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Abstract
Renal disorders account for a substantial fraction of the budget for health care in many countries.
Proteinuria is a frequent manifestation in afflicted patients, but the origin of the proteins varies based
on the nature of the disorder. The emerging field of urinary proteomics has the potential to replace
kidney biopsy as the diagnostic procedure of choice for patients with some glomerular forms of renal
disease. To fully realize this potential, it is vital to understand the basis for the urinary excretion of
protein in physiological and pathological conditions. In this review, we discuss the structure of the
nephron, the functional unit of the kidney, and the process by which proteins/peptides enter the urine.
We discuss several aspects of proteinuria that impact the proteomic analysis of urine of patients with
renal diseases.
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Twenty-four hundred years ago, Hippocrates noted the association between bubbles on the
surface of voided urine and kidney disease. This foamy appearance is due to proteinuria, an
abnormality oftentimes discovered during routine evaluations in the primary-care setting. The
clinical significance of this finding varies widely. Some individuals will be shown to have a
benign cause, such as fever, intense activity, exercise, orthostatic proteinuria, or acute illness.
Alternatively, serious conditions include a host of ailments intrinsic to the kidney
(glomerulonephritis, tubular disorders, interstitial renal disease, and hypertensive renal
damage) and various extra-renal disorders (plasma cell dyscrasia, inflammation of the urinary
tract, and uroepithelial tumors). To ensure an accurate and timely diagnosis, a knowledgeable
approach to the evaluation of proteinuria is critical.

Structure of the nephron
The functional unit of the kidney is the nephron and each normal human kidney contains about
1 × 106 such units. Its essential components are the glomerulus and the tubule (Figure 1). The
glomerulus is the site of formation of the primary urine. It is composed of a capillary network
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lined by a thin layer of endothelial cells separated from overlying epithelial cells (podocytes)
by a basement membrane. Bowman’s space is covered by epithelial cells and is the collection
site for the primary urine. Upon exiting this space, the urine enters the tubule where its
composition is drastically altered before leaving the kidney. The tubule can be divided into
several functional segments that differ in their capacities to reabsorb solutes, proteins, and
water and secrete various compounds [1]. These structures are interspaced in the interstitium
with its small vessels and extracellular matrix.

The glomerular capillary endothelial cells have many fenestrae with diameters ~60–90 nm
[2] to allow high permeability to water and small solutes out of the glomerulary capillary bed
[2,3]. The diameter of albumin, the most abundant protein in plasma, is ~3.6 nm, but only a
tiny fraction of this protein normally reaches Bowman’s space, suggesting that the size of the
fenestrae does not substantially contribute to the permselectivity of the glomerular barrier. A
high density of fibers in the fenestrae, possibly consisting of negatively charged proteoglycans,
apparently influences the permselectivity of the capillary wall [2].

The glomerular basement membrane is composed of an intertwined network of extracellular
matrix proteins consisting of collagen type IV, laminin, and nidogen/entactin, with attached
proteoglycans such as agrin and perlecan with heparin sulfate chains, as well as glycoproteins.
These chains contribute to the selective properties of the filtration barrier [4,5]. Although its
role in renal permselectivity has been debated, the glomerular basement membrane is an
important part of filtration barrier, as it restricts the flux of fluid. The thickness of basement
membrane in the glomerulus (300–350 nm) is twice that of other vascular beds [6].
Abnormalities in the glomerular basement membrane give rise to several pathological
conditions characterized by proteinuria and microscopic hematuria [7].

Podocytes on the urinary side of the glomerular basement membrane are terminally
differentiated epithelial cells that participate in several glomerular functions, including
maintenance of the filtration barrier, regulation of glomerular filtration, support of the capillary
tuft, turnover of components of the glomerular basement membrane, production and secretion
of vascular endothelial growth factor necessary for the integrity of glomerular endothelial cells,
and immunological functions [8–10]. These cells are attached to the underlying glomerular
basement membrane via integrins and dystroglycans [11,12]. They are connected to
neighboring podocytes by highly specialized gap junctions called slit membranes with ~40
nm-diameter pore-like structures [13]. The glomerular basement membrane and the slit
diaphragm constitute the primary barrier for filtration of blood into the urinary compartment,
by virtue of their charge and physical characteristics [14–16].

The mesangium is the central region of the glomerulus, comprised of specialized cells with
surrounding extracellular matrix that supports the structure and helps to maintain patency of
the glomerular capillary bed [17,18]. The only barrier to cross for circulating proteins to reach
the mesangium is the endothelial fenestrae. The mesangial matrix consists of collagens,
laminin, fibronectin, and proteoglycans with heparin sulfate and chondroitin sulfate chains
[19,20]. In some renal diseases, immune complexes from the circulation characteristically
attach to mesangial cells. The consequence is cellular activation and proliferation and secretion
of cytokines, complement components, and extracellular matrix proteins [19,21]. Activated
mesangial cells may also release several growth factors, cytokines, and reactive oxygen species
that damage the glomerular basement membrane and podocytes, leading to proteinuria [22–
24].

Formation of urine
The kidneys receive about 20–25% of the cardiac output and filtration occurs in the glomerular
capillary bed. Glomerular filtration rate (GFR) is the product of [net filtration pressure ×
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hydraulic permeability × filtration area in the glomerular capillaries]. The net ultrafiltration
pressure is the difference between the hydrostatic and the osmotic pressures across the capillary
loop. In most persons, about 20% of the fluid portion of the blood crosses the filtration barrier
to enter Bowman’s space. The cellular elements remain in the capillary lumen to re-enter the
systemic circulation. This primary urine has a volume of about 180 liters per day
(corresponding to a GFR of 125 ml/min) that contains about 1.5 kg sodium chloride. Proteins
with a molecular weight less than 20 kDa easily cross the filtration barrier. As the molecular
mass of a protein increases, the fraction that is filtered progressively decreases such that
compounds of 60–70 kDa are largely retained in the capillary lumen. The electrical charge of
the solutes also influences filtration; negatively charged proteins enter Bowman’s space in
amounts far smaller than would be predicted by size criteria.

The downstream tubular portions of the nephron reclaim ~98–99% of the filtered salt and water,
and the vast majority of the small proteins in the primary urine. The segments in the tubule
vary in their roles in this process, differentially reabsorbing water and solutes [25,26]. More
distal segments of the tubule fine-tune the excretion of water, urea, calcium, potassium, and
other solutes through reclamation or secretory processes.

Genesis of proteinuria
In the final voided urine, the excreted protein does not normally exceed 150 mg per day, of
which albumin accounts for about 20 mg. About half of the protein in the urine of normal
individuals is derived from the tubules downstream from the glomerulus or from sources
outside of the nephron.

Proteinuria due to glomerular injury
Proteins enter the urinary space through several physiological and pathophysiological
mechanisms (Table 1; for further reading, see [27]). Proteins may exit the capillary circulation
by crossing the three-layer filtration barrier comprised of the fenestrated endothelial cells,
glomerular basement membrane and slit diaphragms of the podocytes. Small proteins (<20
kDa) are freely filtered but are readily reabsorbed downstream by proximal tubular cells. If the
podocytes are injured with resultant loss of the organized structure of the actin-rich
cytoskeleton [28], undergo changes in the slit-diaphragm proteins, or lose their negative charge
on the cell surface, or if the composition and organization of the glomerular basement
membrane is altered, they exhibit a characteristic change in appearance: effacement of their
foot processes [10]. This alteration is a simplification of the inter-digitating foot processes due
to retraction, widening and shortening of the processes of the podocytes. This change is energy-
dependent and the result is a flattened elongated appearance of the podocytes and fewer slit
diaphragms [10] (Figure 2). In that setting, substantial amounts of moderate-size proteins
(e.g., 65-kDa albumin) may enter the primary urine [27]. In some renal diseases, even larger
proteins (such as immunoglobulins) leak into the urinary space. The amount of protein excreted
by patients with glomerular diseases spans a wide range, from 100 mg to ~20 g per day,
depending on the specific disorder. The lower amount is within the normal range, while
excretion of greater than 3 g/24h/1.73m2 often leads to nephrotic syndrome, manifested as
edema, hypoproteinemia (especially hypoalbuminemia), hypercholesterolemia, and lipiduria.

Injury to podocytes, accompanied by foot-process effacement, has been grouped into three
classifications: congenital, hereditary and acquired [10]. An example of the first is development
of maternal antibodies to fetal neutral endopeptidases that are absent in the mother. Hereditary
causes often include genetically determined alterations in podocyte-specific proteins that are
often components of the slit diaphragm or the cytoskeleton. Acquired injuries may be
subdivided into immune causes (injury due to direct effects of immunoglobulin or immune
complexes on the podocytes or indirect effects mediated by alterations in T cells) and non-
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immune causes (infection with HIV virus, or metabolic or local hypertension arising from
diabetes-mediated damage in the mesangium) [10]. Some immune-complex-mediated renal
diseases with the initial injury predominantly in the mesangium may damage podocytes
through the local release of cytokines or oxidants [29–35].

In a few instances, proteinuria occurs in the absence of effacement of the foot processes of the
podocytes [36]. Clinical examples are preeclampsia of pregnancy [37], glomerulonephritis
with severe endothelial injury, and some types of familial nephropathy with nephrotic
syndrome [38].

Proteinuria due to renal tubular mechanisms
The renal tubules may account for proteinuria by three mechanisms. The first is the fact that
excessive filtration may exceed the tubular capacity for reabsorption or degradation. This
situation occurs most commonly with plasma cell dyscrasias such as multiple myeloma,
amyloidosis, and lymphomas that are associated with monoclonal production of
immunoglobulin light chains. These proteins are not only poorly absorbed by tubular cells, but
also exert a toxic effect on these cells that leads to scarring and decreased renal clearance
function [30–32].

The second mechanism of tubular proteinuria arises from significant injury in the renal
interstitium, the tissue surrounding the glomeruli and tubules that includes peritubular capillary
and lymphatic networks (Figure 1). Damaged proximal tubular cells may shed brush-border
proteins with loss of enzymes, ion channels and transporters, transmembrane glycoproteins
and intracellular enzymes. Some proteins enter the urine as a consequence of sloughing of
whole tubular epithelial cells [33,34]. This pattern of pathology is common even in diseases
in which the inciting event starts in the glomeruli [39]. Inflammation is the most common
process to induce interstitial damage and it proceeds in a highly regulated fashion [40,41]. In
addition, leukocytes infiltrating the interstitium as a component of the inflammation secrete
chemical mediators (e.g., cytokines or chemokines) that alter vascular permeability. These cells
may also release other proteins (e.g., IgA) not normally detected in the urine. The effect is
often augmentation of the interstitial injury and the outcome is either resolution with return of
the histology and function to normal or scarring with fibrosis, tubular atrophy and loss of
function [39–41]. Increased interstitial volume due to fibrosis correlates with the degree of
impairment of renal function and is a useful histological marker to assess clinical prognosis
[40].

A third mechanism for tubular proteinuria is the excretion of exosomes [42]. Their origin may
include all of the epithelial cells in the nephron. Whether markers associated with exosomes
will be clinically useful in patients with renal disease is not clear, although a recent study of
phosphoproteins of urinary exosomes showed absence of the sodium-potassium-chloride co-
transporter 2 from urine samples of patients with a genetic renal disease, Bartter syndrome type
I [43]. Furthermore, two studies indicated that exosomal proteins may serve as markers of acute
kidney injury [44,45].

The quantity of proteins of a tubular source excreted by patients with injured tubules generally
does not exceed 1,000 mg per day. As a means to distinguish tubular from glomerular sources
of proteinuria, the amount of low-molecular-weight β2-microglobulin relative to albumin is
measured [35]. A ratio substantially above the normal value of 0.1 mg/mg characterizes tubular
proteinuria.
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Excretion of proteins originating outside of the nephron
Excreted proteins may originate at locations outside of the kidney. Small- or middle-molecular-
weight proteins entering the circulating blood from other organs may pass through the normal
filtration barrier into the proximal tubules in quantities sufficient to escape total reclamation.
These proteins may have been secreted into the plasma by any of a wide variety of cells, or be
contained within exosomes. Furthermore, proteins may also enter the urine at points
downstream from the nephron. These sources include the uroepithelium of the ureter or bladder
(e.g., secretory IgA) and, in men, secretions from the prostate gland and vas deferens.

Measurement of proteinuria
The screening test for proteinuria is generally a dipstick urinalysis using a strip of dye-
impregnated paper. However, this approach entails several important inherent limitations.
Conventional dipsticks detect predominantly albumin in concentrations 20–300 mg/dL and,
thus, may not detect concentrations of albumin commonly found in patients with
microalbuminuria excreting 30–300 mg albumin per day, considering the usual daily volume
of urine is 1–3 liters [27]. Even patients excreting increased amounts of other serum proteins
may not test positive by a dipstick analysis that depends on the concentration of protein in the
urine sample. A very dilute urine (e.g., specific gravity less than 1.004) may not register the
abnormality. In addition, the dipstick is insensitive to immunoglobulins. Alternatively, an
alkaline or concentrated urine sample, macroscopic hematuria (visible urinary bleeding) or the
presence of some drugs (e.g., cephalosporins and iodinated radiocontrast), mucus, semen or
white blood cells may cause a false-positive reading. Contaminants entering the urine during
the voiding process, menstrual blood or vaginal secretions, may also lead to such a misleading
result.

Dipstick proteinuria should be confirmed by a colorimetric or turbidometric assay for total
protein. More precise determinations of proteinuria are derived from measurements in a 24-
hour collection or a random “spot” sample to calculate the protein/creatinine ratio. About 85%
of urinary creatinine is derived from the circulation as a result of filtration across the glomerular
basement membrane, with about 15% originating from secretion by renal tubular cells. Thus,
excretion of creatinine is used as a gauge of GFR in patients with reasonably well preserved
clearance function. However, it is often difficult for individuals to collect a timed sample of
urine correctly. Although the rate of protein excretion varies during the day, due to differences
in posture, physical activity, intake of dietary protein and hemodynamic factors [46], several
studies have found that the urinary protein/creatinine ratio in a spot urine sample closely
correlated with the 24-hour excretion [46–48]. Because of the excellent correlation between
these two approaches and its less cumbersome collection technique, use of a random sample
has gained increasing favor in the clinic (for details on other current laboratory tests for urinary
protein analysis, please see [49]). The National Kidney Foundation of the United States has
concluded that a random sample suffices for the quantitative measurement of proteinuria. A
normal urinary protein/creatinine ratio is less than 0.1 g/g [50,51].

Proteinuria in patients with renal disease
Most physicians interpret the importance of proteinuria in the context of GFR. The most
frequently used estimate of GFR in clinical practice is creatinine clearance. The amount of
creatinine excreted per day depends on the muscle mass of the individual and, to some degree,
on physical activity. These factors vary with age, race and body composition. GFR declines
with age starting in the fourth decade, by as much as 8 mL/min/1.73m2/decade [52]. Use of
creatinine clearance becomes increasingly problematic as damage to the nephron worsens and
GFR declines because the amount of creatinine entering the urine as a result of tubular secretion
is proportionally greater. Some investigators have favored measurement of another compound,
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cystatin C, as a better measure of GFR [53]. The use of iothalamate or inulin can overcome
this problem, because both are freely filtered in the glomerulus and neither is secreted to a
significant degree. However, use of either compound requires an intravenous infusion and,
thus, this approach is not practical for clinical purposes. To minimize the complicating factors
in the use of creatinine clearance to assess renal clearance function, the National Kidney
Foundation of the United States has endorsed two equations that take age, sex, and ethnicity
into account:

1. Cockcroft-Gault creatinine clearance [54], mL/min:

Above formula is for men; multiply by 0.85 to obtain the result for women

2. Modification of Diet in Renal Disease study (MDRD) estimated GFR, abbreviated
version [55], mL/min/1.73m2:

Estimated GFR = 186 × [serum creatinine concentration]−1.154 × [age]−0.203 ×
[0.742, if female] × [1.210, if black]

The four-variable MDRD calculation or use of an extended equation that includes
two more clinical parameters, blood urea nitrogen (BUN) and serum albumin
concentrations, can be done easily at the website
http://newtech.kidney.org/professionals/kdoqi/gfr_calculator.cfm.

Both formulas entail some inaccuracies at the higher range of GFR and the current
recommendation is to report a specific value for estimated GFR only if the result is less than
60 mL/min/1.73m2. Evidence of kidney damage is defined as pathologic abnormalities or
markers of damage, including abnormalities in blood or urine, or by imaging studies. Chronic
kidney disease is defined as either evidence of kidney damage or GFR <60mL/min/1.73m2.

Nearly all (99%) normal persons excrete less than 150 mg protein per day. The major exception
to this criterion applies to normal pregnancy. Due to an increase in GFR that begins early in
gestation (perhaps due to hormonally mediated vasodilatation) and continues through the third
trimester, the upper limit for normal increases to 300 mg per day. Overt proteinuria, an amount
that is easily detectable by routine screening methods, generally ranges 300 – 500 mg per day.
To satisfy the standard for chronic kidney disease, overt proteinuria should be documented on
several occasions over a three-month interval. Such a persistent abnormality must be
distinguished from transient proteinuria that may be detected in the normal persons with short-
term losses due to exercise or a febrile illness or in diabetic patients with poor glycemic control.

Overt proteinuria usually precedes decline in GFR, particularly in patients with diseases
initially damaging the filtration barrier, and is generally asymptomatic. As the glomerular
injury progresses, or in patients with diseases affecting the other components of the nephron,
proteinuria may worsen due to scarring of the glomerular basement membrane or damage of
the renal epithelial cells. For these patients, a spot urine protein/creatinine ratio measurement
is at least as reliable as a 24-hour urinary protein collection in predicting progression of renal
disease [48]. Patients whose inciting injury is confined to the tubular and interstitial
compartments of the kidney (e.g., nephrotoxins or vascular insufficiency) often have
proteinuria of a modest degree. Assays for particular peptides (e.g., β2-microglobulin and
kidney injury molecule-1) are used to confirm the tubular source of the proteinuria and they
have been proposed as biomarkers for acute kidney injury (for review, see [56]).
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In an effort to detect glomerular renal injury at earlier stages, investigators have turned their
attention to the excretion of albumin. Microalbuminuria (excretion of 30–300 mg albumin per
day or per g creatinine) may indeed be more sensitive than overt proteinuria in this regard. For
example, in patients with type 1 diabetes mellitus, microalbuminuria may occur in as few as
five years after the onset of insulin dependency. Compared to normoalbuminuric patients,
individuals with persistent microalbuminuria have a three- to four-fold greater risk to progress
to overt proteinuria and loss of clearance function [57,58]. From another perspective, among
microalbuminuric patients with type 1 diabetes mellitus, 20–45% progress to overt proteinuria
over the next 10 years, 30–60% remain microalbuminuric, and the rest return to
normoalbuminuria [59,60]. Some investigators contend that microalbuminuria is not the first
clinical sign of renal disease in patients with type 1 diabetes mellitus, but this opinion remains
controversial [60].

Clinically, proteinuria is classified as "selective" when albumin constitutes a substantial
majority of the urinary protein or “nonselective” when the profile of the excreted protein
reflects that of the proteins in the circulation. When the urinary protein losses exceed 3 g per
day, the serum albumin concentration usually decreases due the liver’s inability to synthesize
sufficient albumin to compensate for the urinary losses, and edema frequently develops.
Proteinuria in most adults with glomerular disease is non-selective. In contrast, in patients with
orthostatic proteinuria (manifests only while the individual is upright, and usually carries a
benign prognosis), the pattern is highly selective [61]. Many clinical studies support the
association of worsening proteinuria with progressive damage to the nephron and loss of
clearance function [62–64]. The simplest hypothesis for this observation is that increasingly
severe proteinuria triggers a downstream inflammatory cascade around epithelial cells of the
renal tubules, leading to interstitial injury, fibrosis, and tubular atrophy. Because albumin is
an abundant polyanion in circulating blood and binds a variety of cytokines, chemokines, and
lipid mediators [65–69], it is plausible that in patients with glomerular proteinuria these small
molecules initiate interstitial inflammation. Furthermore, glomerular injury may add activated
mediators to the filtrate or alter the balance of cytokine inhibitors and activators, leading to a
critical level of activated cytokines that damage downstream tubular epithelial cells. However,
after uptake of albumin, epithelial cells lining the proximal tubules release an array of cytokines
and chemokines that contribute to the inflammation in the interstitial compartment. As the
inflammation heals, the resultant scarring can substantially decrease glomerular filtration.
Indeed, some investigators have indicated that the degree of interstitial scarring is a better
marker for prognosis than glomerular scarring in patients with some forms of
glomerulonephritis [70]. Studies have shown that patients excreting substantial amounts of
β2-microglobulin (proximal tubular source) and IgG or albumin (glomerular source) have an
unfavorable clinical course [71,72]. High concentrations of IgG or albumin may damage the
podocyte cytoskeleton [73].

Diagnosis of proteinuric renal disease
Although some patients with proteinuria due to structural abnormalities of the kidney
(polycystic disease, congenital dysplasia, or reflux nephropathy) may be diagnosed by non-
invasive imaging techniques such as magnetic resonance or ultrasound, the gold standard for
most patients with proteinuria due to glomerulus-based disorders is the renal biopsy. Using a
percutaneous approach, often during localization with real-time ultrasound, a small sample of
renal tissue is removed with a cutting needle. Evaluation of the tissue includes light microscopy,
immunofluorescence studies and electron microscopy, and the diagnostic yield is usually much
better for glomerular diseases than for other types of renal disorders. Patients with glomerular
disease (glomerulonephritis, termed an “inflammation” of the glomerulus) usually have
morphological alterations in the glomeruli and clinically exhibit microscopic hematuria with
varying degrees of proteinuria, generally more than 1 g per day (Table 1). For patients with
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glomerular renal diseases, the biopsy generally provides sufficient details to allow diagnosis
and to address the approach for treatment. Patients with diseases for which therapy may include
use of immunomodulatory drugs for years, such as lupus nephritis, renal vasculitis or IgA
nephropathy, repetitive biopsy is frequently undertaken for monitoring the histological
response and adjusting treatment. Serious complications of renal biopsy due to bleeding are
not uncommon [74,75]. The procedure is more difficult in young children for whom conscious
sedation is required.

Proteomic analysis of urine
As can be appreciated from the above discussion, urine contains a wide variety of compounds,
ranging from small-molecular-mass molecules, such as metabolites, to peptides and
polypeptides and finally to macromolecular complexes, such as exosomes [76,77]. Analysis
of each of these different components requires specific approaches, and, consequently,
specialized fields such as metabolomics, proteomics, and peptidomics have emerged. Each
approach has contributed to discipline of urinary biomarker research. Although these fields
differ, many common considerations apply, being dictated by general requirements of
clinically-related studies [78]. In the sections below, we review some of these aspects, with
emphasis on proteomics and peptidomics.

Technical aspects of proteomics and peptidomics
Before a sample of body fluid is analyzed in a clinical laboratory for specific biomarker(s) of
a disease, several aspects of the methodology must be taken into account. First, collection and
storage of the sample must be tested for reliability and, if necessary, optimized. While sampling
renal tissue that is directly affected by the disease process would be ideal, this procedure is
invasive and quite expensive and entails well-documented risk (as discussed in greater detail
in the accompanying Viewpoint in this issue). Proteins/peptides may be shed or secreted into
the local circulation. Unfortunately, collection of blood from young children can be a traumatic
experience for the patient and parents. But even in older children and adults, sampling of blood
has significant shortfalls. While blood is a rich source of proteins and peptides, potential
biomarkers present in modest quantities may escape detection because of the difficulties
encountered in the process of separating them during the preparation steps or analytical assays
from more abundant material of about the same charge or size. Second, the handling and
preparation of the sample should be kept to a minimum. A protocol that includes immediately
freezing the sample, such as serum with its abundant enzymatic activity that may degrade the
biomarker of interest, is a challenging requirement in a standard clinical setting. Third, a
validated platform and, if possible and applicable, even an FDA-approved method of detection
should be used and performed under reproducible conditions with appropriate controls. Fourth,
the results should be reported in an easy-to-understand format with appropriate reference
values. All of these facets assume that a specific biomarker or panel of biomarkers was
identified and characterized with suitable methods for detection. For analysis of urinary
proteomic biomarkers of renal diseases, most researchers have indicated that the second-void
sample of the day provides the most reproducible results [79,80]. Use of the second-void
sample shortens exposure of compounds to proteases in the urine and potentially lessens the
risk for reduction in the concentration or alteration of the composition of a potential biomarker.
However, some prefer a first-void sample if the search is for markers of bladder cancer [81,
82] due to the potentially greater amount excreted. Several recent publications summarize the
experience and suggestions for sample handling and provide a detailed discussion of other
considerations relevant to urinary proteome analysis in clinical settings [78,83,84]. Urine
samples can be stored frozen, ideally in aliquots to prevent repeated freeze-thaw cycles [84].
The temperature should be −20°C or lower. If the sample is to be stored for more than five
years, a temperature of −80°C is preferable [84]. Preparation of urine specimens for analysis
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is entirely dependent on the particular markers being assayed and on the methodology used.
In principle, proteomic techniques usually require two-step protocols, separation and detection,
that are frequently coupled with a specific method for sample preparation. The optimal clinical
assay should require minimal handling of the sample, to reduce cost and risk of possible
artifacts.

Proteomic techniques rely most frequently on gel or column separation, followed by an on-
line or off-line detection method, such as mass spectrometry (MS) or immunodetection. Table
2 compiles the commonly used proteomic separation and detection techniques for analysis of
urinary biomarkers. As noted, each technique has its advantages and disadvantages that must
be considered for the clinical application. In addition, factors such as turn-around time, expense
of equipment, training of laboratory personnel, reproducibility, calibration and standardization,
and central laboratory vs. portable instrument should be considered. For biomarker
identification, parameters such as reproducibility of sample preparation and sample analysis
must be considered as well as statistical analysis applied for identification of relevant
biomarkers [76,78].

Validation of the identification of the peaks shown by MS is vital in establishing confidence
in the process that defined a biomarker of interest. It is also important to ascertain additional
data that may be practical for expanding the clinical usefulness of the biomarker. More detailed
information about the composition of the biomarker may clarify the pathophysiology of the
disease process and lead to better treatment. Furthermore, such precise particulars may guide
development of an independent, rapid, highly accurate and less expensive assay, such as one
using an isotope-labeled standard or antibody. One approach to characterize a peptide
biomarker is to establish its sequence.

Protein sequencing takes advantage of MS-based dissociation of the target ion. Commonly,
these ions are fragmented by collision-induced dissociation (CID) with atoms of an inert gas
[85,86]. After dissociation, the masses of the produced fragments are recorded (MS/MS scan)
and, by subtracting consecutive signals, adjacent residues are determined. Repetition of this
process can determine the amino acid sequence of the entire peptide. CID has some important
inherent limitations: (1) fragmentation often fails with peptides with a high content of Pro, Arg,
and/or Lys, (2) post-translational modifications (PTMs) complicate interpretation of spectra,
and (3) longer peptides (≥15–18 amino acids) yield poor information. However, with use of
an ion trap MS, CID can produce several spectra per second for many types of peptides and,
thus, can sequence thousands of peptides in a day. To enhance the effectiveness of CID for
larger peptides and proteins, additional steps prior to MS analysis are included, such as
proteolytic digests (using site-specific proteases such as trypsin or chymotrypsin) sometimes
combined with removal of PTMs (e.g., deglycosylation of glycoproteins).

In 1998, a new method for peptide/protein ion fragmentation was introduced, electron capture
dissociation (ECD), using a Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer [87]. In contrast to CID, ECD does not preferentially cleave PTMs from modified
peptide ions and more randomly cleaves the backbone bonds of large peptides and even whole
protein ions. This feature enables, in many instances, direct characterization of whole proteins
(top-down approach) [88–106].

As the ECD fragmentation is limited to FT-ICR MS instruments, investigators have sought to
develop a similarly effective fragmentation technique using a more commonly available
instrument. These efforts produced a new ion dissociation method, electron transfer
dissociation (ETD), that can be performed using a bench-top mass spectrometer with an ion
trap [85,86,107–110]. This approach uses negatively charged ions to deliver the electron. With
an appropriate electron-transfer reagent, the transferred electron induces fragmentation of the
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peptide backbone. Both ECD and ETD fragment cations of peptides and proteins in a relatively
sequence-independent fashion, can be used for identification of PTMs, and can be performed
on a chromatographic time-scale.

Application of FT-ICR MS has permitted analysis of various PTMs, including the aberrancies
in the O-glycosylation of IgA1 hinge-region glycopeptides [111,112] that play a central role
in the pathogenesis of IgA nephropathy, as discussed below. FT-ICR MS enables heterogeneity
profiling of glycopeptides as well as detailed sequence-specific studies due to the availability
of MS/MS techniques with FT-ICR MS (fragmentation using CID, ECD, ETD, and infrared-
multiphoton dissociation, IRMPD). These approaches facilitate identification of the sites of
attachment of glycans on IgA1 and are applicable to other types of PTMs on other proteins in
various organisms [85,99,102,113–119].

Clinical examples
It is not necessary that patients exhibit clinical proteinuria or even have renal disease before
urinary proteomics may be considered as a potentially useful tool in diagnosis. As has been
shown for patients with coronary disease [120] or urological cancers [121,122], urinary
proteomics can detect biomarkers of disease in the absence of abnormal proteinuria.

Several centers have addressed the question of whether urinary proteomics is helpful in the
identification of the type of renal disease or in the assessment of the prognosis. While several
challenges must be addressed before for urinary proteomics can be adapted for the clinic (please
see the accompanying Viewpoint in this issue) preliminary findings suggest that this approach
has the potential to be developed into diagnostic assays that would be less expensive and safer
than the current methods. One example with substantial clinical impact is patients with IgA
nephropathy, the most common form of glomerulonephritis worldwide [123]. This disease is
a leading cause of end-stage renal failure [124] and apparently arises due to mesangial
deposition of circulating immune complexes [125,126] containing galactose-deficient IgA1
[127,128]. While the serum level of this aberrant immunoglobulin [129] and the urinary
excretion of IgA-containing immune complexes [130,131] are elevated in patients with IgA
nephropathy [129], renal biopsy is still necessary for an accepted diagnosis [76,78,130–143].
A recent study used CE-MS to identify a panel of polypeptide biomarkers that distinguished
patients with IgA nephropathy from those with other renal disorders with a 90% sensitivity
and 90% specificity [144]. The origin of the fragments distinctive for IgA nephropathy remains
unknown, but unique proteases in inflamed glomeruli or in the urine may generate disease-
specific polypeptides [145]. Similar evidence for apparently disease-specific urinary
biomarkers has been reported for patients with other common renal diseases, including
membranous glomerulonephritis, focal segmental glomerulosclerosis, systemic lupus
erythematosus, minimal-change disease and diabetic nephropathy [135,146], using SELDI-
TOF MS [78,132,135–137,141,144–149]. Otu et al. found a urinary 12-peak protein signature
in Pima Indians with type 2 diabetes mellitus and normoalbuminuria that predicted
development of diabetic nephropathy 10 years later [150]. If validated, these findings will lead
to a more focused approach to treatment, and hopefully a reduction in the prevalence of diabetic
nephropathy. For patients with other types of renal disorders, the diagnosis requires careful
refinement before proceeding with investigations of the urinary proteome. For example, a
cohort of patients with the clinical diagnosis (without a renal biopsy) of hypertensive renal
disease may have a spectrum of renal pathology that differs greatly from nephrosclerosis due
to primary hypertension. Indeed, in a study of patients presenting for transplantation for renal
failure attributed hypertensive renal disease, many patients had clinical evidence of proteinuria
suggestive of undiagnosed glomerular disease [151]. Embarking on a search for disease-
specific urinary biomarker (pattern) using proteomic methods in this setting would be futile,
or worse, misleading.
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Urinary proteomics may nevertheless prove to be valuable for the clinic because the currently
applied diagnostic methods are expensive and entail risks for morbidity, and diagnosis in the
earliest stages of renal injury provides an opportunity to therapeutically intervene for the best
outcome. It is necessary to validate findings in large prospective multi-center studies that permit
assessment of the specificity and sensitivities of the different approaches. Irrespective of the
technology, certain rules and approaches should be followed to maximize the clinical impact
of each study [78]. Along these lines, a publicly accessible database of the urinary peptidome
was published in 2008, providing a new tool for studies focused on urinary biomarkers [135,
152–157].

Summary
Renal diseases affect a substantial portion of the world’s population and account for a
significant fraction of the costs of health care. Afflicted individuals manifest a wide spectrum
of clinical and laboratory features. For patients with the largest subset of renal diseases, i.e.
glomerular disorders, renal biopsy is the current standard for diagnosis, and for directing and
monitoring therapy. Unfortunately, this test is invasive and expensive. These aspects frequently
limit the applicability of the biopsy procedure, often denying patients an opportunity for early
diagnosis and treatment before irreversible renal injury has developed. Recent advances in
urinary proteomic analyses have the potential to significantly enhance the care of patients with
renal disease, as well as other disorders, and to alleviate some of the financial burden on the
health care system. To fully realize the potential of these emerging techniques, it is vital that
clinicians and basic scientists understand the processes by which proteins are excreted in the
urine. By building on this foundation, investigators will more likely minimize the pitfalls that
often slow the pace of progress in medical research.
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Figure 1.
Kidney and its structural and functional components. Each human kidney (left top) contains
~1,000,000 functional units or nephrons (middle, top) that span the two regions of the kidney:
cortex and medulla. Each nephron is composed of a filtration structure (glomerulus) and a
downstream tubule comprised of 11 functional segments. An afferent arteriole delivers blood
to the encapsulated glomerulus (right, top) where it enters the capillary network, undergoes
ultrafiltration and its residual volume exits by the efferent arteriole to return to the systemic
circulation. The ultrafiltrate enters the proximal tubule (PT) as the primary urine and is
progressively modified as it flows through the remaining segments of the tubule. Glomeruli
are located in the cortex, while the tubular portions of the nephrons span the cortex and medulla.
This structural feature creates the necessary concentration gradients for extraction of salts,
water and various compounds from the urine in the tubular lumens. In the cross-section of the
deep cortex (left, bottom), capillaries (C) and tubuli (T) are depicted, as well as cells in the
surrounding tissue, the interstitium. A cross-section of a capillary loop in the glomerulus (right,
bottom) reveals the structures and resident cell types responsible for formation of the primary
urine: endothelial cell (E) line the capillaries and contain openings (fenestrae) that permit water,
salts, and small proteins and low-molecular-weight compounds to filter across the glomerular
basement membrane (GBM); arrows in the enlarged inset on the right-hand side depict the
flow of ultrafiltrate). These substances then pass through slit diaphragms (SD) that interconnect
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the interdigitating foot processes (FP), or pedicles, of epithelial cells (podocytes, P) that overlie
the capillaries. Upon this entry into Bowman’s space (BS), this fluid is termed primary urine.
The mesangium is the centrolobular region of the glomerular tuft that helps to maintain patency
of the capillary loops. Mesangial cells (MC) regulate glomerular blood pressure, produce
cytokines/chemokines and radical oxygen species, and secrete extracellular matrix proteins
necessary for the structural integrity of the glomerulus. Larger circulating substances, such as
immune complexes, can more easily enter the mesangium than Bowman’s space because the
GBM and slit diaphragms are not present in this area. These processes may culminate in
glomerular fibrosis with loss of filtration function of the nephron. In addition, release of various
chemokines/cytokines may induce interstitial inflammation and scarring, further damaging the
integrity of the nephron to compromise its function.
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Figure 2.
Electron micrographs of glomerular capillary loops. (A) Glomerulus from a patient with
nephrotic-range proteinuria. Black arrows indicate areas of effacement of the foot processes
of the epithelial podocyte. Effacement is associated with a substantial decrease in the number
of slit diaphragms. (B) Normal glomerulus. Black arrows indicate intact foot processes of the
epithelial podocyte overlying the glomerular basement membrane. Slit diaphragms are located
between the foot processes. Bars indicate 2 micrometers.
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Table 1

Classification of proteinuria and main causes.

Type Category Specific diagnosis

Glomerular Primary glomerulonephritis Minimal-change disease
Membranous glomerulonephritis
Focal segmental glomerulosclerosis
Membranoproliferative glomerulonephritis
IgA nephropathy

Glomerular injury secondary to
systemic disorder

Diabetes mellitus

Systemic lupus erythematosus
Amyloidosis
Infection (e.g., HIV, hepatitis B and C,
streptococcus, syphilis, malaria and
endocarditis)
Lymphoma
Hypertensive nephrosclerosis

Drug-induced injury Heroin
Non-steroidal anti-inflammatory drugs
Gold components
Antibiotics
Lithium
Heavy metals

Tubular Tubulointerstitial disease Uric acid nephropathy
Interstitial nephritis
Fanconi syndrome
Sickle cell disease

Drug-induced Non-steroidal anti-inflammatory drugs
Antibiotics
Heavy metals

Overflow Hemoglobinuria, Myoglobinuria
Multiple myeloma
Amyloidosis
Leukemia
Myelodysplastic syndromes

Tissue
proteinuria

Acute inflammation of urinary tract

Uroepithelial tumors

Renal allograft Cell-mediated rejection
Antibody-mediated rejection
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Table 2

Examples of proteomic separation and detection techniques for analysis of biomarkers.

Technique Separation Detection Comments relevant to potential use in a clinical
laboratory (references)

2-D PAGE Isoelectric focusing
in 1st

dimension,
followed by
SDS-PAGE in 2nd

dimension

Western blotting or
MS

High resolution, suitable for proteins 10–200 kDa
Quantitative assessments and reproducibility not
easy to
perform

Post-translational modifications result in multiple
spots
for each protein ([136,137])

SELDI-MS Differential
retention on
surface plate

TOF MS Selective technique with high throughput

Reproducibility and ion identification not easy to
achieve
([158,159])

LC-MS and
MS/MS

HPLC (usually
reverse-
phase column)

MS or MS/MS Performance dependent on LC column

Low throughput

Can provide amino acid sequence in MS/MS
([160])

MRM/SID LC-
MS/MS

LC MS/MS (transition
states for
specific peptide
ions
monitored)

Quantitative and specific, can assess many
analytes in
each sample

For quantitation, SID is necessary ([161])

CE-MS CE TOF, FT ICR, or
Orbitrap MS

High resolution, applicable to peptides and small
proteins, not suitable for proteins >10 kDa

FT and Orbitrap can analyze post-translational
modifications ([75,131,132,135])
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