
O R I G I N A L A R T I C L E

Proteomic characterization of obesity-related

nephropathy
Ralph Wendt1,*, Tianlin He2,*, Agnieszka Latosinska2,*, Justyna Siwy2,*,
Harald Mischak2,* and Joachim Beige 1,3,*
1Department of Nephrology and Kuratorium for Dialysis and Transplantation Renal Unit, Hospital St Georg,
Leipzig, Germany, 2Mosaiques Diagnostics , Hannover, Germany and 3Department of Nephrology, Martin-
Luther-University Halle/Wittenberg, Halle, Germany

Correspondence to: Joachim Beige; E-mail: Joachim.Beige@sanktgeorg.de
*All authors contributed equally to this work.

ABSTRACT

Background. Nephropathy related to obesity lacks a pathophysiological understanding and definite diagnostic pathways by
biomarkers.

Methods.. In this study we investigated the association between urinary peptides and body mass index (BMI) and renal
function in proteome data sets from 4015 individuals.

Results. A total of 365 urinary peptides were identified to be significantly associated with BMI. The majority of these peptides
were collagen fragments. In addition, most of the peptides also demonstrated a significant concordant association with
estimated glomerular filtration rate (eGFR) in the investigated cohort, with the presence of diabetes exhibiting no significant
association. A new classifier was developed, based on 150 urinary peptides, that enabled the distinction of non-obese
subjects with preserved kidney function from obese, non-diabetic subjects with eGFR >45 mL/min/1.73 m2 in an
independent cohort, with an area under the curve of 0.93.

Conclusions. On a molecular level, the data strongly suggest a link between obesity and fibrosis, which may be a major cause
of obesity-related nephropathy.
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INTRODUCTION

In recent years there has been an increase in the prevalence of
secondary diseases associated with obesity. This has led to a
change in research focus on obesity in the context of abnormally
high body weight and chronic kidney disease (CKD) [1, 2]. In clini-
cal practice, CKD associated with obesity and improved renal
function associated with weight loss are commonly seen, and

trials in obesity treatment have yielded promising results in
terms of improved renal function [3, 4], but a detailed under-
standing of the pathogenesis and epidemiology of nephropathy
related to obesity, in the absence of diabetes, is rather limited [5].
Obesity causes various structural, haemodynamic and metabolic
alterations in the kidney [6]. There is evidence of focal glomerulo-
sclerosis in renal tissue samples obtained from patients with
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obesity [7], which points to a role of hyperfiltration in nephropa-
thy related to obesity. However, these histological features are
different from the typical histological picture seen in diabetic ne-
phropathy, even if similar to features seen in diabetic nephropa-
thy in the presence of co-occurring obesity. ‘Diabetoid’ changes
(focal mesangial sclerosis and focal thickening of glomerular and
tubular basement membranes) can also be seen in obese patients
without diabetes [7]. Thus the concurrent clinical manifestation
of obesity and nephropathy in patients without diabetes leads to
the hypothetical consideration of ‘obesity-related nephropathy’
(ORN), a condition that is characterized by renal injury in the
presence of obesity, but in the absence of diabetes [8]. Such a
‘non-diabetic and haemodynamic’ mechanism underlying ORN
pathophysiology could be related to a disrupted balance between
adipokines mediating renal damage and protective adipokines
secreted by adipose tissue in the setting of obesity [9, 10].
Therefore the question arises of whether there are specific bio-
markers (different to those of diabetic nephropathy with obesity)
that characterize nephropathy associated with obesity.

The urinary proteome contains a wealth of information on
diseases and their pathophysiology. Proteomic changes are a ma-
jor cause of non-communicable diseases, can precede and trigger
the development of clinically relevant diseases and are targets
for drug interventions. On this basis, numerous urinary proteins
and peptides are considered as valuable biomarkers in the man-
agement of various diseases, including CKD. Several studies have
investigated the use of urinary proteomic changes in the early
detection of CKD, i.e. before the onset of irreversible kidney dam-
age. Of particular interest is the CKD273 classifier, which is a
panel of 273 urinary peptides, mostly collagen fragments. The
CKD273 classifier was initially developed in a cross-sectional co-
hort and has subsequently been tested in many studies, several
of which involved >1000 subjects [11]. The compiled data indicate
that a major component of pathophysiology that is effectively
identified by the CKD273 classifier, via the analysis of collagen
degradation products, is fibrosis. The technique used to generate
the CKD273 score was capillary electrophoresis coupled to mass
spectrometry (CE-MS), which allows the assessment of thou-
sands of urinary peptides in a single analysis. Therefore this ap-
proach using CE-MS on a database containing >70 000 urine
proteomic data sets was considered highly suitable for investigat-
ing molecular changes in the context of ORN.

In light of the above, this present work aimed to investigate
the impact of body mass index (BMI) on urinary peptides and to
characterize as yet unspecified urinary peptide patterns that may
be indicative of ORN, with a view to elucidating possible molecu-
lar mechanisms underlying ORN pathophysiology. We used urine
samples from previous research work to assess for the presence
of diabetes and associations with BMI, estimated glomerular fil-
tration rate (eGFR) and age. Defining urinary peptide patterns
could help provide insights into the pathophysiology of ORN that
would in turn help in further characterization of ORN.

MATERIALS AND METHODS
Proteomic investigation and data retrieval

For this study, urinary proteome data stored in the Human
Urine Proteome Database obtained by CE-MS were assessed.
The CE-MS technique applied has been described in detail [12],
including reproducibility, repeatability, sample preparation,
data evaluation and normalization. This database contains uri-
nary proteome/peptidome information on >70 000 samples,
assessing a data space comprising a total of >100 000 peptides

and proteins [13], as well as anonymized clinical information on
participants enrolled in the studies.

All data sets (n¼ 4015) that contained data on proteome, age
(year), BMI (kg/m2) and eGFR (mL/min/1.73 m2) were extracted
and no additional selection criteria were included. The presence
of underlying kidney disease was identified by the presence or
absence of diabetes and nephropathy (n¼ 1435). The presence
of other renal diseases (n¼ 80) was not fully assessed because of
a missing definite diagnosis in 2500 cases. The eGFR was calcu-
lated from serum creatinine levels using the Chronic Kidney
Disease Epidemiology Collaboration equation [14].

Patient population, data acquisition, statistics and
generation of classifier

In silico results of CKD273 proteomic profiling and all peptides de-
tectable in >30% of all samples (n¼ 771), along with clinical data,
were exported into an SPSS 22.0 data set (IBM, Armonk, New
York, USA) and analysed further for possible associations of pep-
tides and biomarker patterns with BMI and eGFR. Due to the large
sample size, a P-value <0.01 was considered significant.

To generate a classifier that would potentially detect ORN,
multiple peptides significantly associated with obesity and re-
duced kidney function were combined using support vector
machines (SVMs). This methodology is described in further
details in Mischak et al. [12]. Briefly, analysis was limited to
patients without diabetes, with cases defined as patients with
BMI >30 kg/m2 and eGFR <45 mL/min/1.73 m2, and controls de-
fined as patients with BMI <27 kg/m2 and eGFR >60 mL/min/
1.73 m2. Using the Excel ‘RAND’ function (Microsoft, Redmond,
WA, USA), cases and controls were randomly split into training
and test sets, based on the 2/3 and 1/3 rule, respectively. There
was no significant difference in age, sex, BMI, eGFR and CKD273
scoring between the training and test sets.

A univariable linear regression model was used to examine the
association between peptide abundance and continuous outcomes,
including eGFR and BMI. Based on the hypothesis that the outcome
(eGFR or BMI) Y is linearly related to individual peptide abundance
X, the parameters a and b in the linear equation Yi¼ aXiþ bþ ei

were estimated using the ordinary least squares method, so the
sum of squares of error e can be minimized. Graphically, a corre-
sponds to the slope of the trend line drawn from the peptide abun-
dance X and its predicted outcome Y in the fitted linear model. The
coefficient of determination (R2) is the square of the correlation be-
tween the predicted outcome and the actual outcome, which ranges
from 0 (no correlation) to 1 (full correlation). Peptide abundance was
log-transformed and undetectable abundance was omitted.

Ethics

All included studies were conducted to conform to regulations on
the protection of subjects participating in medical research and in
accordance with the principles of the Declaration of Helsinki
(2013) and received ethical approval from their respective institu-
tional review boards. Written informed consent was obtained
from all participants at the time of sampling. All data sets received
were anonymized. This study was approved by the ethics commit-
tee of the Hannover Medical School, Germany (no. 3116-2016)

RESULTS

All data sets with information on age, sex, eGFR, BMI,
CKD273 scoring and CE-MS were extracted from the database
(Table 1).
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Values presented as mean 6 SD unless stated otherwise.
The study design and use of samples are shown in Figure 1.

As expected, in the first step, a significantly strong association
between eGFR and CKD273 score was observed (q¼ 0.4748, not
shown). Although the association between eGFR and BMI in the
overall cohort did not reach the pre-specified level of signifi-
cance (q¼ 0.064; P¼ 0.013), a direct and significant association
between BMI and CKD273 score was detectable (Figure 2). These
data showed that urinary peptides reflect BMI at the molecular
level.

To further examine any correlation between BMI and molec-
ular features, we investigated the distribution of known (se-
quenced) urinary peptides associated with BMI. Only peptides
that were observed in at least 30% of all data sets were included,
which resulted in a total of 771 peptides that were assessed. Of
these, 365 showed associations with BMI, reaching the target
significance level of P< 0.01, with association strengths R rang-
ing from 0.1 to 0.28. The 10 peptides showing the most signifi-
cant association, based on R2, are listed in Table 2.

The vast majority of significantly associated peptides are
specific collagen fragments, mainly from collagen type I, and
most of these peptides (in fact, all of the 10 most significant
peptides) were found to be less abundant with increasing BMI.
An example of the correlation between a single peptide and BMI
is presented in Figure 3.

A large proportion (n¼ 458) of the peptides associated with
BMI also showed an association with eGFR, but with an oppos-
ing trend, as expected, also reaching the same significance level
of P< 0.01. This close concordant (concordance based on oppos-
ing association of urinary peptides with BMI and with eGFR,
with low BMI and/or high eGFR being beneficial) correlation was
clearly demonstrated when the slopes for the association of all
investigated peptides with eGFR and BMI were evaluated. The
highly significant inverse correlation between slopes of eGFR
and BMI is shown in Figure 4.

In addition, we identified peptides that showed a discordant
association with BMI and eGFR, depicted in Table 3.

FIGURE 1: Flow chart showing the study design and use of samples for the different investigations. The full cohort of 4015 data sets was used to identify BMI-associated

peptides. Separating the cohort into diabetic versus non-diabetic patients resulted in the identification of biomarkers for BMI relevant only to the specific subpopula-

tion. To generate a classifier that can potentially detect ORN, biomarkers were defined in a subcohort of non-diabetic subjects and combined into a classifier, called

BMI150.

Table 1. Clinical characteristics of subjects providing urine samples

Characteristics BMI >30 kg/m2 (n¼ 1234) BMI <30 kg/m2 (n¼ 2781) P-value

CKD273 scoring �0.186 6 0.634 �0.386 6 0.598 <0.0001
Age (years) 60 6 11.2 58 6 13.8 <0.0001
eGFR <45 mL/min/1.73 m2, n (%) 112 (9.1) 206 (7.4) 0.07
Diabetes, n (%) 589 (47.7) 846 (30.4) <0.0001
BMI (kg/m2) 34 6 4.0 25 6 2.7 <0.0001
eGFR (mL/min/1.73 m2) 80 6 24.9 81 6 23.0 <0.0001
Albuminuria (mg/L) 216 6 744 220 6 827 >0.05

Values presented as mean 6 SD unless stated otherwise.
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Table 2. Ten peptides showing the most significant association with BMI and eGFR

Sequence Symbol StartAA StopAA Slope (BMI) P (BMI) R2 (BMI) Slope (eGFR) P (eGFR) R2 (eGFR)

ApGDRGEpGPpGPA COL1A1 798 811 �3.4858 < 1E-20 0.0784 14.7468 < 1E-20 0.0641
GEAGHPGPPGPpGP COL5A1 1555 1568 �3.0459 < 1E-20 0.0620 9.8429 < 1E-20 0.0348
SpGPDGKTGPpGPA COL1A1 546 559 �2.9182 < 1E-20 0.0619 11.6615 < 1E-20 0.0464
DDGEAGKpGRpG COL1A1 231 242 �3.0385 < 1E-20 0.0588 12.1982 < 1E-20 0.0487
GKNGDDGEAGKPGRpGERGPpGpQ COL1A1 227 250 �2.8479 < 1E-20 0.0582 5.6369 2.39E-10 0.0107
ESGREGApGAEGSPGRDGSpGAKGDRGETGpA COL1A1 1011 1042 �2.6923 < 1E-20 0.0576 5.9004 2.40E-12 0.0133
DGRpGPpGPpG COL1A1 562 572 �2.5862 < 1E-20 0.0538 7.7913 6.41E-17 0.0266
DGEAGKpGRpG COL1A1 232 242 �2.7042 < 1E-20 0.0520 6.9681 5.82E-09 0.0195
EAGRDGNpGNDGppGRDGQPGHKGERGYpG COL1A2 923 952 �2.6878 < 1E-20 0.0519 2.6682 0.0065 0.0024
ADGQpGAKGEPGDAGAKGDAGppGPA COL1A1 819 844 �2.6864 < 1E-20 0.0516 6.2465 1.38E-12 0.0128

AA, amino acid.

The slope was calculated using the linear regression model with the outcome (BMI or eGFR) as the dependent variable and individual peptide abundance as the inde-

pendent variable. All peptides listed showed a negative association with BMI and lower abundance with higher BMI and a positive association with eGFR and higher

abundance with reduced kidney function.

FIGURE 3: Correlation of a single peptide (ApGDRGEpGPPGp) with BMI. As most peptides were derived from collagen type I, this peptide showed a significant inverse

correlation with BMI (q¼ –0.17; P<0.0001).

FIGURE 2: Association of the established multipeptide renal risk marker CKD273 (left panel) and eGFR (right panel) with BMI in 4015 subjects. Due to the large sample

size, a P-value <0.01 was considered significant. While the association with CKD273 reached the predefined significance level [q¼0.17 (95% CI 0.14–0.20); P<0.0001], a

significant association between BMI and eGFR could not be established [q¼ –0.039 (95% CI –0.07 to –0.008); P¼0.013].
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Since we identified multiple peptides associated with BMI, we
investigated if a classifier could be developed that detects ORN.
Such a classifier would be evaluated in a subsequent study for its
value in predicting disease progression and response to therapy,
similar to the CKD273 classifier. Cases were limited to patients

without diabetes and defined as patients with BMI >30 kg/m2 and
eGFR <45 mL/min/1.73 m2 and controls as subjects with BMI
<27 kg/m2 and eGFR>60 mL/min/1.73 m2. In the data set, 79 cases
were identified, with 158 age-matched controls. The data set was
split into a training set consisting of 105 controls and 56 cases,
and an independent test set consisting of 53 controls and 23
cases. Patient characteristics are presented in Table 4. In the
training set, a total of 352 biomarkers (minimum frequency 30%;
P< 0.01 after adjusting for multiple testing) with known sequence
were identified. These biomarkers were combined into an SVM-
based classifier that was further optimized using a take-one-out
procedure to ultimately generate a classifier based on 150 pepti-
des, called BMI150. Applying this classifier to the independent
test set of 76 samples resulted in very high accuracy to identify
the ORN phenotype, with an area under the receiver operating
characteristics curve (Figure 5A) of 0.929 (95% CI 0.846–0.975). On
analysing all data sets available (excluding those used as part of
the training set and patients with a BMI between 27 and 30 kg/m2

or eGFR between 45 and 60 mL/min/1.73 m2), the BMI150 classifier
significantly distinguished between obese and non-obese
patients with preserved kidney function, although this did not
reach significance in CKD patients, likely because of the small
number of subjects in that group (Figure 5B).

We investigated whether diabetes may have a significant
impact on the association of urinary peptides with BMI, and so

FIGURE 4: Peptide associations (q) with eGRF and BMI. The plots show the slopes

representing the association of 604 peptides with eGFR and BMI.

Table 3. Peptides showing discordant correlation (negative correlations marked in grey)

Protein name Slope (BMI) P (BMI) R2 (BMI) Slope (eGFR) P (eGFR) R2 (eGFR)

Neurosecretory protein VGF �15.115 2.00E-20 0.0297 �68.366 4.22E-14 0.0246
Ubiquitin-like protein ATG12 15.101 7.99E-04 0.0239 72.403 7.66E-07 0.0335
Fibrinogen a chain 24.040 3.00E-20 0.0219 68.850 1.08E-03 0.0085
POTE ankyrin domain family member F �15.612 1.48E-10 0.0191 �91.036 <1E-20 0.0307
Collagen a-1(III) chain 19.845 4.17E-14 0.0184 76.884 9.66E-10 0.0133
Collagen a-3(IV) chain 13.571 4.27E-12 0.0173 28.485 0.000178052 0.0037
Collagen a-1(III) chain 13.209 3.54E-05 0.0127 45.624 3.09E-01 0.0070
Collagen a-1(I) chain 14.398 3.99E-02 0.0123 78.565 2.14E-04 0.0171
Collagen a-2(I) chain �13.082 1.49E-05 0.0112 �40.607 7.02Eþ00 0.0049
Collagen a-3(IX) chain �11.549 7.25E-01 0.0107 �121.361 <1E-20 0.0523

Table 4. Characteristics of patient cohort used to generate a new classifier for the detection of ORN

Variable
Training set

(56 cases/105 controls)
Test set

(23 cases/53 controls)

P-value, train-
ing set versus

test set
Group 1: cases

(n¼ 79)
Group 2: controls

(n¼ 158)

P-value,
group 1 ver-
sus group 2

Median age (IQR;
years)

74.0 (11.3) 74.0 (9.0) 0.5436a 74 (10.8) 74 (11.0) 0.8202a

Median eGFR
(IQR; mL/min/
1.73 m2)

70.1 (46.2) 66.4 (37.8) 0.8028a 31.1 (17.5) 79.5 (20.0) 0.0001a

Median BMI (IQR;
kg/m2)

25.6 (7.6) 25.7 (8.5) 0.6975a 33.1 (3.8) 24.4 (3.0) 0.0001a

Median CKD273
score (IQR)

�0.10 (1.05) �0.18 (1.00) 0.9611a 0.57 (0.82) �0.43 (0.74) 0.0001a

Median albumin
(IQR; mg/L)

277.1 (1792.6); n¼ 32 1540.2 (3484.0); n¼ 16 0.8013a 414.9 (2231.0); n¼ 30 119.5 (3762.0); n¼ 18 0.8646a

Sex (male/
female)

94/54; n¼ 148 43/31; n¼74 0.5257b 39/35; n¼ 74 98/50; n¼148 0.0709b

aMann–Whitney test.
bChi-squared test.

IQR, interquartile range. Bold values indicate statistical significance.
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we restricted the analysis to include only the 1435 diabetic sub-
jects, irrespective of the type of diabetes. We detected a signifi-
cant association with BMI for 122 of the 365 peptides, all
concordant with respect to regulation (i.e. up- or downregula-
tion) in the entire cohort of 4015 subjects. On investigating the
2580 non-diabetic subjects, 236 of the 365 biomarkers also
showed a significant association with BMI, of which 235 were
concordant and only one showed a significant inverse

correlation. When comparing the peptides significantly associ-
ated with BMI in the diabetic and non-diabetic populations, we
found a very large overlap of 90 peptides (73.8% of all peptides
were found significant in the smaller group comprising the dia-
betic patients). These data suggest that an impact of diabetes on
the association of urinary peptides with BMI could be ruled out.
The lower number of significantly associated peptides in each
of the subcohorts was almost certainly a result of the reduced
power due to the smaller sample.

While a large number of peptides, other than collagen-
derived peptides, were found to be associated with eGFR, con-
sistent with many previous studies, the fraction of non-collagen
peptides associated with BMI was substantially lower. Of the
100 peptides most significantly associated with BMI, only 12
were not collagen-derived. Sixty of the collagen-derived frag-
ments were from collagen a-1(I) protein. To obtain first insights
into the association between collagen peptides and BMI, we
analysed the distribution of the 60 collagen a-1(I)-derived pepti-
des that were most significantly associated with BMI. As shown
in Figure 6, there was a non-uniform peptide distribution
throughout the collagen alpha-1(I) protein and these findings
suggest that certain regions in the collagen a-1(I) protein are
specifically affected/impacted by BMI.

DISCUSSION

Our analyses of urine samples from a large cohort of patients
with known eGFR, BMI and diabetes status showed a complex
multilevel association between peptide fragments and the risk
of renal disease in obesity. Of particular note, however, the
overall cohort demonstrated an almost negative eGFR–BMI
gross correlation, presumably due to the origin of the data set
derived from a non-obesity-directed approach. Most peptides
associated with eGFR and BMI belonged to the collagen

A B

FIGURE 5: (A) Performance of a newly developed classifier based on 150 peptides, called BMI150, for the detection of ORN (arbitrarily defined as BMI >30 kg/m2 and eGFR

<45 mL/min/1.73 m2, with the exclusion of diabetes) in an independent sample of 76 subjects. The figure shows highly significant results (area under the curve¼0.93)

obtained from the receiver operating characteristics analysis. Only patients without diabetes were included in the analysis. Cases were defined as patients with BMI

>30 kg/m2 and eGFR <45 mL/min/1.73 m2 and controls as BMI <27 kg/m2 and eGFR >60 mL/min/1.73 m2. (B) Comparison of classifiers in different patient groups in cases

versus controls to detect the ORN phenotype. Group 1: eGFR >60 mL/min/1.73 m2 and BMI <27 kg/m2; group 2: eGFR >60 mL/min/1.73 m2 and BMI >30 kg/m2; group 3:

eGFR <45 mL/min/1.73 m2 and BMI <27 kg/m2; and group 4: eGFR <45 mL/min/1.73 m2 and BMI >30 kg/m2.

FIGURE 6: Apparent clustering of peptides associated with BMI. The figure shows

the position (start and stop amino acids) in the collagen a-1(I) protein of the 60

peptides that showed the most significant association with BMI, as well as the

slope of the association. The data argue against a random distribution and sug-

gest that specific hot spots in the collagen a-1(I) protein, specifically at amino

acid positions 220, 800 and 1020, are affected by BMI. Also evident is the negative

association of most peptides with BMI.
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superfamily and were inversely associated with BMI but directly
with eGFR.

This concordant observation indicates a reduction of colla-
gen degradation with increasing BMI and/or reduced kidney
function. It is tempting to speculate that collagen homeostasis
and BMI, on the one hand, and kidney function, on the other,
are substantially interconnected.

The very strict association between BMI and collagen frag-
ments was surprising, but it also indicates specificity. This led
to the development of a well-performing new classifier based
on 150 peptides (called BMI150) to identify patients with BMI
>30 and eGFR <45 mL/min/1.73 m2 without diabetes mellitus
(Figure 4), thus confirming the entity of ORN on a urinary prote-
ome level. In both groups of patients with either preserved or
reduced kidney function, molecular information included in the
BMI150 classifier was able to distinguish between obese and
non-obese subjects with nephropathy. In advanced stages of
CKD (eGFR<45 mL/min/1.73 m2), this distinction failed to reach
significance, likely due to the small number of patients included
in this subgroup (based on the given results, a total of 238
patients, instead of the available 129, would have been needed
to reach the significance level of 0.01 to distinguish ORN from
non-obese nephropathy). These findings highlight the need to
include study populations of >300 nephropathic patients with
obesity in future research.

The renal interstitial matrix is normally composed of colla-
gen types I, III, V, VI, VII and XV. On the other hand, mainly col-
lagen types I and III are deposited in the early stages of renal
fibrosis [15], as confirmed in animal models that also showed
increased expression of a-1(I) mRNA in the interstitial space
[16]. Collagen type I co-localizes with the extracellular matrix
proteoglycans decorin and biglycan, which influence collagen
type I fibrillogenesis. They accumulate in glomeruli, the tubu-
lointerstitial space and arterial walls in human renal fibrosing
disease [17]. Accumulation of collagen type I in fibrosis is due to
both decreased collagen degradation and increased collagen
synthesis [18, 19]. Among the proteins that were differentially
expressed, there were significantly reduced quantities of frag-
ments of collagen type I in the urine of diabetic patients [20],
which suggests decreased collagen proteolysis, probably due to
cross-linking rendering the collagens resistant to proteolytic
cleavage or increased protease inhibitor expression [20].

The association of urinary peptides (as part of the CKD273
classifier) with the degree of renal fibrosis has been demon-
strated in renal biopsies in CKD patients [21]. The CKD273 clas-
sifier consists mainly of collagen peptide fragments, with seven
fibrosis-associated peptides displaying a negative association
with the degree of fibrosis. These peptides are most probably an
indicator of collagen degradation. The process of collagen deg-
radation seems to be attenuated in CKD, leading to collagen ac-
cumulation in renal tissue, and consequently renal fibrosis.
Markers of renal impairment (serum creatinine, blood urea ni-
trogen and serum cystatin C) are highly non-specific to the un-
derlying disease process. In contrast, urinary peptides are
specific indicators of fibrosis, which precedes progressive renal
dysfunction, and thus would prove extremely valuable.

In obesity-related kidney disease, inhibition of the 50-AMP-
activated protein kinase (AMPK) pathway has been established
as a critical pathway regulating inflammation and especially fi-
brosis [22]. Activation of AMPK was shown to reduce mesangial
matrix expansion, as well as urinary levels of transforming
growth factor b1 (TGF-b1) [23], and also to markedly reduce glo-
merular TGF-b1 and collagen accumulation in several mouse
models of diabetic kidney disease [24]. In diet-induced obesity,

there is induction of TGF-b1 in the kidney, in association with
an upregulation of extracellular matrix components, including
collagen type I [25].

Another key player in the context of obesity is glycation,
whereby excessive food intake results not only in increased
BMI, but hypothetically also in an increase in glycation reac-
tions from diabetes-dependent oxidation, as well as from exter-
nal (non-diabetic) alimentary sources [26, 27]. Glycation, in turn,
results in increased collagen cross-linking, which leads to resis-
tance of collagen to physiological degradation. A correlation be-
tween the level of advanced glycation end products (AGEs) and
collagen cross-linking was noted in a diabetic rat model, sug-
gesting the involvement of advanced glycation in cross-linking
[28]. Such processes with altered collagen fibrillar organization
have also been shown under the influence of increased sugar
exposure in non-diabetic models [29]. While there is convincing
evidence that AGEs can directly induce collagen cross-linking, it
is hypothesized that these AGEs, once formed, could induce col-
lagen cross-linking even in the absence of glucose [30].

Increased cross-linking of collagen and decreased collagen
degradation are most likely demonstrated by a reduction in the
abundance of collagen fragments. Attenuation of physiological
degradation will result in an increase in tissue collagen, and
consequently fibrosis. Fibrosis has been increasingly recognized
as a major player in adipose tissue dysfunction [31]. Following
weight loss as a result of bariatric surgery, there is evidence of
major collagen remodelling in subcutaneous adipose tissue,
with increased collagen degradation and, importantly, de-
creased collagen cross-linking [32].

A highly relevant finding from this study is an overall very
strong inverse correlation between peptides, mostly derived
from collagen fragments, and BMI and eGFR. For most peptides,
this highly similar association in our very large cohort indicates
that there is a similar underlying molecular mechanism in both
obesity and CKD. Based on our data and hypotheses on the col-
lagen fragments presented above, we believe fibrosis may be a
key overlapping element. However, it is important to highlight
that some peptides were identified and showed a direct (discor-
dant) association with BMI and eGFR. Of the 10 discordant pepti-
des (Table 3), 6 were collagen derived, of which only one
belonged to the collagen a-1(I) chain, with the other peptides be-
longing to other collagen subtypes. Different collagen subtypes
have been shown to be differentially expressed and distributed
in different structural parts of the kidney [33].

The peptides that showed a discordant association are the
neurosecretory protein VGF, the ubiquitin-like protein ATG12,
the fibrinogen a chain and POTE ankyrin domain family mem-
ber F. VGF was found to be reduced in obesity, both in mouse
models and in humans [34]. In a different study, a VGF peptide
was reported to be negatively associated with eGFR [35]. As
such, the discordant association of the VGF peptide with BMI
and eGFR is in line with previous, albeit isolated, findings.
Expression of the autophagy-related gene ATG12 was reported
to be attenuated in kidney disease [36], consistent with the posi-
tive correlation with eGFR found in our study. In an indepen-
dent study, a significant positive correlation between ATG12
expression and BMI was observed [37]. To the best of our knowl-
edge, the role of POTE ankyrin domain family member F has not
been investigated in the context of obesity. However, studies
have shown that disruption of the ankyrin repeat domain 26 gene
(ANKRD26), the precursor gene of the POTE genes, results in obe-
sity and gigantism [38], supporting a negative association with
BMI, as observed in our study. We could not identify a study
that investigated a potential association between POTE ankyrin
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domain family member F and kidney function. The discordance
observed with specific fibrinogen and collagen fragments may
be a result of differential activation of proteases in obesity, in
comparison with kidney disease, and not due to a general dis-
cordance in the regulation of these proteins.

STUDY LIMITATIONS

A major limitation of the study is that it is not based on a well-
controlled prospective sampling of specific cases defining the
condition under investigation but rather represents a meta-
analysis of earlier cases. In particular, while diabetes was well
represented in our cohort (n¼ 1435), other renal diseases (n¼ 80)
were underrepresented due to a lack of histological or definitive
serological diagnostic parameters. However, the very large
number of data sets (>4000) from >20 different clinical centres
should ensure the validity of our findings with regard to diabe-
tes, obesity and nephropathy and reduce the risk of bias.
Further studies should ensure data are available on renal diag-
nosis from histological or other investigations, although in
patients with obesity, kidney biopsy would represent a consid-

erable procedural challenge, as well as involve risks of compli-
cation. This reasoning underscores the need for non-invasive,
risk-free means of obtaining a diagnosis, particularly in obese
patients, with proteomic investigations being one of several
(mainly serological) options compared with histology. Another
limitation is the lack of follow-up data. As such, we cannot esti-
mate the predictive value of the identified associations or the
newly developed classifier. However, our data strongly suggest
the potential for a significant predictive value. In analogy to the
CKD273 classifier, we aimed to investigate the predictive value
of the BMI150 classifier in patients with obesity and CKD, espe-
cially in those without diabetes, and in predicting response to
intervention.
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