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ABSTRACT

Background. The hepatokine fetuin-A, released by the human liver, promotes pro-inflammatory effects of perivascular fat.
The involvement of inflammation in type 2 diabetes mellitus (T2DM) can affect the kidney and contribute to the
development of diabetic kidney disease. Therefore we examined the association of urinary fetuin-A protein fragments with
renal damage in T2DM patients.

Methods. Urinary peptides of 1491 individuals using proteome data available from the human urine proteome database were
analysed. Prediction of proteases involved in urinary peptide generation was performed using the Proteasix tool.

Results. We identified 14 different urinary protein fragments that belong to the region of the connecting peptide (amino acid
301–339) of the total fetuin-A protein. Calpains (CAPN1 and CAPN2), matrix metalloproteinase and pepsin A-3 were
identified as potential proteases that were partially confirmed by previous in vitro studies. Combined fetuin-A peptides
(mean of amplitudes) were significantly increased in T2DM patients with kidney disease and to a lesser extent with
cardiovascular risk. Furthermore, fetuin-A peptide levels displayed a significant negative correlation with baseline
estimated glomerular filtration rate (eGFR) values (r¼�0.316, P<0.0001) and with the slope (%) of eGFR per year (r¼�0.096,
P¼0.023). A multiple regression model including fetuin-A peptide and albuminuria resulted in a significantly improved
correlation with eGFR (r¼�0.354, P<0.0001) compared with albuminuria, indicating an added value of this novel
biomarker.

Conclusions. The urinary proteome analysis demonstrated the association of fetuin-A peptides with impaired kidney
function in T2DM patients. Furthermore, fetuin-A peptides displayed early signs of kidney damage before albuminuria
appeared and therefore can be used as markers for kidney disease detection.
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INTRODUCTION

Fetuin-A, also called alpha-2-Heremans–Schmid glycoprotein, is
a 46-kDa protein present in the serum and synthesized by hepa-
tocytes (hepatokine). The precursor protein of fetuin-A is com-
posed of three chains, but only the A and B chains, which are
encoded by a single messenger RNA transcript, form the active
protein [1]. The third chain (connecting peptide) links the A and
B chains. Apparently this connecting 40-amino-acid fragment is
cleaved by limited proteolysis in a post-translational step
that produces A and B chains joined by a disulphide bond.
Furthermore, multiple post-translational modifications have
been reported [2]. Thus fetuin-A is a secreted partially phos-
phorylated glycoprotein with complex proteolytic processing
that circulates in the blood and extracellular fluids.

Investigations on proteolytic processing might contribute to
the understanding of the mechanism to activate fetuin-A.
However, specific proteases that are involved in releasing the
connecting peptide are more or less unknown. Previously sev-
eral groups attempted to determine the cleavage sites for the
secretion of the connecting peptide. One study revealed that
fetuin-A from human plasma is cleaved in its connecting pep-
tide region when digested with different proteases (trypsin, chy-
motrypsin, elastase plasmin, kallikrein, thrombin and renin) [3].
Amino sequence analysis of the generated fragments
demonstrated that only chymotrypsin cleaves the Leu–Leu
bond flanking the N-terminal portion of the connecting peptide
region. The C-terminus of this fetuin-A peptide, which was
generated with chymotrypsin, is at AA position 321.
Additionally, matrix metalloproteinases (MMPs) were supposed
to be involved in fetuin-A processing, since the bovine homo-
logue was found to be cleaved by MMP3 and MMP7 [4] and inter-
actions between human fetuin-A and MMPs (MMP2, MMP7 and
MMP9) have been reported [5]. Furthermore, fetuin-A was iden-
tified as a substrate of meprin metalloproteinases (MEP1A and
MEP1B) [6]. In a recent study, fetuin-A was identified in vitro as a
substrate of transmembrane protease serine 6 (TMPRSS6;
matriptase-2) [7]. Arginine and lysine residues located within
the connecting peptide of fetuin-A were identified as cleavage
sites for TMPRSS6. However, all previous studies investigating
the proteolytic cleavage of fetuin-A did not compare the in vitro
generated peptides with physiologically occurring peptides in
humans.

Fetuin-A plays a role as a physiological inhibitor of insulin
receptor tyrosine kinase associated with insulin resistance [8, 9]
and a negative acute phase reactant [10]. It also regulates bone
remodelling [11] and is a potent systemic calcification inhibitor
[12]. The role of fetuin-A in the pathogenesis of type 2 diabetes
mellitus (T2DM), obesity, non-alcoholic fatty liver disease
(NAFLD) and dyslipidaemia remains unclear and is still under
discussion. In a previous study, levels of fetuin-A were in-
creased in NAFLD and the increase of fetuin-A in patients with
NAFLD is closely associated with fat accumulation in the liver
[13, 14]. Also, Stefan et al. [15, 16] reported a strong relationship
between plasma fetuin-A and insulin resistance in patients
with NAFLD and pointed to fetuin-A as a predictor of T2DM in
humans. A high serum fetuin-A level is a marker of T2DM
incidence after adjusting for risk factors [17]. A recent study
showed the effect of incretin treatment in patients with T2DM
and NAFLD on fetuin-A. In the liraglutide group, fetuin-A was
positively correlated with weight, body mass index (BMI) and
waist circumference. This highlights that fetuin-A levels are
more associated with hepatic fat content rather than glucose
levels [18].

Furthermore, elevated fetuin-A levels impair renal function
by inducing pro-inflammatory signalling in vascular and glo-
merular cells [19, 20]. This may affect the glomerular function
and may contribute to kidney disease in T2DM. Therefore we
examined the correlation of urinary fetuin-A protein fragments
with renal function, measured as estimated glomerular filtra-
tion rate (eGFR) in a large cohort of T2DM patients.

MATERIALS AND METHODS
Patients’ proteomics and clinical data

For the urinary proteome analysis, capillary electrophoresis
coupled to mass spectrometry (CE-MS) was used and all data
were stored in the Human Urinary Proteome Database [21]. In
our approach, each peptide is characterized by its molecular
mass (Da), CE migration (min) and signal intensity (amplitude).
For normalization of analytical and urine dilution variances,
amplitudes of the CE-MS raw data were normalized relative to
29 internal standard peptides generally present in at least 90%
of all urine samples with small relative standard deviations [22].
The database available at Mosaiques Diagnostics (Hannover,
Germany) also included anonymized clinical information of
participants enrolled in several studies. All underlying studies
complied with the Declaration of Helsinki [23] and received ethi-
cal approval from the competent institutional review boards.
All participants gave informed written consent. The eGFR was
calculated from serum creatinine by the Chronic Kidney
Disease Epidemiology Collaboration equation [24]. To harmo-
nize baseline albuminuria across cohorts, we expressed urinary
albumin excretion (UAE) in micrograms per minute. This in-
volved a conversion from milligrams per 24 h and a conversion
from milligrams per litre, assuming a diuresis of 1500 mL/day.
The cut-off threshold for UAE was 20 mg/min, approximately
corresponding to 24-h albuminuria of 30 mg [25]. Table 1 sum-
marizes the patients’ data, including eGFR, UAE, age, gender,
BMI and cardiovascular risk factors (coronary artery disease,
heart failure, dyslipidaemia, hypertension and arteriosclerosis).
Diabetic kidney disease (DKD) was defined for patients with
eGFR <60 mL/min/1.73 m2 and/or UAE >200 mg/min. The total
number of data sets of the individuals in the Human Urinary
Proteome Database used for this study was 1491.

Protease prediction

The open-source tool for protease prediction Proteasix (www.
proteasix.org) was used for the analysis to link naturally occur-
ring peptides in urine to the proteases potentially involved in
their generation [26]. Proteasix uses information about naturally
occurring peptides, that is, the corresponding protein UniProt
identifier and start/stop amino acid position to predict potential
cleaving proteases. Proteasix retrieves information about cleav-
age sites from protease databases (MEROPS and BRENDA) con-
sidering also cleavage site restrictions (from the ENZYME
database). A list of predicted proteases is generated as a result
of the analysis.

Statistical methods

For statistical analysis, MedCalc software version 12.7.5.0 (SAS
Institute, Cary, NC, USA) was used. Correlations were calculated
using Pearson’s method and adjustment for confounding fac-
tors was performed using multiple regression analysis. A P-
value of 0.05 was selected as the significance level.
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RESULTS
Release of fetuin-A peptides in urine

We investigated the association of urinary fetuin-A peptides
that were identified previously and stored in the Human
Urinary Proteome Database [21]. In total, 14 fetuin-A peptides
were identified in urine of the cohort studied. As depicted in
Figure 1, these peptides showed a high degree of overlap, cover-
ing only the connecting peptide of the fetuin-A protein [from
amino acid (AA) 301–339, red sequence]. Interestingly, there was
no peptide found containing the C-terminus at AA position 340,
the last AA of the connecting peptide in the fetuin-A protein.
Most of the peptides demonstrated an inconspicuous cleavage
site at their N-terminus and some peptides also at their C-ter-
minus. We identified two fetuin-A peptides with their N-termini
at AA position 301, the beginning of the connecting peptide of
fetuin-A. In addition, two more peptides comprised an N-

terminus at AA position 303. Furthermore, there were seven
fetuin-A peptides with their C-termini at AA position 339 (C-ter-
minus of the connecting peptide) and three peptides with a C-
terminus at AA position 338, positions indicative of a specific
proteolytic cleavage site. Also, there were two peptides with
their N-termini at position 322, which could indicate another
specific proteolytic cleavage site between phenylalanine and
methionine (AA321 and AA322). The further peptides with a
stepwise decreasing AA number could be the result of non-
specific exopeptidase digests of their N-terminus.

By using bioinformatics approaches, like the open-source
tool Proteasix [26], on naturally occurring peptides as cleaved
end products, it is possible to track back the enzymes responsi-
ble for the generation of these peptides. The majority of human
proteases have several protein targets and likewise, one peptide
sequence might be cleaved by different proteases. By using
Proteasix for the search of fetuin-A as observed substrate, four

Table 1. Patient’s data

Characteristics Patients with DKD Patients without DKD Significance

Patients, n 647 844
Age (years) 64.43 6 11.19 58.77 6 8.66 **

eGFR (mL/min/1.73 m2) 49.36 6 22.33 75.71 6 15.01 **

UAE (mg/min) 370.38 6 784.16 21.16 6 34.94 **

BMI )kg/m2) 31.11 6 4.98 30.05 6 5.16 **

Fetuin-A peptide amplitude 1799.39 6 4016.43 389.59 6 487.38 **

Gender (male), % 53.06 61.10 **

Cardiovascular risk factors, % 30.76 7.23 **

Coronary artery disease, % 6.65 1.42
Dyslipidaemia, % 15.46 5.21
Heart failure, % 4.02 0.00
Hypertension, % 3.71 0.47
Arteriosclerosis, % 3.71 0.47

Age, eGFR, UAE, BMI and fetuin-A peptide amplitudes are presented as mean 6 SD.

**P<0.01.

1–18: Signal peptide 19–300: Alpha-2-HS-glycoprotein chain A 301–340: Connecting peptide 341–367: Alpha-2-HS-glycoprotein chain B

FIGURE 1: Identified endogenous human urinary fetuin-A peptides and their position in the fetuin-A protein sequence. Urinary fetuin-A peptides were previously iden-

tified from a large cohort of 1491 individuals and stored in the Human Urinary Proteome Database [21].
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different proteases were listed: caspase-6, plasmin, neutrophil
elastase (ELANE) and TMPRSS6 (http://proteasix.cs.man.ac.uk/
GUI_substrate/P02765.txt). However, for most of these pro-
teases, the cleavage sites do not fit exactly with the identified
peptides. Only the TMPRSS6 could be a possible protease for the
cleavage between AA337 and AA338 of fetuin-A [7]. To further
predict proteases possibly involved in the generation of the uri-
nary fetuin-A peptides, in silico protease prediction was per-
formed with Proteasix. The analysis yielded a list of 32
endopeptidases putatively responsible for the generation of the
identified fetuin-A peptides in urine (Supplementary data,
Table S1). From the 32 predicted proteases, 4 proteases were
most frequently selected (predicted protease in �50% of total
cleavage assignments), namely the calpains CAPN1 and CAPN2,
MMP7 and pepsin A-3 (PGA3). Furthermore, when focusing on
the potential cleavage sites (AA positions 301 and 339) of the
fetuin-A protein for the release of the connecting peptide,
CAPN1, CAPN2, MMP7 and PGA3 were predicted.
By consideration of the truncated N- and C-terminus of the
connecting peptide (AA positions 303 and 337), only the two
calpains (CAPN1 and CAPN2) remained as potential proteases
for release of the identified urinary fetuin-A peptides.
Interestingly, the observed protease TMPRSS6 (see above) was
not on the list of the predicted proteases.

Association of fetuin-A peptides with diabetic
complications

We used 1491 relevant proteome datasets from patients with
T2DM to examine urinary fetuin-A peptides in patients with
and without related comorbidities (DKD and cardiovascular
risk; see Table 1). Based on the assumption that all the fetuin-A
peptides depict the total fetuin-A protein abundance, we calcu-
lated the mean amplitude of all peptides in each data set. As
shown in Figure 2a, the mean fetuin-A peptide amplitude was
significantly (P< 0.0001) increased in T2DM patients with DKD
compared with those without kidney disease. Furthermore, we
investigated the levels of fetuin-A peptides in T2DM patients
suffering from any cardiovascular risk factors (like coronary ar-
tery disease, heart failure, arteriosclerosis, dyslipidaemia and
hypertension). The total cohort comprised 260 patients with
these risk factors, who also had significantly (P¼ 0.0007) higher

fetuin-A levels than diabetes patients without these risk factors
(Figure 2b).

To further investigate the association of fetuin-A with kid-
ney function, we correlated the mean peptide amplitudes with
the eGFR of all T2DM patients. As depicted in Figure 3a, a signifi-
cant negative correlation between fetuin-A peptides and the
eGFR was detected (r¼�0.316, P< 0.0001). Likewise, the correla-
tion of T2DM patients with kidney disease (n¼ 647) showed a
significant negative correlation (r¼�0.256, P< 0.0001). Urinary
albumin also showed a significant negative correlation with
eGFR, but with a lower correlation factor than with fetuin-A
peptides (Figure 3b; r¼�0.285, P< 0.0001). To verify that urinary
fetuin-A peptides were not depending on co-founding factors,
we used partial correlation analysis. After adjustment for uri-
nary albumin, cardiovascular risk factors, gender and age as
covariables, the mean amplitude of fetuin-A peptides is still sta-
tistically significantly associated with eGFR (r¼�0.230,
P< 0.0001). To investigate the added value of fetuin-A peptide
measurement to clinically used albuminuria, we generated a
model with multiple regression analyses with fetuin-A as an in-
dependent variable. As depicted in Figure 3c, the generated
model resulted in a correlation coefficient (r¼�0.354,
P< 0.0001) that was significantly higher (P¼ 0.045) than the cor-
relation with urinary albumin alone.

In the next step, we further examined the prognostic value
of fetuin-A levels in urine for kidney disease progression.
Within the total cohort, follow-up data of eGFR for 559 T2DM
patients were available. Based on these follow-up data, we cal-
culated the percentage slope per year of eGFR and correlated
these values with the fetuin-A peptides. As depicted in
Figure 4a, this resulted in a small but significant negative asso-
ciation (r¼�0.096, P¼ 0.0229). In contrast, urinary albumin was
not significantly correlated with eGFR slope (%) per year
(Figure 4b; r¼�0.071, P¼ 0.0954). After adjustment for the
remaining parameters (age, gender and cardiovascular risk), the
mean amplitudes of fetuin-A peptides remained significantly
associated with eGFR slope (%) per year (r¼�0.086, P¼ 0.0428).
By using the multiple regression model (UAEþ fetuin-A), the
added value of fetuin-A for albuminuria resulted in a significant
correlation (Figure 4c; r¼�0.117, P¼ 0.0057) with eGFR slope (%)
per year, in contrast to the non-significant correlation with al-
buminuria alone.

DISCUSSION

In previous studies, higher levels of fetuin-A in blood were asso-
ciated with an increased risk of T2DM development [27, 28]. The
underlying mechanism likely involved insulin resistance
caused by the impact of fetuin-A on diverse physiological pro-
cesses, for example, glucose transporter type 4 translocation
and protein kinase B (Akt) activation [27]. In addition, some
studies implicated fetuin-A as a potential biomarker for T2DM-
related complications, like NAFLD and cardiovascular disease
[29]. However, chronic kidney disease (CKD) is also a common
comorbidity of T2DM and therefore we supposed that there
might also be an association of fetuin-A with DKD. Due to the
fact that fetuin-A peptide levels are highly correlated in plasma
and urine [30], we used the Human Urinary Proteome Database
to investigate urinary fetuin-A protein fragments in T2DM
patients to illuminate this hypothesis.

Based on a large patient cohort (n¼ 1491), we were able to
determine a significant difference in the fetuin-A peptide levels
in T2DM patients with and without complications like DKD or
cardiovascular risk. Furthermore, our data showed that urinary
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levels of fetuin-A peptides are correlated with kidney function,
determined by eGFR, better than albuminuria. Also, based on a
subset of patients with follow-up data (n¼ 560), we were able to
demonstrate that fetuin-A peptide levels are negatively corre-
lated with eGFR slope, indicating further development of kidney
function. The association of urinary fetuin-A with eGFR decline
does not appear to be clinically meaningful but demonstrates
that the fetuin-A peptide levels increase earlier than albumin-
uria appears during DKD progression. Therefore the fetuin-A
measurement can provide an added value to urinary albumin
measurement in the clinical routine, provided that the conver-
sion of urinary albumin from milligrams per litre, assuming a
diuresis of 1500 mL/day, does not decrease the potential of UAE
in our study.

The findings of this study could be indirectly confirmed
with previous studies because some fetuin-A peptides are also
included in the peptide-based classifier CKD273 [31]. This
classifier was validated in several studies for the early diagno-
sis and prediction of CKD progression [32, 33] as well as predic-
tion of the cardiovascular outcome in diabetes patients [34]. In
general, these studies showed that using a large number of
clinical and proteomics data available at the Human Urinary
Proteome Database can be very useful for the evaluation of
specific urinary peptide levels under different disease
conditions.

The identification of urinary naturally occurring fetuin-A
peptides can also provide further insights into the cleavage of
the fetuin-A protein. All identified endogenous peptides were
derived from the connecting peptide linking the A chain and
the B chain of the fetuin-A protein (see Figure 1). This fact veri-
fies the hypothesis that the connecting sequence is cleaved in a
post-translational step by proteolysis before fetuin, as A and B
chains joined by a disulphide bond, is released into the circula-
tion [1, 35]. Furthermore, the highest AA number of the identi-
fied urinary peptides ends at position 339 of the fetuin-A
protein and not at position 340. This was also found in other
studies [3, 36] and underlined that the endoproteolytic cleavage
of the C-terminus and the exoproteolytic removal of arginine at
position 340 are closely associated with the site of biosynthesis
in the hepatocytes [2] and most probably do not occur in the
plasma and urine as well.

The study of Nawratil et al. [3] demonstrated that chymo-
trypsin cleaves the Leu–Leu bond flanking the N-terminal por-
tion of the connecting peptide region and the C-terminus of this
generated fetuin-A peptide is at AA position 321 [undefined].
This is in accordance with our findings that there might be a
specific proteolytic cleavage site between phenylalanine and
methionine (AA321–AA322). However, the cleavage site of the C-
terminus from the connecting peptide could not be identified in
the previous study. Furthermore, we can confirm a cleavage of
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the truncated C-terminus between the position at AA337 and
AA338 with three of the identified fetuin-A peptides [3].
However, the in silico analysis with Proteasix did not suggest
TMPRSS6 for this cleavage site, but calpains (CAPN1 or CAPN2)
or plasminogen. Our findings that CAPN1 or CAPN2 are poten-
tial proteases for the release of the identified fetuin-A peptides
are not shown directly in previous studies. Due to the fact that
calpains are intracellular proteinases and fetuin-A is an extra-
cellular protein secreted predominantly by the liver, their inter-
action under physiologic conditions is questionable. However,
in a study by Mellgren et al. [37], this interaction was investi-
gated [undefined]. Furthermore, it also clearly outlined the con-
tribution of calpains to chronic complications of diabetes
mellitus, such as DKD [37]. For example, extracellular calpains
(triggered by their inhibitor calpastatin) contribute to tubule re-
pair, partly by inducing epithelial cell migration, whereas intra-
cellular calpains triggered by synthetic inhibitors PD150606 and
E-64 participate in tubule injury, partly by increasing oxidative
stress [38, 39].

Additionally, MMP7 was previously demonstrated to play a
role in the release of fetuin-A peptides in urine [4, 5]. These
findings can also be confirmed with our study. We found
several MMPs potentially responsible for production of the iden-
tified urinary fetuin-A peptides. However, MMP7 was the

protease involved with the highest frequency (57%) of all
cleavages. Elevated serum MMP7 levels have already been previ-
ously found in patients with T2DM, diabetic renal disease and
diabetic diastolic dysfunction [40, 41] and therefore this
protease seems to be one of the best prospects for the cleavage
of the connecting peptide and the activation of fetuin-A.
Furthermore, MEP1A was previously reported to be a potential
protease for fetuin-A [6, 42]. In our in silico analysis we also iden-
tified MEP1A. However, the cleavage frequency of MEP1A was
only 29% and we found other proteases with higher cleavage
frequencies for the identified urinary peptides. Furthermore, we
also identified PGA3 as a potential protease for fetuin-A, but
this finding was not reported before. Pepsin is synthesized in
the gastric mucosa and secreted into the stomach as the zymo-
gen pepsinogen and has its pH optimum at 1.5–2. Therefore it
seems unreasonable that this protease could be involved in the
digestion of fetuin-A. However, a small amount of pepsinogen
was also found in the bloodstream and secreted in the urine;
the latter is sometimes referred to as uropepsinogen [43, 44].
Furthermore, a previous study by Senmaru et al. [45] showed
that serum pepsinogen ratios are correlated with albuminuria
in patients with T2DM. Therefore PGA3 might also be a possi-
ble protease for the digestion of fetuin-A, notably with respect
to the association with DKD. However, all predicted protease
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activities have to be confirmed by lab-based generated evi-
dence, particularly if there is no relation to the cleavage of
fetuin-A reported.

In conclusion, the urinary proteome analysis demonstrated
the association of fetuin-A peptides with impaired kidney
function in T2DM patients. Furthermore, fetuin-A peptides
displayed progression to kidney disease earlier than albumin-
uria and can be used as new markers for kidney dysfunction.
Furthermore, this study provides more detailed insights into
the mechanisms of how fetuin-A can potentially be cleaved to
release its connecting peptide.
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