraction of the urinary proteome of diseased patients is
these six proteins. This is why the immunodepletion step is an important part of our analysis
process: the abundance of these proteins in the urine of diseased patients complicates the
comparison between the low abundance proteins in urine from diseased patients and normal
subjects.

We evaluated the benefit of the immunodepletion step by comparing CF chromatograms of
high protein urine without immunodepletion and of both the LAP and HAP fractions from
the immunodepletion. (Details in Supporting I nformation.) The CF chromatogram of the
HAP fraction exhibits several strong peaks in the pH range 4-7 which correspond more or
less closely to the theoretical pls of albumin, transferrin, alpha 1-antitrypsin and haptoglobin
(http://www.uniprot.org). The polyclonal 1gG and IgA elute over a broad pH range and
contribute to an elevation of the baseline in the pH range 4-7. The CF chromatogram of the
undepleted protein is a composite of the LAP and HAP chromatograms, weighted toward
the HAPs because of their higher abundance. Without the immunodepletion step, the
identification of CF fractions containing LAPs, the most likely source of potential
biomarkers, is complicated because the HAP and LAP peaks overlap and because the
presence of the HAPs reduces the concentration of LAPS.

3.3 Chromatofocusing and Reversed-Phase Liquid Chromatography

The low abundance proteins from each sample were separated by pl into 35-40 fractions
using the CF column. Typically 25 fractions spanned the region of the first dimension
chromatogram that included the pH change and these fractions contained many of the peaks
in the first dimension chromatogram. Each of these 25 fractions was further separated using
the RP column into 19 fractions resulting in 475 second dimension fractions for each LAP
sample. Prominent peaks in the second dimension chromatograms indicated fractions
containing the most abundant of the LAP proteins, though possibly only a small fraction of
their total number. Fractions with smaller peaks contain the less abundant LAP proteins.
Fractions without peaks contain proteins present at low concentrations or with low
absorption coefficients, or contain no protein at all. Second dimension chromatograms of the
LAPs from each subject's urine sample were matched by pl range and the positions and sizes
of the peaks were compared between subjects. Panels B and C of Figure 2 illustrate pl-
matched comparisons of second dimension traces for the 2 normal subjects, 3 patients with
DN and high GFR and 3 patients with DN and low GFR. Using these comparisons, fractions
were identified that exhibited the most changes in their peak intensities between the low
GFR, high GFR and normal subject groups. We selected 105 fractions for MALDI-MS and
MALDI-MS/MS protein identification.

3.4 Protein Identification

Proteins identified in selected fractions from each subject group are summarized in Table 2
(Details in Supporting Information Table 1). Each category in the table is defined by
patient status - low GFR (late stage disease), high GFR (early stage disease) or normal
kidney function - and by the pl of the fraction. The proteins observed in each disease stage-
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pl category are listed, along with the number of subjects for which they were found. Thus,
for example, hemopexin was found for 3 of 3 subjects in the category low GFR and pl
fraction 6.1 to 5.8. In general, more different kinds of proteins are observed in the urine of
the more diseased patients, suggesting that decreasing GFR is indicative of increasing
glomerular damage and hence greater protein leakage, or that increased amounts of potential
biomarker proteins arise from the kidney due to more severe kidney damage.

The fractions chosen for MALDI-MS and MALDI-MS/MS analysis were those where peak
intensities increased from normal to high GFR to low GFR groups, thus more proteins were
identified in the disease groups. These fractions typically arose from first dimension
fractions containing proteins with intermediate pl, less than 8.5 and greater than 4.0. In
contrast, first dimension fractions containing proteins with pl outside the 8.5 to 4.0 range
appear by comparison of peak intensities to contain more proteins in the normal subjects
than the diseased patients. Since equal amounts of protein were loaded onto the column from
all samples, a compensating amount of protein must be in these unanalyzed fractions.

The full-length molecular weights of proteins identified in the three subject categories (see
Supporting Information Table 3 for a full list) are not simply correlated to the disease
stage for several reasons. First, these proteins are only those from the LAP fractions and,
since we carry forward equal amounts of protein from the immunodepletion process for both
normal and diseased subjects, even a small leakage of high molecular weight proteins not
targeted by the immunodepletion might be observable in the LAPs from normal subjects.
Second, proteins of all molecular weights might originate within or downstream of the
kidneys. Also, proteins and peptides in the urine may be subject to proteolysis by natural
processes. Finally, MS analyses were performed using tryptic digests of protein fractions
and the molecular weights of the full-length proteins are inferred.

3.5 Interpretation of Protein Identifications

The proteins most often found in low GFR samples include hemopexin, vitamin D-binding
protein, kininogen and uteroglobin (Table 2). Apolipoprotein A-1, retinol-binding protein 4
and transthyretin are less frequently observed. The large sizes of hemopexin, vitamin D-
binding protein and kininogen protect them from glomerular filtration by normal kidneys.
The damaged glomerular basement membrane in patients with diabetic nephropathy,
however, may allow these species to pass into the urine.

We observed other smaller proteins in the urine of diseased patients that are protected from
filtration in normal subjects by their strong association with larger species. Both retinol-
binding protein 4 and the very small retinol molecule circulate in plasma in a complex with
the larger transthyretin molecule, whose size prevents glomerular filtration of the two
smaller species [26, 27]. Apolipoprotein A-1 (Apo-Al) and its fragments are bound to the
large haptoglobin molecule and are therefore not excreted in normal subjects [28]. It is
possible that Apo-Al and its carrier protein haptoglobin are excreted in the urine of diseased
patients and the association between the two proteins disrupted by the denaturing starting
buffer used in the immunodepletion column. Thus free Apo-Al is eluted with the LAPs even
as haptoglobin is retained with the HAPs.
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Uteroglobin is especially interesting because it has been previously associated with renal
scarring. In normal subjects, the excretion of uteroglobin is inhibited by its strong
association with fibronectin. Uteroglobin knockout mice demonstrate that disruption of the
uteroglobin gene results in abnormal deposits of fibronectin and collagen in the glomeruli,
suggesting that uteroglobin plays a crucial role in preventing such deposits; the formation of
uteroglobin-fibronectin heterodimers counteracts the fibronectin-fibronectin and fibronectin-
collagen interactions required for abnormal tissue deposition [29]. Diabetic nephropathy is
characterized by abnormal deposits of fibronectin and collagen in the glomeruli and such
deposition is induced by high glucose levels through a downstream mediator chain that
stimulates fibronectin matrix synthesis [30]. We speculate that excretion of uteroglobin in
the urine of DN patients with low GFR and heavy proteinuria is associated with renal
scarring, possibly by increased expression of uteroglobin in the kidney in response to
fibronectin deposition. Although preliminary, the detection of this protein only in patients
with low GFR suggests it may be a marker of intrarenal injury associated with more
advanced diabetic nephropathy.

4 Discussion

The principal result of this study is demonstration of a method to compare low abundance
urine proteins between patients despite widely varying degrees of proteinuria. Urine from
patients with kidney disease often contains large amounts of several proteins that are not
likely biomarker candidates. Immunodepletion chromatography removes these high
abundance proteins so that those remaining may be more readily separated and identified.
Thus, the low abundance proteins from proteinuric patients may be compared to proteins
from subjects with normal protein levels.

A further observation is consistently differing amounts of particular proteins between the
normal, high GFR and low GFR patient groups, suggesting that this method can detect
variations in proteins as the disease progresses. And, we show that in many instances the
amount of protein increases from the normal to low to high GFR subject groups, which may
reflect the general loss of kidney function with disease progression (Figure2 B and C).
Thus this method may be useful to identify candidate biomarkers of disease state and to
follow progression of disease in addition to measuring and predicting response to therapy.

This method has several advantages over alternative techniques for identifying potential
urinary biomarkers in patients with diabetes and nephropathy. First, removal of the highest
abundance proteins makes it easier to compare the remaining proteins between normal
subjects and proteinuric patients. Second, the coupled 2-D CF-RP fractionation provides
extensive separation of the lower abundance proteins. Third, similar fractions can be
matched between samples so that their protein contents can be compared. Also, there is no
need to excise gel spots and perform in-gel digestions, thus eliminating the potential for
contamination from handling along with concerns for full recovery of the protein from the
spot. And, proteins are recovered in solution and ready for identification by mass
spectrometry with a minimum of further processing.
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In this study we identified fewer urine proteins than have been found in some previous
analyses [7, 10, 20, 25, 31, 32]. One reason is that the identification method we chose,
MALDI-MS, may be less sensitive for low concentration protein detection than competing
technologies. We could improve our MALDI-MS detection by separating larger quantities
of protein and by pooling fractions from replicate separations to increase the amounts of
recovered protein. As an alternative to MALDI-MS, fractions from the final RP separation
should lend themselves well to a subsequent CE-MS or LC-MS separation and
identification, and these methods may be more suitable for peptides and small proteins.
Another reason we identified fewer proteins is that we analyzed only selected fractions; after
the CF separation we chose fractions spanning the region where the pH changed and after
the RP separation we chose fractions with prominent peaks. Further, we did not identify
peptides because we chose to digest before MALDI-MS analysis and infer full-length
proteins from the resulting fragments. And, we may have lost peptides that passed through
the 3 kDa ultrafiltration. Peptide identification would have been possible without digestion
before MALDI-MS, or by choosing CE-MS or LC-MS methods. These potential
improvements to the analysis process are the subjects of further investigations.

A limitation of this process is that it is not quantitative, however the extensive fractionation
provided by the method followed by protein sequencing using mass spectrometry allows
identification of potential biomarkers. Quantitative methods, such as ELISA, must then be
used to verify the performance of individual candidates and then larger-scale tests conducted
to validate them. A quantitative, high-throughput and preferably inexpensive test will then
make the analysis of individual biomarkers clinically applicable.

The numbers of subjects in the groups in this demonstration are too small to draw clinically
applicable conclusions about the identified proteins, however the results show that this
analysis pipeline allows comparison of lower abundance proteins in spite of the initial
presence of a few proteins with large and widely varying concentrations. Larger sample
groups are required to assess and compensate for normal inter-subject biological variations
and to allow valid conclusions about the progression of disease. One could also follow
individual patients from onset of nephropathy to renal failure, however the progression of
this disease is highly variable and commonly takes years to advance from early to late
stages. And, many patients die before reaching end stage renal disease, frequently from
cardiovascular complications.

Our interest in these protein separation methods is motivated by the lack of clinical
biomarkers that currently exist to predict response to pharmacological intervention in DN
patients. Previous studies have shown that candidate protein biomarkers, or protein patterns,
can predict the response of IgA nephropathy patients to angiotensin converting enzyme
inhibitor (ACEi) therapy and can distinguish between steroid-sensitive and steroid-resistant
nephrotic syndrome [33-35]. In DN patients, drugs that block the renin-angiotensin-
aldosterone system, including angiotensin converting enzyme inhibitors, angiotensin Il type
1 receptor blockers (ARB) and mineralocorticoid antagonists (MRA), reduce proteinuria and
sometimes slow progression of the disease [36-40]. And, some DN patients in our clinical
trial who had persistent alouminuria despite treatment with an optimal dose of an ACEi
exhibited a decreased rate of disease progression when aggressively treated with either an
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MRA or ARB [21]. The response to treatment was hypervariable, however, and no current
clinical biomarkers exist that predict individual patient response to these multi-drug
interventions. Such biomarkers would be valuable in clinical practice for diagnosis, triage
and treatment of proteinuric patients with DN. To this end, we will use this new method to
identify candidate biomarkers that reproducibly predict the antiproteinuric response to
treatment with an MRA or ARB, drugs currently used to treat this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevance

The identification of novel biomarkers for kidney disease in general and for diabetic
nephropathy in particular has high priority in clinical medicine because of the growing
population of patients with progressive chronic kidney disease. Aggressive therapeutic
intervention with drugs that block the renin-angiotensin-aldosterone system, including
angiotensin converting enzyme inhibitors, angiotensin receptor blockers and
mineralocorticoid antagonists, reduces proteinuria and sometimes slows progression of
the disease. The response, however, is hypervariable among patients with diabetic
nephropathy, and current clinical biomarkers, such as serum creatinine and the urine
albumin-creatinine ratio, lack the sensitivity and specificity for predicting response to
these pharmacological interventions. The goal of this study was to develop methods to
analyze and compare proteins in the urine of normal subjects to those from patients with
diabetic nephropathy, comparisons which are complicated by the presence of high and
variable protein concentrations in proteinuric urine. We demonstrate that removal of high
abundance urinary proteins and extensive fractionation of the remaining low abundance
proteins allows these comparative analyses. We will use this method to test the
hypothesis that urinary biomarkers can predict a renoprotective response to long-term
administration of drugs that block the renin-angiotensin-aldosterone system in patients
with diabetic nephropathy.
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Figure 1.

Process for separation and identification of urine proteins.
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Figure 2.
A. Immunodepletion chromatograms for normal and high protein urine. Peaks at lower

retention times are low abundance proteins (LAPs) and peaks at higher retention times are
high abundance proteins (HAPSs). A small baseline has been subtracted from each trace. B.
and C. Second dimension (RP) chromatograms of first dimension (CF) fractions. Traces are
offset for clarity and grouped into normal, high GFR and low GFR categories. First
dimension pl ranges are: panel B - 6.1 to 5.8, panel C - 5.2 to 4.9.
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Table 1

Subject Characteristics

Results are presented as Mean (SD) or Median [range] and/or individual values.
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High GFR (n=3) Low GFR (n=3) Normal (n=2)
Male 3 3 2
Black 1 0 0
Hispanic 2 3 0
Age (yr) 58.7 (9.2) 50.7 (2.1) 57, 60
Body mass index (kg/m?) 33.1(12.6) 33.1(10.0) 20.4,24
Duration of diabetes (yr) 9.0(7.8) 20.7 (6.7) NA
Urinary albumin/creatinine ratio (mg/g) 1714 [1038-2311] 4838 [3917-5544]
Serum creatinine (mg/dL) 1.6 (0.9) 3.2(1.4) 1.0,1.04
Blood urea nitrogen (mg/dL) 35.7 (19.1) 65.0 (13.9) 11,14
Creatinine clearance (mL/min) 97.7 (79.0) 29.7 (19.2)
GFR (mL/min) 95.1,139.2, 201.9 145.4 (53.7) | 11.1,17.6, 32.3 20.3 (10.9)
Proteinuria (g/day) 3.3(1.2) 6.5 (1.8)
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