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a b s t r a c t
Aims: Cathepsin D (CTSD) and L (CTSL) are lysosomal proteases which degrade and detoxify advanced glycation
end product (AGE)-modiﬁed proteins which are predictive of the development of diabetic nephropathy. We
aimed to quantify cathepsin levels in urine from patients with type 2 diabetes and to relate these to the amount
of urinary free AGEs at baseline and with kidney function after four years of follow-up in this closed cohort study.
Methods: We established and validated a LC MS/MS method for the quantiﬁcation of CTSD and CTSL in urine. Patients with type 2 diabetes were screened for diabetic kidney disease and 141 patients were seen at baseline and
after four years. CTSD and CTSL and free AGEs were quantiﬁed in urine by LC MS/MS at baseline in these patients.
Results: The detection limit of CTSD and CTSL in urine was 2.4 ng/l and 19.1 ng/l, respectively. CTSD (p b 0.0001, r =
0.555) and CTSL (p b 0.0001, r = 0.608) correlated positively with albuminuria at time of recruitment. In addition
levels of the proteases but not albuminuria correlated with urinary levels of the major cross-linking AGE
glucosepane (CTSD: p = 0.012, r = 0.225; CTSL: p b 0.001, r = 0.376). A strong non-linear association between
CTSD (r = 0.568), CTSL (r = 0.588) and change in albuminuria over four years was present. High levels of CTSL
(p = 0.007, beta = −0.366) were associated with an improvement of albuminuria after four years.
Conclusions: A sensitive LC MS/MS assay for the quantiﬁcation of CTSD and CTSL in urine was established. High
CTSL baseline levels were associated with an improvement in albuminuria at follow-up. An increased excretion
and thus detoxiﬁcation of the free form of the pathogenic cross-linking AGE glucosepane could explain the positive
predictive value of high CTSL levels on albuminuria.
© 2020 Elsevier Inc. All rights reserved.

1. Introduction
Cathepsin D (CTSD) and L (CTSL) are major lysosomal proteases responsible for the general protein turnover in soft tissue and are abundant
in the distant- and proximal tubule cells of the kidney, respectively.1–3
Both CTSD and CTSL are able to digest and protect from advanced
Abbreviations: AGEs, advanced glycation end-products; ARGP, argpyrimidine; ASA,
acetylsalicylic acid; BMI, body mass index; CEL, carboxy ethyllysine; CML, carboxy
methyllysine; CTSD, cathepsin D; CTSL, cathepsin L; CVD, cardiovascular disease; DTT,
dithiotreitol; eGFR, estimated glomerular ﬁltration rate; FL, fructosyllysine; FPG, fasting
plasma glucose; GH1, glyoxal hydroimidazolone 1; HbA1C, glycated hemoglobin; hsCRP, high sensitive C-reactive protein; LOD, limit of detection; LOQ, limit of quantiﬁcation;
MGH1, methylglyoxal hydroimidazolone 1; MOLD, methylglyoxal-lysine dimer; MRM,
multiple reaction monitoring; RAAS, renin-angiotensin-aldosterone system; TFA,
Triﬂuoracetic acid.
⁎ Corresponding author at: Department of Internal Medicine I and Clinical Chemistry,
University Hospital Heidelberg, Im Neuenheimer Feld 410, 69120 Heidelberg, Germany.
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glycation end product (AGE) modiﬁed substrates and it was previously
shown that CTSL levels are elevated when AGE modiﬁed proteins increase in kidneys from diabetic rats.4,5 Thus, elevated levels of CTSD
and CTSL may reduce the amount of protein bound AGEs, resulting in
an elevated excretion of free AGEs, meaning AGEs not bound to proteins.
Nevertheless, the proteases may also contribute to kidney disease as
overexpression of CTSL exacerbates markers of diabetic nephropathy
while the inhibition of CTSD reduces ﬁbrosis in mice.6–9 It has also
been shown that CTSL activity levels in serum correlate with albuminuria
in patients with chronic kidney disease.10 However, CTSD and CTSL levels
have not yet been analysed in patients with diabetic nephropathy and
the potential of these proteases as prognostic markers of kidney function
has not been investigated.
Considering the current data on lysosomal proteases in experimental diabetic nephropathy we aimed to investigate whether urinary
CTSD and CTSL levels are associated with traditional markers of kidney
function in diabetic nephropathy and whether they can predict future
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development of these markers. Furthermore AGEs are associated with
diabetic nephropathy while CTSD and CTSL can degrade AGE modiﬁed
proteins possibly reducing the toxic effect of AGEs.11 Thus, we aimed
to quantify CTSD, CTSL as well as free-AGEs in urine by LC MS/MS to determine whether a connection between urinary AGE levels and urinary
CTSD and CTSL levels exist and whether these are related to traditional
measures of kidney disease.
A LC MS/MS method was established and validated for the parallel
quantiﬁcation of CTSD and CTSL in urine after trypsin digestion. In silico
digestion was combined with a search of the proteomics database
PeptideAtlas to identify suitable peptides. Stable isotopically labelled
versions of the tryptic peptides were employed as internal standards.
These provide a performance comparable to isotopically labelled
proteins.12 The quantiﬁcation of a panel of eight urinary free AGEs was
carried out using established methods as previously described.13 Samples from 141 patients with type 2 diabetes which was previously described at time of recruitment and after four years of follow up were
analysed in this closed cohort study.14–16
2. Methods
2.1. Patient selection
The procedure for the patient selection for the original trial
(Clinicaltrials.gov-No: NCT00263419) was described in detail
previously. 14 The main inclusion criteria was the presence of diabetic kidney disease with microalbuminuria in two separate urine
samples deﬁned as albumin-creatinine-ratio N 20 mg/g or albumin
excretion rate N 30 mg/24 h. For the original study a total of 694 patients were screened of which 110 were randomised for the trial
while 43 refused randomisation but were available for a longitudinal observational follow-up study. The samples used here are from
this part of the study. Of the combined 153 people 12 were lost to
follow-up after 1 year (too ill, declined or moved away) resulting
in a total of 141 patients for the baseline measurements (1 year
follow-up of stress relief study). Of the 141 patients 102 were
seen again 4 years after the baseline measurement (5 year followup of stress relief study).
2.2. Clinical chemistry
Blood samples were taken on the day of visit and routine blood and
urine parameters were analysed in the Clinical Laboratory of the University of Heidelberg using standardized and certiﬁed methods. The following parameters were quantiﬁed from blood samples: Fasting plasma
glucose (FPG), glycated hemoglobin (HbA1c), triglyceride, cholesterol
and high sensitive c-reactive protein (hs-CRP). Estimated glomerularﬁltration-rate (eGFR) was calculated from creatinine levels in plasma
using the CKD-EPI-formula.17 Albumin, alpha-1-microglobulin and creatinine were quantiﬁed in urine. As previously described 24-h urine
samples were collected on 3 consecutive days for measurement of albumin and creatinine excretion and the mean value of the three measurements was calculated.14,15

picomol of isotopically labelled proteotypic peptide for CTSD
(sequence P-CTSD: LVDQNIFSFYLSR, sequence isotopically labelled
P-CTSD-H: LVDQNIFSFYLSR[ 13 C6 15 N4]) and CTSL (sequence PCTSL: AVATVGPISVAIDAGHES-FLFYK, sequence isotopically labelled P-CTSL-H: AVATVGPISVAIDAGHESFLFYK[D9]). Proteins
were reduced with DTT and alkylated with iodoacetamide as this
improves the digestion efﬁciency.19 Reduction of samples was carried out in 60 μl by addition of 2.5 μl of DTT (40 mg/ml; ﬁnal concentration 1.5 mg/ml) for 60 min at 37 °C followed by alkylation
with 10 μl of Iodoacetamide (40 mg/ml; ﬁnal concentration 5
mg/ml) for 30 min at 37 °C and quenching of remaining alkylating
reagent for 30 min at 37 °C by addition of DTT (40 mg/ml; ﬁnal
concentration 6 mg/ml).
Ammonium bicarbonate (1 ml, 50 mM) was added to yield a ﬁnal
concentration of b1 M urea. Samples were digested over night at 37 °C
by addition of trypsin (Promega; V5117) at a protease/protein ratio of
1/30. Samples were acidiﬁed by addition of 150 μl of 5% triﬂuoracetic
acid (TFA)/water (v/v). Spin columns (C18 based MonoSpin GL Sciences, Cat. No.: 5010–21,700) were washed and equilibrated with
0.1% TFA/acetonitrile (ACN) and 0.1% TFA/water and samples were
loaded onto the columns, washed with 0.1% TFA/water, eluted by addition of 0.1% TFA/ACN and freeze dried.
2.4. LC MS/MS analysis of cathepsins
A 9 point standard curve ranging from 0 to 250 nM (1/2 dilution factor) with the internal standard at 200 nM was created. Samples were resuspended in 50 μl of 20% of ACN/water (0.1% formic acid) and 3.0 μl of
standard and sample were injected. Chromatography was carried out
on an Acquity UPLC I equipped with a C18 column (Waters, Acquity
UPLC BEH C18, 1.7 μm 2.1x100mm) and a pre-column (Waters, Acquity
HSS T3 1.8 μm VanGuard, 2.1 × 5 mm, 1.7 μm) at 30 °C and a ﬂow rate of
0.2 ml/min. Solvents used for UPLC were water with 0.1% formic acid
(A) and acetonitrile with 0.1% formic acid (B). A linear gradient from
20% to 50% B for 10 min was run. Flow was switched two 0% B for 2
min followed by a 10 min gradient to 100% B and 3 min equilibration
at 20%. Analysis was carried out on a triple quadrupole tandem mass
spectrometer using electrospray ionization (Xevo TQ-XS, Waters,
USA). The following parameters were used for LC MS/MS analysis. Ionization source temperature and the desolvation temperature were set to
150 °C and 250 °C, respectively. Cone gas ﬂow was 150 l/h while
desolvation gas ﬂow was 600 l/h. Capillary voltage was set to 2.70 kV.
Fragmentation patterns, cone voltage and collision energy were as
follows:
P-CTSD: Quantiﬁer, 801.7 N 919.6, 58, 26 Qualiﬁer, 801.7 N
1032.7, 58, 26
P-CTSD-H: Quantiﬁer, 806.8 N 929.6, 2, 24 Qualiﬁer, 806.8 N
1400.0, 2, 24
P-CTSL: Quantiﬁer, 798.3 N 976.4, 4, 18 Qualiﬁer, 798.3 N
1112.0, 4, 14
P-CTSL-H: Quantiﬁer, 801.2 N 980.8, 2, 20 Qualiﬁer, 801.2 N
1116.4, 2, 18
2.5. Urinary analysis of AGEs

2.3. Sample preparation and digestion for cathepsin analysis
Protein from 4 ml of urine from diabetic patients was precipitated on
ice by addition of 80 μl of deoxycholic acid (2% v/v), followed by
vortexing and addition of 1.3 ml of 40% TCA. Samples were incubated
for 30 min on a shaker at 4 °C and centrifuged for 30 min at 4 °C. The precipitate was washed with ice cold acetone once and the pellet was dried
at room temperature.
Samples were re-suspended in 80 μl of 8 M urea/0.5 M Tris HCl
pH 8.0. Protein concentration was determined by BCA assay which
correlates well with the gold standard of amino acid quantiﬁcation
in urine samples. 18 100 μg of each sample was spiked with 10

Urinary free AGEs were determined by isotope dilution, tandem
mass spectroscopy, as previously described.13 Brieﬂy, an aliquot of
urine (50 μl) was diluted to 500 μl with water and ﬁltered by microspin
ultraﬁltration (10 kDa cut-off) at 14000 rpm for 30 min at 4 °C. The ultraﬁltrate was then retained for the free adduct analysis. An aliquot of
the ultraﬁltrate (ca.25 μl) was spiked with an equal volume of 0.2%
TFA in water containing the isotopic standards (5–25 pmol). Normal
and isotopic standards were either purchased (Cambridge Isotope, Polypeptide Laboratories, Iris Biotech) or prepared in-house, as described
previously.20,21 Samples were then analysed by LC MS/MS using an
ACQUITY ultra-high-performance liquid chromatography system with
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a Xevo-TQS LC MS/MS spectrometer (Waters). Two 5 μm HypercarbTM
columns (Thermo Scientiﬁc) in series were used: 2.1 × 50 mm, ﬁtted
with a 5 × 2.1 mm pre-column, and 2.1 × 250 mm. The mobile phases
were 0.1% TFA in water and 0.1% TFA in 50% water. The column temperature and ﬂow rate were 30 °C and 0.2 ml/min, respectively. Analytes
were eluted using a two-step gradient and the columns washed after
each sample with 0.1% TFA in 50% THF, as described previously.13
AGEs, including oxidation and nitration markers, were detected by
electrospray positive ionization with multiple reaction monitoring
(MRM). The ionization source temperature was 150 °C and the
desolvation temperature was 500 °C. The cone gas and desolvation gas
ﬂows were 150 and 1000 l/h, respectively. The capillary voltage was
0.5 kV. Molecular ion and fragment ion masses, as well as cone voltage
and collision energizes were optimized to ±0.1 Da and ± 1 eV for
MRM detection of the analytes. Acquisition and quantiﬁcation was completed with MassLynx 4.1 and TargetLynx 2.7 (Waters®).
2.6. Statistical analysis
Multivariable linear regression analysis was carried out using SPSS
(SPSS Statistics, IBM, Version 24). Patients lost to follow-up (n = 39)
were included in the baseline parameter measurements. In order to determine whether bias was introduced due to this loss we compared
eGFR (ml/min/1.73m2) and urinary albumin levels (mg/g) at baseline
between those patients lost to follow-up and those present. Neither
eGFR levels nor albumin levels differed signiﬁcantly (data not shown).
Since values for alpha-1-microglobulin were below the detection
limit for a large amount of the patients the parameter was excluded
from multivariable analysis. Univariable linear regression analysis was
carried out for signiﬁcant correlations to conﬁrm the result. A threshold
of p b 0.05 was considered to be signiﬁcant.

3

3.3. Cathepsins correlate strongly with albuminuria at baseline
Urinary CTSD, CTSL and AGE levels were quantiﬁed in a cohort of
141 patients with type 2 diabetes and diabetic kidney disease. All
urinary values were corrected for creatinine levels. Multivariable linear regression analysis was carried out with CTSD and CTSL set as dependent variable. Baseline characteristics (Table 1), except for alpha
1-microglobuline including levels of 6 AGEs (argpyrimidine (ARGP),
CEL (carboxy ethyllysine), CML (carboxy methyllysine), G-H1
(glyoxal hydroimidazolone 1), glucosepane, MG-H1 (methylglyoxal
hydroimidazolone 1), MOLD (methylglyoxal-lysine dimer)) and the
AGE precursor fructosyllysine (FL) were chosen as dependent variables. The marker alpha-1-microglobulin was quantitated as an
indicator for damage of the proximal tubule. It was not included in
the multivariable analysis as levels were below the detection limit
for approximately half of the cohort (n = 66). When employing
univariable linear regression analysis alpha-1-microglobulin were
positively and more strongly associated with CTSD (r = 0.316; p =
0.01) and CTSL (r = 0.502; p b 0.0001) than with albuminuria (r =
0.26; p = 0.0253). Both, CTSD and CTSL correlated strongly and positively with albuminuria and glucosepane levels in multivariable
analysis (Table 2). Weak correlations were seen with hs-CRP for
both proteases while CML levels correlated with CTSL, only. Urinary
levels of CTSD (Fig. 1 A) and CTSL (Fig. 1 B) were signiﬁcantly higher
in patients with albumin levels N300 mg/g while CTSL levels were
also signiﬁcantly higher in patients present with albuminuria between 30 and 300 mg/g.
The correlations of CTSD and CTSL with albuminuria (Fig. 1 C and D) as
well as the correlations with glucosepane and hs-CRP were conﬁrmed by
univariable linear regression analysis (Fig. 1 E-H). Neither glucosepane
nor hs-CRP correlated with albuminuria in univariable or multivariable
analysis (data not shown). Also, no correlation of glucosepane with hs-

3. Results
3.1. Establishment of quantiﬁcation of CTSD and CTSL by LC MS/MS analysis
The peptides chosen to be quantiﬁed representative for CTSL and
CTSD (proteotypic peptide) were derived from the heavy chain region
of CTSD and CTSL. Thus all active forms of the proteases were quantiﬁed.
As cysteine and methionine oxidize easily, peptides containing these
amino acids were avoided.22The proteotypic peptides from amino acid
223–235 of CTSD and amino acids 238–260 for CTSL fulﬁl requirements
given above. In addition these peptides represent the most frequently
observed peptide in proteomics experiments for urine according to
the database at peptideatlas.org.
3.2. Validation of method
The method showed good linearity over the range of the standard
curve. The limit of detection (LOD) and limit of quantiﬁcation (LOQ)
were determined as a signal to noise ratio of 3 for LOD and 10 for LOQ.
Levels for LOD were 2.4 ng/l (CTSD) and 19.1 (CTSL) and LOQ levels
were 8.0 (CTSD) and 63.8 ng/l (CTSL). The sensitivity is superior to currently available ELISAs for cathepsin D and cathepsin L.
Reproducibility was determined by repeated injection from the
same vial and a CV of 0.01 was obtained. Precision was determined on
a urine sample with six repetitions carried out per sample each of
which had undergone the entire sample preparation procedure starting
with protein precipitation. The intraassay CV was 0.08 and 0.11 while
the interassay CV was 0.12 and 0.13 for CTSD and CTSL, respectively.
Samples were spiked with pure CTSD (abcam, ab91123) and CTSL
(abcam, ab174030) into albumin solution at three concentrations to determine accuracy. Recovery lay between 84.6% and 106.7% for CTSD and
86.8% to 92.8% for CTSL. In order to test the accuracy in the actual matrix
CTSD and CTSL was spiked into urine. Recovery in urine sample was at
96.6% (CTSD) and 118.1% (CTSL).

Table 1
Baseline characteristics (n = 141).
Patient characteristics

Mean ± SEM or n

Age (years)
Gender f/m (n)
BMI (kg/m2)
Diabetes duration (years)
Cardiovascular disease (n, yes (%))

59.7 ± 0.6
29/110
33.5 ± 0.5
12.0 ± 0.7
35 (25.2)

Clinical chemistry
FPG (mmol/l; mg/dl)
HbA1c (mmol/mol; %)
Albumin (mg/g)
Alpha 1-microglobulin (mg/mmol)
eGFR (ml/min/1.73m2)
Triglycerides (mg/dl)
Cholesterol (mg/dl)
hs-CRP (mg/l)

Mean ± SEM
8.5 ± 0.3; 153 ± 4.4
56.9 ± 1.1; 7.4 ± 0.1
159.5 ± 44.8
2.0 ± 0.1
86.0 ± 1.7
197.4 ± 11.3
187.78 ± 3.1
3.8 ± 0.4

Medication
Oral antidiabetics
Insulin therapy
RAAS Inhibitors
ASS therapy
Statin therapy

n, yes (%)
101 (73)
88 (64)
128 (92.1)
81 (58.3)
83 (59.7)

AGEs
ARGP (nmol/mg)
CEL (nmol/mg)
CML (nmol/mg)
FL (nmol/mg)
GH1 (nmol/mg)
Glucosepane (nmol/mg)
MGH1 (nmol/mg)
MOLD (nmol/mg)

Mean ± SEM
0.14 ± 0.01
14.5 ± 0.4
7.7 ± 0.3
42.2 ± 1.5
1.0 ± 0.03
2.0 ± 0.06
42.5 ± 2.4
0.2 ± 0.01

Protease levels
CTSD (nmol/g)
CTSL (nmol/g)

Mean ± SEM
1.4 ± 0.1
1.0 ± 0.1
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Table 2
Multivariable linear regression analysis with CTSD (left columns) and CTSL (right columns) set as dependent variable. Data sets labelled with # were log transformed for
analysis.
CTSD (nmol/g)

Age (years)
Gender (f/m)
BMI (kg/m2)
CVD (y/n)
Diabetesduration (years)
HbA1C (mmol/mol)
FPG (mmol/l)
eGFR (ml/min/1.73 m2)
Albumin (mg/g) #
hs-CRP (mg/l) #
Triglycerides (mg/dl)
Cholesterol (mg/dl)
Oral antidiabetics (y/n)
Insulin therapy (y/n)
RAAS inhibitors (y/n)
ASA therapy (y/n)
Statin therapy (y/n)
ARGP (nmol/mg)
CEL (nmol/mg)
CML (nmol/mg)
FL (nmol/mg)
GH1 (nmol/mg)
Glucosepane (nmol/mg) #
MGH1 (nmol/mg)
MOLD (nmol/mg)

CTSL (nmol/g)

Beta

t

p

Beta

t

−0.093
0.052
−0.134
−0.175
−0.123
0.002
−0.005
−0.036
0.488
0.203
0.053
−0.016
−0.039
0.089
0.080
0.097
0.103
−0.048
0.158
−0.210
−0.070
0.005
0.256
0.158
−0.069

−0.775
0.531
−1.479
−2.227
−1.340
0.021
−0.051
−0.282
5.699
2.374
0.556
−0.177
−0.366
0.852
0.968
1.175
1.134
−0.460
1.410
−1.874
−0.597
0.040
2.699
1.064
−0.680

0.440
0.596
0.142
0.028
0.183
0.983
0.959
0.779
0.000
0.020
0.580
0.860
0.715
0.397
0.336
0.243
0.259
0.647
0.162
0.064
0.552
0.968
0.008
0.290
0.498

−0.042
−0.038
−0.038
−0.107
−0.146
0.090
0.036
−0.049
0.515
0.165
0.041
−0.111
−0.087
0.019
0.085
0.078
−0.039
0.069
0.124
−0.295
0.050
0.026
0.308
0.022
0.028

−0.407
0.685
−0.475
0.635
−0.473
0.637
−1.639
0.104
−1.894
0.061
1.021
0.309
0.409
0.683
−0.467
0.642
6.973
0.000
2.231
0.028
0.511
0.611
−1.444
0.152
−0.974
0.332
0.209
0.835
1.191
0.236
1.094
0.276
−0.516
0.607
0.785
0.434
1.290
0.200
−2.993
0.003
0.506
0.614
0.227
0.821
3.727 b0.001
0.184
0.854
0.332
0.740

p

CRP was present (data not shown). The association of CTSL with CML was
not present in univariable regression analysis. Several of the urinary AGEs
correlated with each other (data not shown). In particular, the cross-link
glucosepane correlated positively with the glucose lysine adduct FL in
univariable linear regression analysis (r = 0.39; p b 0.001) giving support
to an enhanced formation of the cross-link under high glucose conditions
in vivo.
3.4. Urinary cathepsins as a prognostic marker for kidney function
Next we used multivariable linear regression analysis to determine
whether any of the variables were associated with changes in the

glomerular ﬁltration rate between the baseline visit and the four year
follow-up. Albuminuria did not correlate with changes in eGFR
(ΔeGFR) in multivariable or in univariable linear regression analysis.
Statin therapy (beta = −0.390, p = 0.006) and CTSD (beta =
−0.588, p = 0.007) displayed the strongest association with ΔeGFR in
multivariable analysis. However, CTSD levels did not correlate with
ΔeGFR in univariable linear regression analysis. Also when statin
therapy was removed from multivariable regression analysis no
correlation between CTSD and change in ﬁltration rate was seen,
conﬁrming that the interaction with ΔeGFR is dependent on statin
therapy.
The change in eGFR was signiﬁcantly higher in patients receiving
statins compared to those not on statin therapy (Fig. 2 A). Only weak associations were seen for hs-CRP, CML and Argpyr with ΔeGFR in multivariable analysis and these were not present in univariable regression
analysis (data not shown). In order to validate the connection between
the use of statins and ΔeGFR multivariable regression analysis was repeated. Only those patients were included whose medication status
with regard to statin use did not change over four years. Signiﬁcance
dropped (beta = −0.450, p = 0.069) possibly in connection to the decrease in sample size (n = 102 vs. n = 61). Nevertheless statin use
remained the strongest predictor for a decline of eGFR (data not
shown).
No linear correlation was seen with changes in albumin excretion
rates when both CTSD and CTSL were analysed together in the multivariable model (data not shown). However, when proteases were analysed
separately from each other (Table 3), weak and strong inverse correlations with changes in albumin excretion were seen for CTSD and CTSL,
respectively. The association between CTSL and delta albuminuria was
also present in univariable linear regression (p = 0.012; r = 0.252).
The association with albuminuria was much stronger, both for CTSD
and CTSL when a quadratic function rather than a linear function was
ﬁtted (Fig. 2 B and C). Levels of CTSD and CTSL were higher in those patients where albuminuria levels improved over four years rather than
worsened. In support of this observation CTSL levels are higher in
those patients in which albuminuria improves signiﬁcantly (-Alb N30
mg/g) after four years compared to those in which albuminuria worsened (+Alb N30 mg/g) (Fig. 2 D). A similar trend was also observed
for CTSD. Correlations for other parameters signiﬁcant in multivariable
analysis were not signiﬁcant in univariable analysis except for CML
which was weakly associated with changes in albuminuria.

Fig. 1. Urinary cathepsin levels in diabetic patients were separated according to albumin excretion. CTSD (A) and CTSL levels (B) are higher in patients with albuminuria between 30 and
300 mg/g vs. b30 mg/g (†, p b 0.001) and those with albuminuria ≥30 mg/g – 300 mg/g (‡, p b 0.001). CTSL levels were also higher for patients with urinary albumin levels b30 mg/g vs.
those with albuminuria of ≥30 mg/g – 300 mg/g (*, p b 0.001). Levels of CTSD (C) and CTSL (D) correlate strongly with albuminuria. CTSD- (A) and CTSL levels (B) correlate with
glucosepane levels. Signiﬁcance (top) and Pearson correlation coefﬁcient r (bottom) are indicated. Similarly a correlation for CTSD (C) and CTSL levels (D) with hs-CRP levels was
present. Values are given +/− SEM for A and B. Signiﬁcance (top) and Pearson correlation coefﬁcient r (bottom) are indicated for C\
\H.
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Fig. 2. The decrease in eGFR over four years is higher in patients receiving statins (A, ‡, p b 0.01). The association of CTSD (B) and CTSL (C) with changes in albuminuria describes a quadratic
function. Levels of CTSL (†, p b 0.05) and CTSD (*, p = 0.10) were higher in those patients with signiﬁcant improvements of albuminuria vs. those with worsening of albuminuria (D).

4. Discussion
We developed a sensitive and speciﬁc assay for the quantiﬁcation of
CTSL and CTSD in urine. The assay features higher sensitivity than currently available ELISAs and is more speciﬁc than the application of activity assays. The assay was applied to investigate the association of
urinary CTSD and CTSL with kidney function in patients with type 2 diabetes as well as their value for the prognosis of kidney function. Cathepsin levels correlated strongly and positively with albuminuria at
baseline. Previous cross-sectional observational studies reported an association of CTSL with proteinuria in patients with chronic kidney disease and acute kidney disease.10,23
No previous studies have investigated the prognostic properties of
CTSD and CTSL on kidney function. Interestingly high urinary CTSL
levels at baseline were the strongest predictor of improvement of albuminuria in the four year follow-up and a similar trend was seen for
CTSD. In previous studies in mice a mechanistic involvement of CTSD
and CTSL in the development of ﬁbrosis and albuminuria was
proposed.7–9 Here we see a positive effect of high urinary CTSL and
CTSD levels on albuminuria. A potential explanation for the positive effect of CTSD and CTSL on albuminuria is the positive association of the
proteases with the free, meaning not protein bound, form of the major
cross-linking AGE glucosepane. Elevated levels of CTSD and CTSL may
directly contribute to an elevated excretion of free glucosepane since
these proteases are able to digest AGE modiﬁed proteins.5 This leads
to the urinary excretion of free AGEs and could reduce the amount of
AGEs bound to proteins. The ﬁnding that the excretion of free levels of
glucosepane did not correlate with albuminuria underlines the speciﬁcity of the effect for the proteases.
Protein bound AGEs have previously been associated with the development of diabetic complications including diabetic nephropathy, diabetic neuropathy and diabetic retinopathy.11 In contrast to the previous
study only some urinary free AGEs displayed correlations with albuminuria and eGFR in multivariable analysis but these were not conﬁrmed in
univariable analysis. This underlines the importance of the type of AGEs

studied. While the previous study looked at protein-bound AGEs, indicative of the glycation burden over time, free AGEs in urine were quantiﬁed
in the current study. These can be considered to be indicators of the
amount of toxic AGEs released from the organism.24

Table 3
Multiple linear regression analysis with Δalbumin set as dependent variable and CTSD
(left columns) and CTSL (right columns) included in the analysis. Data sets labelled with
# were log transformed for analysis.
ΔAlbumin (mg/g) #

Age (years)
Gender (f/m)
BMI (kg/m2)
Diabetesduration (years)
CVD (y/n)
HbA1C
FPG (mmol)
eGFR (ml/min*1.73 m2)
Albumin (mg/g) #
hs-CRP (mg/l) #
CTSD (nmol/g)
CTSL (nmol/g)
Triglycerides (mg/dl)
Cholesterol (mg/dl)
Oral antidiabetics (y/n)
Insulin therapy (y/n)
RAAS inhibitors (y/n)
ASA therapy (y/n)
Statin therapy (y/n)
ARGP (nmol/mg)
CEL (nmol/mg)
CML (nmol/mg)
FL (nmol/mg)
GH1 (nmol/mg)
Glucosepane (nmol/mg) #
MGH1 (nmol/mg)
MOLD (nmol/mg)

Beta

t

p

Beta

t

p

0.021
−0.026
−0.038
−0.093
0.024
0.154
0.029
−0.035
−0.190
0.332
−0.267
–
−0.066
0.020
−0.212
0.041
0.025
0.068
−0.326
0.207
0.548
−0.444
−0.209
0.584
−0.003
−0.571
−0.205

0.127
−0.168
−0.275
−0.692
0.205
0.931
0.173
−0.206
−10.345
2.502
−10.924
–
−0.484
0.171
−1.321
0.274
0.223
0.567
−2.422
1.299
3.205
−2.505
−1.240
2.807
−0.024
−2.342
−1.427

0.899
0.867
0.784
0.491
0.839
0.355
0.863
0.838
0.183
0.015
0.059
–
0.630
0.865
0.191
0.785
0.824
0.573
0.018
0.199
0.002
0.015
0.219
0.007
0.981
0.022
0.158

−0.019
−0.033
−0.059
−0.081
0.032
0.109
0.110
−0.102
−0.122
0.369
–
−0.366
−0.044
0.007
−0.192
−0.051
0.036
0.134
−0.299
0.147
0.492
−0.549
−0.138
0.495
0.010
−0.417
−0.139

−0.122
−0.241
−0.463
−0.650
0.302
0.713
0.693
−0.655
−0.887
3.003
–
−2.790
−0.361
0.059
−1.298
−0.371
0.335
1.183
−2.402
0.971
3.069
−3.130
−0.894
2.456
0.073
−1.879
−1.058

0.903
0.810
0.645
0.518
0.763
0.479
0.490
0.515
0.378
0.004
–
0.007
0.719
0.953
0.199
0.712
0.739
0.241
0.019
0.335
0.003
0.003
0.374
0.017
0.942
0.065
0.294
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It is unknown whether high urinary levels of CTSD and CTSL are indicative of higher expression levels, an elevated release from tissue or
impaired tubular function. The latter may be the case since neither
CTSD (43 kDa/38 kDa; +/−propeptide) nor CTSL (36 kDa/24 kDa; +/
− propeptide) are expected to be retained by the glomerulus so that
they are a marker of tubular function. In line with this both CTSD and
CTSL were positively associated with the marker of tubular function
alpha 1-mikroglobulin. However, in previous studies higher plasma activity levels of CTSL were also associated with albuminuria suggesting
that the increased activity in urine does not solely reﬂect altered tubular
function.10 One potential mechanism leading to elevated CTSD and CTSL
expression may be a low grade inﬂammation as both CTSD and CTSL
levels also correlated with hs-CRP levels.25 While such low-grade inﬂammation has been associated with incident diabetic nephropathy
we do not see such a connection in the current study.26,27
The strongest predictor of worsening eGFR was the use of statins at
baseline with users showing a decrease in eGFR twice as high as nonusers. The signiﬁcance of the association between statins and change
in eGFR became weaker when only patients with unaltered medication
status over four years were analysed. This can be explained by a decreased statistical power due to the reduction of the sample size (n =
102 vs. n = 61). Pre-existing cardiovascular disease and cholesterol
level were not associated with changes in eGFR. However, it cannot be
fully excluded that the association with statins was due to selection
criteria for statin treatment in the current study. The effect of statin
use reported in previous studies was mixed. One reported no effect
while another reported potential harmful effects on kidney function.28,29
Negative effects on kidney function were also seen for the use of high
potency vs. low potency statins while one study reported an increased
incidence of acute and chronic kidney disease with statin use.30,31 A positive effect of statins was detected in a subgroup of patients with chronic
kidney disease of stage 3b-5 and proteinuria ≥1000 mg/day.32
The study presented here was carried out in a well characterised cohort of patients with a reasonable follow-up time of four years. The low
number of participants limits the overall impact of the current study.
Thus the ﬁndings need to be reproduced in a larger patient cohort. Furthermore no kidney biopsies were obtained so that no statement about
morphological changes of the kidney and the underlying kidney disease
can be made. In addition it would be of interest to quantify AGE levels in
urine from non-diabetic and diabetic individuals to determine the impact of glucose levels. Certain AGEs like the cross-link glucosepane do
form more extensively under high glucose conditions in vitro. The current ﬁnding that the AGE precursor FL, which is a glucose lysine adduct,
correlates with the cross-link glucosepane supports that AGE levels do
depend on glucose levels in vivo as well.
In summary CTSD and -L levels were strongly associated with albuminuria at baseline while high levels were the strongest predictor for
an improvement of albuminuria after four years of follow-up. The positive association of CTSD and CTSL with glucosepane could be indicative
of an elevated release of protein bound AGEs upon proteolytic cleaved of
modiﬁed proteins. The usefulness of CTSD and CTSL as prognostic
marker for diabetic kidney disease will need to be evaluated further in
future studies.
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