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Abstract

Aging induces morphological changes of the kidney and reduces renal function. We analyzed the 

low molecular weight urinary proteome of 324 healthy individuals from 2-73 years of age to gain 

insight on renal aging in humans. We observed age-related modification of secretion of 325 out of 

5000 urinary peptides. The majority of these changes was associated with renal development 

before and during puberty, while 49 peptides were related to aging in adults. Of these 49 peptides, 

the majority were also markers of chronic kidney disease, suggesting high similarity between 

aging and chronic kidney disease. Blinded evaluation of samples from healthy volunteers and 

patients with diabetic nephropathy confirmed both the correlation of biomarkers with age and with 

renal disease. The identification of a number of these age-related peptides indicates modified 

proteolytic activity and modified uromodulin targeting being involved in human renal aging. 

Finally, among the 324 supposedly healthy individuals, some had urinary age-related peptide 

excretion patterns typical of an individual significantly older than their actual age. In conclusion, 

the age-related biomarkers identified here may allow non-invasive detection of renal lesions in 

healthy persons, suggest new mechanisms of human aging and show high resemblance between 

human aging and human chronic kidney disease.
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Introduction

The kidney shows a quantifiable decrease in function with age (1). The glomerular filtration 

rate declines with 20-25% from 40 to 80 years of age. Furthermore, the capacity of the 

kidney to concentrate urine reduces progressively with age (2). This has been linked, using 

kidney tissue obtained before transplantation and on autopsies of subjects not known to have 

a renal disease, to a significant increase with age of the number of sclerotic glomeruli and 

the amount of interstitial tissue (3-5). Furthermore, microarray analysis of gene expression 

has shown that out of 447 age-regulated genes, 49 specifically encode protein components 

of the extracellular matrix, corroborating these histological observations (6). It is important 

to understand and detect changes in renal function and structure that normally occur with 

aging, and to distinguish these changes from alterations that take place with disease. A better 

understanding of factors associated with the development of age related changes in the 

kidney may provide insight into factors important in the pathogenesis of chronic renal 

failure. The major drawback of the above mentioned studies is that data on age-related 

changes in renal structure and gene-expression could only be obtained from biopsies and 

therefore cannot be extended or applied to the general ‘healthy’ population.

Since the very first clinical observation of kidney diseases, it has been suspected that the 

urinary protein content can reflect the pathophysiological changes in the kidney. Therefore, 

detailed analysis of the urinary proteome might also be informative on the physiological 

changes in the aging kidney. However, detailed high resolution analysis of urinary proteins 

and peptides has become possible only recently. The analysis of the urinary proteome by 

mass spectrometry aiming at the discovery of biomarkers useful in clinical settings is now a 

rapidly advancing field of research (7, 8). This type of translational research has already lead 

to the discovery and validation of diagnostic or prognostic panels of biomarkers in renal 

disease (9, 10), but also in non-renal disease such as urothelial cancer (11), prostate cancer 

(12), and graft versus host-disease (13). We have used capillary electrophoresis coupled to 

mass spectrometry (CE-MS) to study the low molecular weight urinary proteome and define 

peptide markers for a variety of human renal diseases including diabetic nephropathy, IgA-

nephropathy, obstructive uropathy, acute tubulointerstitial rejection, focal-segmental 

glomerulosclerosis, membraneous glomerulonephritis, systemic lupus erythematosus, and 

minimal change disease (7, 9, 10, 14-18) and the above mentioned non-renal diseases 

(11-13). In these studies, age-matched controls were used yielding biomarker peptides that 

are disease specific but may be applicable only in the age-range for which these studies were 

designed.

In the current study, we have investigated age-related changes of the low molecular weight 

urinary human proteome in 324 healthy individuals ranging from 2-73 years to obtain 

insight on renal aging in humans. The most important observation was the high similitude of 

urinary markers of aging with urinary markers of chronic renal disease. Furthermore, this 

analysis led us to propose two potential new processes involved in ageing: modified 

proteolytic activity and modified uromodulin targeting. Finally we observed the presence of 

supposedly healthy individuals with urinary age-related peptide secretion patterns that were 

older than their natural biological age.
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Results

We obtained urine samples from 324 supposedly healthy individuals ranging from ages 

between 2-73 years. These individuals were divided into six age groups (Figure 1). CE-MS 

analysis was used to study the low molecular weight urinary proteome of each individual. 

CE-MS analysis coupled to software solutions allows assignment of a reproducible 

migration time and a precise mass to each detectable urinary peptide without the necessity of 

peptide sequence information (11, 15, 19, 20), creating the possibility of inter-individual 

comparisons. The individual, with MosaVisu (21) preprocessed and matched against our 

database, CE-MS export data files for every sample in the study are accessible at http://

www.mosaiques-diagnostics.com/AgeingCEMSdata.rar (the password to extract the data is 

MosaAR08). These individual urinary peptide data were compiled into the six age-groups 

(Figure 2). Upon visual inspection, no clear differences between the age groups are 

apparent. However, statistical analysis using an ANOVA model (see Materials and 

Methods) allowed the selection of 325 peptides that were related to age (Supplementary 

Table I). The secretion patterns of these 325 peptides showed an overall tendency of 

decreased abundance with increasing age. This is better observed upon color coding of the 

abundance of these 325 peptides in all individuals included in the study, yielding a 

molecular profile of kidney aging (Figure 3). Upon examination of this heatmap, the largest 

changes can be observed in the age-range between 11 and 18 years. Before the age of 11, the 

levels of the different peptides appear comparable. However, in the next age group (11 to 

18), distinct changes in abundance are observed. Around the age of 19, the secretion levels 

are again changing and appear to remain stable until the age of 60. These sudden changes in 

urinary polypeptide composition before the age of 19 might be related to puberty. This 

suggests that these early changes in the urinary proteome originate merely from (kidney) 

development rather than from renal aging. Furthermore these pronounced changes in the 

urinary proteome of the adolescent might mask more subtle, aging induced, changes in the 

older population. This led us to examine the 218 individuals from the 19-73 age groups 

separately from the juvenile. Using the same ANOVA model as for the analysis of the entire 

age range, we obtained a separate set of 49 biomarkers (Figure 4, Supplementary Table II) 

that significantly changed with age in the age range from 19 to 73. The most striking 

observation is absence of a number of peptides in the very old individuals (Figure 4, in blue 

at the left of the figure), although this tendency was already visible in the heatmap of the 

entire age range (Figure 3). Examination of this heatmap suggests the existence of some 

outliers with unusual secretion profiles (Figure 4). For example, individuals x and y seem to 

have urinary proteomes which depicts them older than their natural ages, as their secretion 

profiles shows significantly reduced levels of several peptides (blue) in comparison to 

neighboring individuals. This thus suggests that in the supposedly healthy population 

without apparent disease, some individuals have kidneys with a renal age that is 

significantly older than their actual biological age. This observation was not completely 

unexpected as upon transcriptional profiling of the aging kidney of a population of 74 

individuals from 27 to 92 years, outliers, i.e. patients with older expression profiles than 

their biological age have also been observed (6).
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Although CE-MS analysis allows assignment of a reproducible migration time and a precise 

mass to each detectable urinary peptide (11, 15, 19, 20), it does not give information on the 

underlying molecular changes of aging. We therefore sequenced a number of the age related 

peptides from both the complete 2-73 and the 19-73 age range analyses (Supplementary 

Table I and II) using tandem mass spectrometry. The profiles of some of these sequenced 

peptides from the 2-73 age range are displayed in Figure 5. Interestingly, the majority of the 

identified peptides are fragments of collagen α1 type I and uromodulin. The urinary 

secretion of these collagen type I fragments is decreasing with age (see Figure 5A for typical 

examples of these secretion profiles). This was also observed for the 19-73 age range 

(Supplementary Table II). In contrast to these collagen type I fragments, the urinary 

secretion of the different uromodulin fragments increased with age (Figure 5B).

As the age-induced changes in the kidney might resemble those observed in a number of 

chronic kidney diseases (CKD), we determined which of the 49 age-related peptides 

obtained from the 19-73 age range analysis were also markers of CKD, which were defined 

in previous studies (14, 16-18, 22-24). The CKDs included vasculitis, minimal change 

disease (MCD), diabetic nephropathy, IgA-nephropathy (IgAN), focal-segmental 

glomerulosclerosis (FSGS) and membranous glomerulonephritis (MGN). Interestingly, we 

found that between 4.1% (IgAN), and 22.4% (diabetic nephropathy) of the age-related 

peptides were also markers of CKD (Table I). In total, 73% of the age related biomarker 

peptides were also markers of CKD suggesting the existence of similar mechanisms in the 

aging and pathological process.

This striking similarity between age- and disease-markers, especially diabetic nephropathy, 

led us to develop a urinary biomarker-based model to estimate “renal” age in diabetic 

patients independently from real biological age. The model was developed by evaluating the 

proteome data of urine samples from 96 healthy individuals between 19-30 years old in 

comparison to those from 48 healthy individuals between 51-73 years old. This resulted in 

the tentative identification of 180 potential biomarkers of high statistical significance 

(p<0.05 after adjustment for multiple testing). A number of these biomarkers have been 

sequenced and are shown in supplementary Table III. As the number of potential age-related 

biomarkers used in our models for age assessment by far exceeded the number of samples in 

the available training set, we sought to reduce the number of such potential biomarkers by 

only accepting biomarkers that showed a monotone distribution when examining all 4 age 

groups. This resulted in a list of 87 remaining peptides. To further reduce the number of 

peptides used for this classification purposes, we employed a take-one-out procedure. This 

resulted in a list of 13 peptides (indicated in bold in supplementary Table III). Transformed 

and calibrated logarithmic amplitudes of these 13 peptides were combined to a linear model 

as described (25). The model was evaluated by examining the intermediate age groups and 

allowed correct positioning of the training groups (Figure 6A). Subsequently, this model 

was further validated on independent test sets of apparently healthy individuals with a mean 

age of 50 and 75 years (Control_1 and Control_2), and individuals with diabetes mellitus 

(DM), either normoalbuminuric (Normo_DM) or macroalbuminuric (Macro_DM) (Figure 

6B). Control group_1 and both DM patient groups (normoalbuminuric (Normo_DM) and 

macroalbuminuric (Macro_DM)) have comparable mean real ages (Figure 6B, inset, p-

values of 0.3429 and 0.4818). However, when using the model for renal age, the macro_DM 
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group scored significantly differently from the Control_1 and Normo_DM groups (p=0.0165 

and 0.003, respectively). This suggests that diabetic individuals with macroalbuminuria have 

kidneys significantly “older” than their real biological age, corresponding to the renal 

lesions generally observed in diabetic macroalbuminuric patients. Interestingly, the 

normoalbuminuric diabetic patients scored comparable to their real age (p=0.6869 for the 

comparison Control_1 and Normo_DM) suggesting that the differences observed between 

normo- and macroalbuminuric-diabetic patients originate from the progression of the renal 

damage and not from the diabetes mellitus. This “old” renal age of macroalbuminuric DM 

patients is further confirmed as these individuals score in the same way as older people 

(Control_2 group (mean age 75.3 year)). These two groups showed a p-value of <0.0001 as 

to their real age, but are not significantly different as to their renal age (p=0.5969). This 

masked assessment of renal age in diabetic patients thus further suggests that lesions in renal 

disease, at least in diabetic nephropathy, are similar to age-induced renal modifications.

Finally, in order to analyze how the gender factor may confound our definition of the age 

markers, we considered the full 2-73 age-range model, adopting a balanced design (see 

Materials and Methods). Eleven of 209 (out of the initially defined 325 markers; the 

reduction in numbers is due to the decrease of statistical power as a result of the balanced 

design) age-related peptides were found to be significantly different between females and 

males without interaction between these two factors (age and gender). Thirteen of the 209 

age-related peptides investigated showed a significant interaction between age and gender, 

but no significant modification with gender only (Supplementary Table IV). No significant 

gender effect on the other 185 peptides could be observed.

Discussion

The main observations in this study are the high similitude of urinary markers of aging with 

urinary markers of chronic renal disease, the identification of two potential new processes 

involved in human aging, and the presence of supposedly healthy individuals with urinary 

age-related peptide secretion patterns that were older than their natural biological age. In 

addition, this analysis will also allow better definition of potential biomarkers of disease not 

masked by age-effects on the biomarker distribution. Under physiological conditions, it has 

been estimated that the urinary protein content originates approximately 70% from the 

kidney and the urinary tract, while 30% is derived from plasma (26). Therefore, the changes 

in the composition of urinary protein fragments observed with increasing age in our study 

most probably mainly reflect the changes in the kidney.

Of 209 peptides that were modified with age, only a minority (eleven) were also modified 

by gender and only thirteen showed an interaction between gender and age. This limited 

effect of gender on the presence of age-related modification of the urinary proteome is 

mirroring the absence of differences between men and women during aging on the lesions 

observed on kidney biopsies (4, 5) or on glomerular size (27).

Age-effects on urinary collagen fragment secretion

The main histological observations that accompany the fall in glomerular filtration rate in 

the aging population are glomerular sclerosis and increases in interstitial tissue (2-5), i.e. 
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expansion of the extra cellular matrix (ECM). Under physiological conditions, the ECM is 

thought to be maintained by an equilibrium of synthesis and degradation which is disturbed 

during (chronic) renal disease (28). We observed that age is modifying the occurance of a 

number of urinary fragments of collagen α1 type I. As these peptides are naturally occurring 

collagen fragments, i.e. not generated artificially by trypsin digestion, these urinary peptides 

represent the proteolytic activity in the kidney (29). We propose that the decrease in urinary 

collagen type I fragments with increasing age reflects a decrease in the activity of the renal 

proteolytic enzymes that is accompanied with increased renal ECM accumulation in the 

elderly. A number of matrix metalloproteinases (MMP) have been described to be expressed 

both under physiological and pathological conditions in the kidney (30, 31). Modification of 

the expression and activity of these proteolytic enzymes, MMPs, has been observed in 

animal models of aging (32-36) accompanied by increases in ECM deposition in the kidney 

(35, 37-39). More specifically, it was shown that the expression of membrane type-1-MMP, 

a collagen type I degrading MMP is reduced in the aging rat (34). Furthermore, in the aging 

rat it was shown that collagen type I mRNA was increased and MMP-1 (a collagen type 

degrading enzyme) protein decreased (35). In addition, studies on autopsy kidneys from 

individuals ranging from 19-92 years have shown increased collagen type I deposition, but 

no modification of collagen type I mRNA levels with increasing age (40) suggesting the 

reduction of the activity of ECM degrading enzymes. These studies and our current report 

thus propose that reduced proteolytic activity for collagen type I in the elderly human 

population leads to increased renal ECM accumulation, but to a reduction in urinary 

collagen type I fragments.

In contrast to the decrease of urinary collagen type I fragments, we observed an increase of 

urinary uromodulin fragments in the aging population. These fragments are located in the C-

terminal region of uromodulin (“pep-uromod”) that is cleaved-off upon transformation of 

membrane bound-uromodulin to free uromodulin (“prot-uromod”, detected as a 80 kDa 

protein in urine) (41). The amount of urinary prot-uromod was observed to be decreased 

with age (42, 43) and in renal disease (44, 45). The difference between urinary prot-uromod 

and pep-uromod in aging might be explained by differences in targeting of uromodulin to 

either the apical or basolateral membranes of the epithelial cells in the thick ascending limb, 

as it has been shown that mutations of uromodulin in familial juvenile hyperuricemic 

nephropathy (FJHN) can lead to increased plasma prot-uromod levels and decreased urinary 

excretion (46). In analogy we hypothesize that increased secretion of uromodulin during 

aging and modified targeting of the free prot-uromod leads to increased urinary pep-uromod 

and decreased prot-uromod. This modified intracellular targeting of free prot-uromod might 

contribute to the establishment of renal lesions in aging similarly to FJHN, although this 

remains to be established.

In conclusion, sequencing of age-related urinary peptides has allowed to identify two 

potential processes in human renal aging; modified proteolytic activity and modified 

uromodulin targeting.
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Age-related urinary polypeptides are also urinary markers of chronic kidney disease

(Renal) disease is often exacerbated in the elderly (47, 48) and the decline in renal function 

with age is frequently without clinical significance until an acute or chronic illness further 

impairs the functional reserve (1, 48). This is also observed in animal models of aging. For 

example, in the context of the expansion of the ECM as described above, membrane type-1 

metalloproteinase (MT1-MMP) expression is reduced in kidneys of old rats and its 

expression is even lower in old long-term diabetic animals which is associated to thickening 

of the glomerular basement membrane in long term diabetic animals (34). Therefore, the 

age-induced changes in the kidney might resemble, or even be identical, to those observed in 

a number of renal diseases, which may be viewed as “amplified aging” under pathological 

conditions. We support this hypothesis with our current analysis of the low molecular 

weight human urinary proteome of both supposedly healthy individuals and patients with 

CKD, as we observed that 73% of the age-related peptides were also markers of chronic 

renal disease. Diabetic nephropathy accounted for the highest number of disease peptides in 

common with aging (22%, Table I). This led us to estimate the renal age of patients with 

diabetic nephropathy using the urinary age-markers. Diabetic nephropathy patients scored 

significantly older in this blinded assessment than the apparently healthy and non 

macroalbuminuric diabetic individuals. This further supports the above hypothesis that age-

related changes are highly similar to disease related changes.

The field of urinary biomarkers in kidney disease is expanding rapidly (7, 26), and most 

studies that were setup to detect these urinary markers used age-matched controls. This 

makes these biomarkers suitable for the detection of a specific disease in the selected age 

range, but does not automatically allow for application of such marker in a larger 

population, as our results showed that more than 73% of the age-related peptides were also 

markers of chronic renal disease. This is especially true for diabetic nephropathy, as 22% of 

the age-markers were markers of diabetic nephropathy (Table I). Therefore, as the incidence 

of type II diabetic nephropathy, long reserved for the older population, is currently also 

rising in the young (49), urinary biomarkers of diabetic nephropathy (50) need to be 

validated over the whole age range. The combination of the current study on aging in the 

healthy population and the availability of a database (24) of low molecular weight urinary 

markers of a variety of renal diseases already allows to distinguish between age- and 

disease-induced urinary biomarkers using the CE-MS technology.

Outliers

When displaying the levels of age-related markers in all the supposedly healthy individuals 

included in this study, we observed that some of them do not have a urinary polypeptide 

secretion profile that correlated with their natural age (Figure 4). For example, individuals x 
and y in Figure 4 fell in the 31-40 age-range, but had a secretion profile as though these 

individuals were older. This suggests that these supposedly healthy individuals have 

accumulated a degree of renal lesions not corresponding to their real biological age. These 

types of discrepancies between an individual’s age and the individual’s kidney-age was also 

observed in a transcriptional analysis of the aging human kidney performed on 

transplantation biopsies or nephrectomy patients (6). In this study, these age discrepancies 

correlated with the presence of renal lesions determined by histological analysis. Therefore, 
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similar discrepancies seen in our urinary proteome analysis might also reflect the presence 

of renal lesions. As we have chosen random samples for this study, supposedly healthy 

individuals with no medical history, we do not have biopsies to verify the presence of renal 

lesion in these individuals. We are currently setting up a study on a large number of living 

renal transplant donors to verify this hypothesis and compare the degree of renal lesions 

(histology using transplantation biopsy) with the presence of urinary markers of aging.

The obvious advantage in routine medicine of a urinary based analysis compared to the 

transcript analysis on biopsies is the easy and non-invasive availability of urine. Therefore, 

if we confirm that the urinary proteome is indicative of the renal age and thus health status 

of the kidney, a first application might be in the field of living donor kidney transplantation. 

As the number of older kidney donors is increasing, not necessarily leading to increased 

survival of the recipients when comparing to non transplanted ESRD patients (51), it 

becomes important to evaluate non-invasively the health status of the kidney of these 

donors. This is not only of capital importance for the recipient, but also for the donor as 

uninephrectomy of patients that already have substantial kidney damage may hasten the 

aging process in the remaining kidney (48). So, analysis of the urinary proteome before 

transplantation, complementing the current panel of analyses, might comfort the decision to 

donate a kidney or refrain from donation. Another issue where non-invasive analysis of the 

kidney health status in the aging population might useful is before administration of drugs 

with nephrotoxic side-effects such as (radio contrast media, aminoglycosides, certain 

chemotherapies, etc.) that can lead to acute renal failure (ARF, (52)). In the older 

population, the incidence of ARF is increased, favored by the above mentioned histological 

and functional changes of the aging kidney, reduced capability of metabolizing drugs, and 

high prevalence of systemic diseases like diabetes mellitus, hypertension, and heart failure 

(53). This reduced functional reserve might not be detectable nor with great functional 

consequence in the general elderly population, but might make these individuals prone to the 

effects of drugs which are known to be nephrotoxic. As we have shown that we are able to 

detect age-markers that are also markers of CKD, urinary proteome analysis might also be 

able to detect the individuals with substantial kidney damage, reduced functional reserve and 

therefore prone to ARF when on potential nephrotoxic drugs.

In conclusion, this low molecular weight urinary proteome profile of human aging can 

provide clues on the mechanisms of aging, strongly suggests high similarity between aging 

and disease, will be the basis for the definition of age-independent urinary markers of renal 

disease, and might allow in the near future to non-invasively detect the presence of renal 

lesions in the healthy population and therefore detect an individuals’ suitability to donate a 

kidney or predict its response to nephrotoxic drug treatment.

Methods

Sample collection

All samples for CE-MS analysis were from spontaneously voided midstream of the second 

morning urine and were stored at -20°C until analysis. 324 apparently healthy individuals 

(no known history of (chronic) disease) were included in the study. Consent was obtained 

from all individuals or from their parents. Figure 1 shows the number of individuals in each 
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group and the gender distribution. The data were divided in 6 different age groups (group 1: 

2-10 years (n=24), group 2: 10-18 years (n=34), group 3: 19-30 years (n=96), group 4: 

31-40 years (n=73), group 5: 41-50 years (n=49), and group 6: >51 years (n=48)).

Sample preparation

For proteomic analysis, a 0.7 mL aliquot was thawed immediately before use and diluted 

with 0.7 mL 2 M urea, 10 mM NH4OH containing 0.02 % SDS. To remove proteins of 

higher molecular mass, the sample was filtered with Centrisart ultracentrifugation filter 

devices (20 kDa molecular weight cut-off; Sartorius, Germany) at 3,000 g until 1.1 ml of 

filtrate was obtained. The filtrate was then applied onto a PD-10 desalting column 

(Amersham Bioscience, Sweden) equilibrated in 0.01% NH4OH in HPLC-grade water to 

remove urea, electrolytes and salts. Finally, all samples were lyophilized, stored at 4°C, and 

resuspended in HPLC-grade water shortly before CE-MS analysis, as described (11). The re-

suspension volume was adjusted to 0.8 μg/μL, according to the polypeptide content of the 

sample as measured by BCA assay (Interchim, Montlucon, France).

CE-MS analysis and data processing

CE-MS analysis was performed with a P/ACE MDQ capillary electrophoresis system 

(Beckman Coulter, USA) coupled online to a Micro-TOF MS (Bruker Daltonic, Germany) 

as described (11). Performance of the analytical method has been validated and described in 

detail (11, 54). Mass spectral ion peaks representing identical molecules at different charge 

states were deconvoluted into single masses using MosaiquesVisu software (11) 

(www.proteomiques.com). MosaiquesVisu employs a probabilistic clustering algorithm and 

uses both isotopic distribution as well as conjugated masses for charge-state determination 

of polypeptides. CE-migration time and ion signal intensity were normalized based on 

reference signals of 200 abundant “housekeeping” polypeptides generally present in urine, 

which serve as internal standards (11, 12) These “internal standards” were present in at least 

90% of all urine samples with a relative standard deviation less than 100%. For calibration, a 

weighted regression was performed. The resulting peak list characterizes each polypeptide 

by its molecular mass [Da], normalized CE migration time [min], and normalized signal 

intensity.

Statistical analysis

To identify markers showing statistically significant changes in abundance with age and/or 

gender, we used an ANOVA model. We opted for ANOVA rather than a linear regression 

model because it was not plausible from the data that the change in the abundance of the 

markers follows a linear model with age. We divided the individuals into six groups and 

used a fixed effect model ANOVA: Aijk= μ + aik + ßik + (aß)ijk + eijk. On the left hand of 

this equation Aijk represents the logarithmic expression of the marker k, i = 1 .. 6 is the 

number of levels of the age factor and j=0,1 are the levels of the gender factor. On the right 

hand side of the equation, μ stands for the overall mean effect, aik is the effect of the level i 

of the age factor on the marker k, ßjk is the one corresponding to the effect of the level j of 

the gender factor on the marker k, (aß)ijk is the interaction term between these two factors, 

and eijk is the term accounting for the random error. We refer to this model as the full one. 
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For a general definition of an age marker, a sub model where the gender information is 

blinded has been considered. In this sub model, the number of subjects per group was 

allowed to change. In the full model, we opted for a balanced design in the six groups in 

order to insure total decomposition of the sum of squares. We checked that resulting 

balanced design did not result in major decrease in statistical power.

To verify that the ANOVA model assumptions are not violated, we tested for variance 

equality between the six groups using the Levene-Test and checked that the error 

distributions were not highly skewed (Supplementary Table I). P-values of this test that are 

smaller than 0.05 suggest the rejection of the equal variance hypothesis across the groups. 

Simulation studies, however, show that the ANOVA inferences are still valid as soon as the 

ratio of the largest treatment variance to the lowest one does not exceed 3 (a condition that 

holds for all the age markers). To test if the deviation from normality did alter significantly 

the defined age markers set, we checked out the Van Der Waerden normal score test results 

and found that it leads to a similar group of age related markers. Note that the advantage of 

the Van Der Waerden test is that it is equivalent to standard ANOVA when normality 

assumptions hold and provides the robustness of the Kruskal-Wallis test when the normality 

assumptions are violated.

To account for multiple testing inherent to this kind of biological analysis, adjustments 

according to the maxT resampling procedure of Westfall and Young have been performed. 

This procedure allows for strong control of the family-wise error rate. From the 5010 

different markers in the CE-MS database, a valid age-related marker was defined as one that 

is present in at least 80% of samples within one of the six groups and with an adjusted p-

value of p < 0.05.

Establishing of models for age-assessment and sample classification

To identify potential biomarkers for age-assessment, we compared directly the mean of the 

markers between two groups (group_1 (control_19-30) and group_2 (control_51-73)). 

Multiple testing adjusted p-values of the t-statistics using two different statistical procedures 

(Benjamini-Hochberg and Benjamini-Yakutieli (55, 56)) were employed. Additional age 

groups (control_31-40 and control_41-50) were used as test sets for the validation of the 

model. Further reduction of the number of variables (potential biomarkers) was achieved by 

utilizing a take-one-out cross validation procedure (23).

For classification, amplitude values below 1 were substituted with a value of 1 to avoid 

negative values. The average signal intensity for a specific biomarker in one group was 

compared to the average intensity for the same biomarker in the other group. To avoid 

artificial weighting of specific biomarkers in the set due to the difference in observed signal 

intensities for the two groups investigated, the relative distance between the two averages 

(e.g. group_1 (control_19-30) and group_2 (control_51-73)) was compared, with the 

distance between these averages always being set to two. This relative distance of signal 

intensities between the two groups was calibrated using the formula: 

, where Ak
i is the log-transformed signal intensity 

of the ith biomarker in the kth sample, meanaverages is the average of the mean intensity of all 
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potential markers, x̄group _ 1 represents the mean observed signal intensity of the potential 

biomarker from all samples in one group and x̄group _ 2 represents the mean signal intensity 

of the potential biomarker in the other group.

Sequencing of polypeptides

Candidate biomarkers and other native peptides from urine were sequenced using an 

Ultimate 3000 nanoflow system (Dionex/LC Packings, USA) connected to an LTQ Orbitrap 

hybrid mass spectrometer (Thermo Fisher Scientific, Germany) equipped with a 

nanoelectrospray ion source. The mass spectrometer was operated in data-dependent mode 

to automatically switch between MS and MS/MS acquisition. Survey full-scan MS spectra 

(from m/z 300–2,000) were acquired in the Orbitrap. Ions were sequentially isolated for 

fragmentation in the linear ion trap using collisionally induced dissociation. General mass 

spectrometric conditions were: electrospray voltage, 1.6 kV; no sheath and auxiliary gas 

flow; ion transfer tube temperature, 225 °C; collision gas pressure, 1.3 mT; normalized 

collision energy, 32% for MS2. Ion selection threshold was 500 counts for MS/MS.

Samples were also analyzed using Electron Transfer Dissociation (ETD) (57, 58). Peptides 

were separated by nRP-HPLC (Agilent 1100; flow split by tee to ~60 nL/min) and 

introduced into an ETD-capable Finnigan LTQ quadrupole linear ion trap via nESI, using 

previously established reaction parameters (59).

All resulting MS/MS data were submitted to MASCOT (www.matrixscience.com) for a 

search against human entries in the MDSB Protein Database. Accepted parent ion mass 

deviation was 50 ppm; accepted fragment ion mass deviation was 500 ppm. All search 

results with a MASCOT peptide score better than 20, depending on the ion coverage as 

related to the main spectra features. Data files coming from ETD experiments were also 

searched against the NCBI human non-redundant database using the Open Mass 

Spectrometry Search Algorithm (OMSSA), with an e-value cut-off of 0.01. The number of 

basic and neutral polar amino acids of obtained peptide sequences was utilized to correlate 

peptide sequencing data to CE-MS data as described earlier (20).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Age distribution and gender of the different individuals included in the study
324 randomly selected supposedly healthy individuals (no known history of (chronic) 

disease) were included in the study. As can be seen from the figure, distribution of 

individuals and gender is not even, but analysis of an age and gender balanced population 

did not modify the selection of age-related peptides.
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Figure 2. 3D patterns of digitally compiled CE-MS data for urinary peptides from different age 
groups
CE-MS analysis was used to study the low molecular weight urinary proteome of each of the 

324 individuals. Each detectable urinary peptide was assigned a reproducible migration time 

and a precise molecular mass without the necessity to know the underlying peptide 

sequence. The graphs represent the compilation of the urinary polypeptide secretion of all 

individuals in a specific age group. No apparent differences can be observed upon visible 

inspection, the data appear very similar at first sight. However, closer examination using an 

ANOVA model revealed that the secretion of 325 peptides was modified during aging (see 

supplementary Table I).
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Figure 3. Secretion of the 325 age related urinary peptides as a function of age
Rows correspond to the age-regulated peptides that are ordered from the highest to the least 

expressed in the young. Columns correspond to individual patients, ordered from the 

youngest to the oldest. A color code at the top of the figure is used to identify the different 

age groups of the study. The largest changes in secretion are observed in the age-range 

between 11 and 18 years. This led us to examine the 19-73 age groups separately from the 

youthful as the changes in the youthful might mask more subtle changes in the remaining 

groups (see Figure 4, for this analysis)
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Figure 4. Secretion of 49 age related urinary peptides in the 19-73 age range
Applying the ANOVA model on 19-73 age groups identified 49 age related markers 

(supplementary Table II). These age markers and their secretion in the 218 individuals are 

displayed as described in the legend of Figure 3. Visual inspection suggests the existence of 

outliers (x, y).
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Figure 5. Examples of secretion profiles of identified urinary age-markers over the 2-73 year age 
range
(A) Modification of secretion of collagen α1 type I fragments with age. Overall, urinary 

collagen type I fragment secretion (Supplementary Table I) decreased with age. Collagen 

type I secretion profiles were similar in 19-73 age-range analysis. (B) Three age-related 

peptides were identified as uromodulin fragments. Their secretion increased with age. 

Uromodulin fragments were not sequenced among the age-related peptides of the 19-73 age-

range analysis. The mean ± SEM logarithmic intensities are given.
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Figure 6. Estimation of renal age using a linear classification model
(A) The model was built using the age groups 19-30 and 51-73 and validated over the 

complete 19-73 age range (training set). (B) The linear model was subsequently validated on 

two independent healthy control populations (Control _1 (mean age 50) and Control_2 

(mean age 75.3)) and used to predict the renal age of normoalbuminuric and 

macroalbuminuric diabetic patients (test set). The linear model yields a weighted value of 

the renal age of each individual; this is displayed in the box-and-whisker-plots for a 

particular group. This allows comparison of the distribution of the estimated renal age of the 

individuals between the different age- or disease-groups. The inset shows the result of the 

statistical analysis of the independent masked test set using a Mann-Whitney analysis. This 

show that the linear model allows correct classification of the independent control groups. 

The Control_1 group was estimated to be similar to the Normo_DM group, which are indeed 

similar in natural age (p-value 0.6869). In contrast, the Control_2 group was estimated as 

“old” by the linear model corresponding to its natural age. Interestingly, the 

macroalbuminuric diabetic group scored significantly older then its natural biological age.

Zürbig et al. Page 20

Proteomics. Author manuscript; available in PMC 2009 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Gender differences in the secretion of aging markers
(A) Both aging and gender contribute to differences in urinary secretion of this peptide. 

p=0.0091 for gender, p=0.0013 for age groups, and p=0.88 for the interaction between 

gender and age. (B) Secretion of this urinary peptide is differentially modified with age in 

males and females. p=0.33 for gender, p=9.5e-06 for age groups and p=0.005 for the 

interaction between gender and age. This analysis was based on an age and gender balanced 

population (see Materials and Methods). See also supplementary Table IV.
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Table I

The percentage of age-related biomarkers (supplementary Table II) that were also markers of chronic renal 

disease (CKD).

Disease % of age markers mean age SD Patient number

Diabetic nephropathy 22.4 51.4 7.92 29

IgAN 4.1 54.6 9.47 18

FSGS 14.3 59.6 13.06 19

MGN 8.2 53.45 11.40 21

Vasculitis 8.2 66.5 6.73 22

MCD 16.3 55.75 12.67 16
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