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Renal effects of the serine protease inhibitor aprotinin in
healthy conscious mice
Stefan Wörner1, Bernhard N. Bohnert1,2,3, Matthias Wörn1, Mengyun Xiao1, Andrea Janessa1, Andreas L. Birkenfeld1,2,3, Kerstin Amann4,
Christoph Daniel4 and Ferruh Artunc 1,2,3

Treatment with aprotinin, a broad-spectrum serine protease inhibitor with a molecular weight of 6512 Da, was associated with
acute kidney injury, which was one of the reasons for withdrawal from the market in 2007. Inhibition of renal serine proteases
regulating the epithelial sodium channel ENaC could be a possible mechanism. Herein, we studied the effect of aprotinin in wild-
type 129S1/SvImJ mice on sodium handling, tubular function, and integrity under a control and low-salt diet. Mice were studied in
metabolic cages, and aprotinin was delivered by subcutaneously implanted sustained release pellets (2 mg/day over 10 days). Mean
urinary aprotinin concentration ranged between 642 ± 135 (day 2) and 127 ± 16 (day 8) µg/mL . Aprotinin caused impaired sodium
preservation under a low-salt diet while stimulating excessive hyperaldosteronism and unexpectedly, proteolytic activation of ENaC.
Aprotinin inhibited proximal tubular function leading to glucosuria and proteinuria. Plasma urea and cystatin C concentration
increased significantly under aprotinin treatment. Kidney tissues from aprotinin-treated mice showed accumulation of intracellular
aprotinin and expression of the kidney injury molecule 1 (KIM-1). In electron microscopy, electron-dense deposits were observed.
There was no evidence for kidney injury in mice treated with a lower aprotinin dose (0.5 mg/day). In conclusion, high doses of
aprotinin exert nephrotoxic effects by accumulation in the tubular system of healthy mice, leading to inhibition of proximal tubular
function and counterregulatory stimulation of ENaC-mediated sodium transport.
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INTRODUCTION
Aprotinin is a broad-spectrum serine protease inhibitor that was
first isolated from cow parotis gland and pancreas in the 1930s. It
is an unselective inhibitor of trypsin-like serine proteases such as
trypsin, plasmin, plasma and tissue kallikreins, coagulation factor
XII, and others [1]. Aprotinin was used as an antifibrinolytic agent
in cardiac surgery to reduce blood loss associated with the
extracorporal circuit [2]. Due to its peptide character, aprotinin is
freely filtered and almost completely excreted by the kidneys.
Between 2006 and 2008, studies appeared that found an
increased risk for renal dysfunction and even mortality in patients
undergoing cardiac surgery who were treated with aprotinin [3–6].
Renal dysfunction manifested as acute kidney injury ranging from
small increases in serum creatinine concentration to dialysis-
dependent renal failure. After early termination of the BART trial
(Blood Conservation Using Antifibrinolytics in a Randomized Trial)
due to increased mortality of aprotinin-treated patients [7],
aprotinin was withdrawn from the market in 2007. Since then,
the mechanisms leading to renal dysfunction remain ill-defined
[8]. However, in the last years aprotinin is being reintroduced in
Europe and Canada after reevaluation of the safety data,
highlighting several methodological limitations [9].

Serine proteases are involved in the intrarenal regulation of the
epithelial sodium channel ENaC that is expressed in the
aldosterone-sensitive distal nephron and determines the final
urinary sodium concentration [10, 11]. ENaC is a heterotrimer
composed of three subunits named α, β, and γ, each participating
in the formation of the channel pore [12]. A special feature of
ENaC is its regulation by serine proteases, which remove inhibitory
tracts from the α- and γ-subunits to fully activate the channel
[10, 13, 14]. During maturation intracellular furin cleaves α-ENaC
twice leading to the release of one inhibitory tract and γ-ENaC
once. Final proteolysis and release of a second inhibitory tract
from the γ-subunit requires an additional serine protease. Several
renally expressed serine proteases such as membrane-anchored
prostasin [15, 16] or tissue kallikreins [17] have been shown to be
involved in proteolytic ENaC activation. An important fact is that
they are all aprotinin-sensitive. Pathophysiologically, proteolytic
activation of ENaC by aberrantly filtered serine proteases or
proteasuria has been implicated in the sodium retention seen in
nephrotic syndrome [18]. Our group has shown that treatment of
nephrotic mice with the serine protease inhibitor aprotinin
prevented ENaC-mediated sodium retention and edema forma-
tion as did the ENaC blocker amiloride [19–21].
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Currently, the translation of the beneficial effects of aprotinin to
patients with nephrotic syndrome is difficult due to the with-
drawal of aprotinin and its association with renal dysfunction. We
hypothesized that the mechanism for the negative renal effects of
aprotinin might be related to the inhibition of serine proteases
that are physiologically involved in ENaC regulation, thereby
leading to kidney injury by sodium and volume loss. We therefore
undertook this study to investigate the impact of aprotinin
treatment on sodium handling in healthy wild-type mice under
control and low-salt conditions.

MATERIALS AND METHODS
Mouse studies
Experiments were performed on 6-month-old wild-type 129S1/
SvImJ mice of both sexes. Mice were kept up to five in
Eurostandard type II long cages (365 mm× 207mm× 140mm,
area 530 cm2) on a bedding from wood chips. Mouse houses
made of plastic, wooden tunnels, and cellulose were also used as
enrichment. The light–dark cycle was 12:12 h at an ambient
temperature of 22–24 °C. Mice were fed a standard diet (ssniff,
sodium content 0.24% corresponding to 104 µmol/g, Soest,
Germany) with tap water ad libitum. To study urinary sodium
excretion, all mice were housed singly in metabolic cages
(diameter 20 cm, area 314 cm2, Tecniplast, Italy) for 2 days under
a control diet (C1000, Altromin, Lage, Germany, sodium content
106 µmol/g). Thereafter, mice underwent implantation of custom-
made pellets with a matrix-driven sustained release of aprotinin or
placebo (Innovative Research of America, Florida, USA). These
pellets were surgically implanted subcutaneously on the back of
the mice under isoflurane anesthesia. After this operation, the
wound conditions and the suture were checked several times. This
route and mode of administration ensured that the kidneys were
constantly exposed to aprotinin, which otherwise would rapidly
be cleared by glomerular filtration. Subsequently, mice were
studied in a 2 × 2 factorial design over 9 days in the metabolic
cage (Supplementary Fig. 1a). Group 1 and 2 continued to receive
the control diet with an aprotinin-containing or placebo pellet,
respectively. Group 3 and 4 were switched to a low-salt diet
(C1036, Altromin, Lage, Germany, sodium content 7 µmol/g) with
or without aprotinin-containing or placebo pellet, respectively.
The assignment to the respective group was random. The total
aprotinin dose of the pellets was 5 or 20 mg corresponding to a
daily dose of 0.5 or 2 mg bovine aprotinin (6000 kallikrein inhibitor
U/mg, Loxo, Heidelberg, Germany) per day to be delivered over a
maximum of 10 days. This dose was chosen from dose-finding
studies in nephrotic mice [20]. At the end of the experiments, mice
were anesthetized with isoflurane, exsanguinated, and euthanized
by cervical dislocation. Afterwards kidneys were collected. In a
subset of mice, ENaC-mediated transport reflected by the
amiloride-sensitive natriuresis was determined from the urinary
sodium excretion in 6 h after i.p. injection of vehicle (5 mL/kg [bw]
injectable water) and amiloride (10 mg/kg bw) on the other day.
No anesthesia was required for these injections. All animal
experiments were conducted according to the ARRIVE 2.0
guidelines [22], the German law for the welfare of animals, and
they were approved by local authorities (Regierungspräsidium
Tübingen, approval number M 5/16).

Laboratory measurements
Urinary protease activity from spot urine samples (treatment day
3) was measured using a universal peptide substrate library
containing 195 different pentapeptides (P-Check®, Panatecs,
Germany). Each peptide contains a Förster resonance energy
transfer pair consisting of the fluorophore 7-methoxycoumarinyl-
4-acetyl and the quencher 2,4-dinitrophenol. Upon cleavage by
any protease, a fluorescence signal can be detected at 405 nm
emission after excitation at 320 nm. Proteolytic activity was

measured from 5 µL urine samples incubated for 48 h at 37 °C
with 10 µL substrate (P-Check®: 1 mg/mL) and 85 µL Tris-Buffered
Saline in a total volume of 100 µL. Increase in fluorescence counts
was detected on a fluorescence reader (Tecan, Spark®10 M).
Values were expressed as relative fluorescence units [23].
Creatinine, glucose, phosphorus, and urea concentrations were

measured with colorimetric assays (Labor+ Technik, Berlin,
Germany) and urinary sodium concentrations with flame photo-
metry (Eppendorf EFUX 5057, Hamburg, Germany). Plasma sodium
concentrations were measured using an IL GEM® Premier 3000
blood gas analyzer (Instrumentation Laboratory, Munich, Ger-
many). ELISA kits were used to measure plasma aldosterone (IBL,
Germany), plasma and urinary cystatin C (R&D systems, USA), and
urinary aprotinin (Cloud corp, PRC). Urinary albumin was
measured using a fluorometric kit against mouse albumin as
standard (Active motif, Carlsbad, USA). Urinary amiloride concen-
tration was measured fluorometrically according to Baer et al. [24].

Western blot
Western blot analysis for γ-ENaC expression was performed from a
membrane protein preparation of kidney cortex collected from
placebo- or aprotinin-treated mice under a control or low-salt diet
after 2 days. Half the kidney per mouse was sliced, and the cortex
was dissected using a scalpel. Homogenization was performed
using a Dounce homogenisator in 1 mL lysis buffer containing
250 mM sucrose, 10 mM triethanolamine HCl, 1.6 mM ethanola-
mine, and 0.5 mM EDTA at pH 7.4 (all Sigma) [21, 25]. During all
preparation steps, aprotinin (40 µg/mL) and a protease inhibitor
cocktail (final concentration 0.1 × stock; mini-complete, Roche)
were present to avoid ENaC cleavage in vitro. Homogenates were
centrifuged at 1000 ×g for removal of the nuclei. Subsequently,
the supernatant was centrifuged at 20,000 ×g for 30 min at 4 °C,
and the resulting pellet containing plasma membranes was
resuspended and diluted to a concentration of 5 mg/L. This
yielded higher ENaC signals compared to centrifugation at
300,000 ×g. Samples were deglycosylated using PNGaseF accord-
ing to the manufacturer’s instructions (NEB, Ipswich, USA). First,
samples were denaturated with a glycoprotein denaturing buffer.
Samples were then incubated with glycobuffer, NP-40, and
PNGaseF for 1 h at 37 °C. Subsequently, 20 µg of sample was
loaded on a 7.5%-polyacrylamide gel for electrophoresis. After
SDS-PAGE under reducing conditions, proteins were blotted onto
a nitrocellulose membrane (Amersham GE healthcare) and probed
for γ-ENaC with a rabbit antibody against rat γ-ENaC (SPC-405,
Stressmarq, Victoria, Canada). Signals were detected using
fluorescent secondary antibody labeled with IRDye 680RD and a
fluorescence scanner (Licor Odyssey, Lincoln, USA). For loading
control, total protein was measured using Revert Total Protein
Stain (Licor, Lincoln, USA).

Histological analyses from kidney tissue
Mouse kidneys were fixed in 4% paraformaldehyde (PFA)/0.1 M
sodium phosphate buffer (PB) pH 7.4, dehydrated, and embedded
in paraffin. Kidneys were cut into 2 µm thick slices and stained
with periodic acid Schiff’s reagent. Sections were evaluated in a
blinded fashion for signs of glomerular and tubular damage using
semiquantitative analysis by glomerular sclerosis index (GSI) [26]
and tubular sclerosis index (TSI) [27], respectively. Stainings were
quantified using a score ranging from 0 to 3: no staining (0)–weak
staining (1)–moderate staining (2)–strong staining (3).
For immunohistochemistry, paraffin-embedded formalin-fixed

sections (2 µm) were deparaffinized and rehydrated using
standard protocols. Antigen retrieval was achieved by boiling
the samples for 2.5 min in target retrieval solution (Agilent
Technologies Germany GmbH & Co. KG, Waldbronn, Germany)
at 110 °C using a pressure cooker. Kidney sections were blocked
for 15 min with normal goat serum diluted 1:5 in 50 mM tris
(hydroxymethyl)-aminomethane(Tris), pH 7.4, supplemented with

Aprotinin in healthy mice
S Wörner et al.

2

Acta Pharmacologica Sinica (2021) 0:1 – 10



1% (w/v) skim milk (Bio-Rad Laboratories, Munich, Germany),
followed by incubation with the primary antibodies rabbit anti-γ-
ENaC (1:50; as described above), mouse anti-aprotinin (1:500;
Abcam, Cambridge, UK), or goat anti-KIM-1 (1:1000; Bio-Techne,
Wiesbaden, Germany) overnight at 4 °C. After washing in Tris
buffer (50 mM Tris, pH 7.4, supplemented with 0.05% (v/v) Tween
20 (Sigma-Aldrich, Munich, Germany; 3 × 5min) secondary anti-
bodies (a biotinylated goat anti-rabbit IgG, a biotinylated horse
anti-mouse IgG, and a rabbit anti-goat IgG, all from Vector
Laboratories, Burlingame, CA USA; 1:500) were applied for 30 min
at room temperature. Sections were further processed using the
VectaStain ABC kit according to the manufacturer’s instructions
and DABImmpact (both Vector Laboratories) as substrate. Finally,
the sections were counterstained in hemalaun, dehydrated, and
mounted for observation using an Olympus Bx60 upright
microscope.

Electron microscopy
For electron microscopy, a small piece of mouse renal cortex was
immersion fixed in 4% PFA and 1% (v/v) glutaraldehyde in 0.1 M
PB. After post-fixation (same fixative o/n at 4 °C), tissue blocks
were washed in 0.1 M PB, treated with OsO4 (0.5% for 60min), and
stained with uranyl acetate (1% w/v in 70% v/v ethanol). After
dehydration, tissue blocks were embedded in Araldite resin (Serva
Electrophoresis GmbH, Heidelberg, Germany). Eighty nanometer
ultrathin sections were cut on an UC6 ultramicrotome (Leica,
Wetzlar, Germany), rinsed in lead citrate buffer before analysis
using a Zeiss Sigma scanning electron microscope using a STEM
detector (Zeiss, Oberkochen, Germany).

Data and statistical analysis
Data are provided as means with SEM. Data were tested for
normality with the Anderson–Darling test, D’Agostino and Pearson
test, Shapiro–Wilk test, and Kolmogorov–Smirnov test. Unpaired
data from two groups were tested for significance using the
unpaired t-test (normally distributed data) or Mann–Whitney U test
(non-normally distributed data). Accordingly, paired data from two
groups were tested with the paired t-test (normally distributed
data) or Wilcoxon test (non-normally distributed data). Post hoc
tests were done only if F was significant. Significance testing of
unpaired normally distributed data from more than two groups
was performed using one-way ANOVA with post hoc Dunnett’s and
Sidak’s multiple comparison tests. Unpaired non-normally distrib-
uted data from more than two groups were analyzed by the
Kruskal–Wallis test with the post hoc Dunn’s multiple comparison
test. Correspondingly, paired normally distributed data from more
than two groups were tested with repeated measure one-way
ANOVA or mixed effects analysis with the post hoc Dunnett’s
multiple comparison test. In this case, the Geisser–Greenhouse
correction was always performed. Paired non-normally distributed
data were tested using the Friedmann test and the subsequent
post hoc Dunn’s multiple comparison test. To determine the
correlation between two variables, the Pearson’s correlation
coefficient r and the determination coefficient r2 were calculated.
The Grubb’s test (α= 0.01%) was carried out once to identify a
probable outlier (Fig. 6b). A P value < 0.05 by two-tailed testing was
considered statistically significant in all analyses. Power analysis
was carried out (α= 0.05 and 1− β= 0.80) to estimate the number
of animals used in this study, which yielded a minimum sample

Fig. 1 Effect of aprotinin on urinary protease activity and ENaC-mediated sodium transport. a Urinary aprotinin concentration after
implantation of aprotinin-containing pellets with sustained release (2 mg/day over 10 days) in mice treated with control or low-salt diet. Note
that there is a peak soon after implantation that can be explained by rapid release of unbound aprotinin. Data are only descriptive (each n=
2–4). b Urinary protease activity given in relative fluorescence units (RFU) in mice under control or low-salt diet with or without aprotinin
treatment (each n= 6). c, d Natriuretic response to vehicle (Veh.) (5 mL/kg bw) and amiloride (Amil.) (10 mg/kg bw) under control or low-salt
diet with or without aprotinin treatment (c). The calculated ratio corresponding to the slope in c indicating amiloride-sensitive natriuresis
(d) (each n= 6). Data and statistical analysis: arithmetic means ± SEM. b, d One-way ANOVA followed by the Dunnett’s test; c One-way ANOVA
followed by the Sidak’s test or Kruskal–Wallis test followed by the Dunn’s test. *P< 0.05, aprotinin vs. placebo treatment, §P < 0.05, low-salt vs.
control diet, #P < 0.05 amiloride vs. vehicle treatment.
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size of four mice per group. The respective specified group size
consists of individual values, there are no technical replicates. All
statistical calculations were performed using GraphPad Prism
version 8.0.2 (GraphPad Prism, RRID: SCR_002798).

RESULTS
Effect of aprotinin on urinary protease activity and ENaC-mediated
sodium transport
After implantation of aprotinin-containing pellets with sustained
release (2mg per day over 10 days), aprotinin was readily detected in
the urine of wild-type mice (Fig. 1a). At day 2 after implantation,
urinary concentration peaked and levelled off toward the end of the
10-day release duration. Aprotinin-treated mice excreted urine with
reduced urinary protease activity under a sodium-replete control diet
and low-salt diet (Fig. 1b). To investigate whether inhibition of urinary
serine protease activity in aprotinin-treated mice interfered with the
activity of the epithelial sodium channel ENaC, we determined the
natriuretic response to the ENaC blocker amiloride and calculated
the amiloride-sensitive sodium excretion as ratio of the values after
vehicle and amiloride injection, which corresponds to the slope in
Fig. 1c. Under a control diet, aprotinin-treated mice tended to have
reduced amiloride-sensitive sodium excretion, which did not reach
statistical significance (Fig. 1d). This tendency was not visible under a
low-salt diet, and amiloride-sensitive sodium excretion was similarly
increased in placebo- or aprotinin-treated mice. However, this finding
was confounded by higher urinary amiloride concentration in
aprotinin-treated mice (Supplementary Fig. S1b).

Effect of aprotinin on sodium preservation and kidney function
Because ENaC activity determines the final urinary sodium
concentration, it is essential for sodium homeostasis both under
a sodium-replete and particularly under a low-sodium diet.

To investigate the effect of aprotinin on ENaC-mediated
sodium conservation, we studied mice on a sodium-replete and
low-sodium diet for 9 days in the metabolic cages. As shown in
Fig. 2a, urinary sodium excretion was not affected by aprotinin
over 9 days under a sodium-replete diet. Food and fluid intake as
well as urine volume were similar in all groups (Supplementary
Fig. S2a–c). Under a low-sodium diet, placebo-treated mice
lowered urinary sodium excretion within 2 days and remained
constant thereafter. In contrast, sodium conservation was
impaired in aprotinin-treated mice during the first 5 days
(Fig. 2a). Body weight dropped transiently in placebo- and
aprotinin-treated mice under a control diet during the first days
in the metabolic cages and stabilized thereafter (Fig. 2b). Body
weight loss was pronounced under a low-sodium diet in
placebo-treated mice and stabilized at the end of the study
period. In contrast, aprotinin-treated mice under a low-sodium
diet experienced enhanced bw loss that reached a new steady
state at a lower level.
The plasma concentration of aldosterone, the master regulator

of ENaC expression and activity, was not affected in aprotinin-
treated mice under a control diet (Fig. 2c). Under a low-sodium
diet, plasma concentration of aldosterone increased in placebo-
treated mice whereas aprotinin-treated mice had excessively
increased plasma aldosterone concentration, pointing to a
compensatory stimulation. Plasma sodium concentration was
constant through all groups (Fig. 2d).
Plasma creatinine, urea, and cystatin C concentration were

measured as surrogates for glomerular filtration rate (Fig. 2e–f and
Supplementary Fig. 2d). Under a control diet, plasma concentra-
tion of urea and cystatin C were significantly increased by
aprotinin treatment while the plasma creatinine concentration
was not altered. Under a low-sodium diet, all GFR surrogates were
unaffected in placebo-treated mice; however, in aprotinin-treated

Fig. 2 Effect of aprotinin on sodium preservation and kidney function. Course of 24-h urinary sodium excretion (a) and body weight (BW)
(b) under control and low-salt diet in mice treated with placebo and aprotinin, respectively (placebo+ control n= 8–14, aprotinin+ control
n= 6, placebo+ low-salt n= 8, aprotinin+ low-salt n= 13). Plasma aldosterone (c), sodium (d), creatinine (e), and cystatin C (f) concentration
at the end of treatment (placebo+ control n= 5–14, aprotinin+ control n= 6, placebo+ low-salt n= 8, aprotinin+ low-salt n= 13). Data and
statistical analysis: arithmetic means ± SEM. a Paired data: Wilcoxon test; mixed-effect analysis/Friedman test followed by Dunnett’s/Dunn’s
test, unpaired data: unpaired t-test/Mann–Whitney test or One-way ANOVA/Kruskal–Wallis tests followed by Dunnett’s/Dunn’s test. b Paired
data: Friedman test followed by the Dunn’s test, unpaired data: unpaired t-test/Mann–Whitney test or One-way ANOVA followed by the
Dunnett’s test. c–f One-way ANOVA followed by the Dunnett’s test or Kruskal–Wallis test followed by the Dunn’s test. #P < 0.05, significant
difference to baseline, *P < 0.05, aprotinin vs. placebo treatment, §P < 0.05, low-salt vs. control diet.
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mice all three surrogates were significantly increased, indicating
kidney failure.

Effect of aprotinin on renal expression of γ-ENaC
Upregulation of ENaC under a low-sodium diet is thought to
involve increased membrane abundance and also proteolytic
activation of the γ-subunit [28]. To investigate the effect of
aprotinin on renal expression of γ-ENaC and its cleavage products,
we analyzed kidneys from the same mice that were tested in
metabolic cages on a sodium-replete and low-sodium diet using
immunohistochemistry and Western blot.
Under a control diet, tissue expression of γ-ENaC was barely

detectable and was similarly upregulated under a low-sodium diet
in placebo- and aprotinin-treated mice (Fig. 3a, b). Proteolytic
activation of γ-ENaC was analyzed using Western blots from
kidneys collected after 2 days to coincide with the largest

difference in the urinary sodium excretion (Fig. 2a). As shown in
Fig. 3c, γ-ENaC was detected at 67, 56, and 50 kDa corresponding
to full-length, furin-cleaved, and fully cleaved forms, respectively.
In placebo-treated mice under a control diet, the expression of
fully cleaved γ-ENaC was low and tended to be increased under a
low-sodium diet. Aprotinin treatment did not have an effect on
the expression of fully cleaved γ-ENaC under control diet;
however, upregulated its expression significantly under a low-
sodium diet, indicating an unexpected stimulatory effect on
proteolytic activation of γ-ENaC (Fig. 3f), which was in agreement
with the increased amiloride-sensitive natriuresis shown in Fig. 1d.

Effect of aprotinin on proximal tubular function
To reconcile the finding of increased ENaC activity with impaired
sodium preservation and bw loss under a low-sodium diet, we
hypothesized that aprotinin treatment may impair sodium

Fig. 3 Effect of aprotinin on expression of γ-ENaC in kidneys from healthy mice. a Staining for γ-ENaC using immunohistochemistry in
kidneys of mice treated with placebo and aprotinin under control and low-salt diet. Kidneys were harvested at day 9 (each n= 4).
b Semiquantitative analysis of the obtained staining result (scale: no staining (0)–weak staining (1)–moderate staining (2)–strong staining (3);
each n= 4). c Representative Western blot of lysates from kidneys of mice treated with placebo and aprotinin under control and low-salt diet.
Kidneys were harvested at day 2. γ-ENaC was detected at 67, 56, and 50 kDa corresponding to full-length, furin-cleaved, and fully cleaved
forms, respectively. d–f Densitometric analysis of the expression of the obtained bands (each n= 5). Signal intensity of the bands shown as
relative units (RU) was normalized for total protein expression of the respective lane. Data and statistical analysis: arithmetic means ± SEM.
b One-way ANOVA followed by the Dunnett’s test. d–f Unpaired t-test/Mann–Whitney test or One-way ANOVA/Kruskal–Wallis test followed by
Dunnett’s/Dunn’s test. *P < 0.05, aprotinin vs. placebo treatment, §P < 0.05, low-salt vs. control diet.
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transport by causing dysfunction of the proximal tubule. There-
fore, we investigated the effect of aprotinin on proximal tubular
transport and measured urinary excretion of phosphate, glucose,
albumin, and cystatin C in 24-h urine samples collected on day 4
and 8 (Fig. 4/Supplementary Fig. 3). Under control diet, aprotinin
treatment had no significant effect on urinary excretion of
phosphate whereas there was a tendency toward increased
excretion of glucose and albumin (Fig. 4a–c). Urinary cystatin
C excretion was significantly increased in aprotinin-treated mice
under a control diet (Fig. 4d). Under a low-sodium diet, urinary
excretion of these parameters was not affected in placebo-treated
mice; however, aprotinin-treated mice exhibited significantly
increased urinary excretion of glucose, albumin, and cystatin
C. These effects were already evident in urine samples collected
after 4 days of treatment (Supplementary Fig. 3).

Effect of aprotinin on kidney histology
Under a control diet, kidneys from aprotinin-treated mice
showed moderate tubulointerstitial injury indicated by tubular
dilatation and atrophy and rare tubular cast formation (Fig. 5a).
Under a low-sodium diet, aprotinin-treated mice developed
significantly more severe tubulointerstitial damage, mainly due
to a marked increase in interstitial cells, presumably inflamma-
tory cells and fibroblasts. The TSI was increased in aprotinin-
treated mice under both diets reaching higher values under a
low-salt diet (Fig. 5b). The effect of aprotinin on glomerular
integrity as analyzed by the GSI was minimal compared to
placebo-treated mice, irrespective of the diet (0.61 ± 0.08 vs.
0.15 ± 0.03, P < 0.05). To substantiate the tubular damage more
specifically, we stained for the expression of the kidney injury
molecule 1 (KIM-1), which is a robust indicator of damage to the
proximal tubule. As shown in Fig. 5c, d, KIM-1 staining was
increased in aprotinin-treated mice under both diets.

Accumulation of aprotinin in the kidney
As shown in Fig. 6a, b, there was a significant correlation of urinary
aprotinin concentration measured on day 2 with urinary and plasma
cystatin C concentration measured on day 8. This could be related to
accumulation of aprotinin in the proximal tubule, which is involved
in the uptake and degradation of filtered peptides. To further
investigate aprotinin accumulation in renal tissue, immunohisto-
chemistry and electron microscopy were performed. As shown in
Fig. 6c, d, aprotinin was readily detectable in proximal tubular cells
under both control and low-salt diet consistent with an accumula-
tion. Ultrastructural analysis of proximal tubular cells by electron
microscopy revealed the presence of electron-dense material in the
lysosomes that also were increased in size and number (Fig. 6e).

Persistence and dose dependency of the aprotinin effect
To investigate the persistence and dose dependency of the effects
seen with 2 mg aprotinin per day, we performed additional
analyses. First, we analyzed kidneys 60 days after end of aprotinin
treatment. As shown in Fig. 7, these showed only minor signs of
injury in the tubulointerstitial compartment as observed in PAS
and KIM-1-stained renal sections (Fig. 7a, c). TSI and KIM-1
expression (Fig. 7b, d) were reduced (0.92 ± 0.26 and 0.72 ± 0.13,
respectively); however, they were still higher than in untreated
control kidneys (0.17 ± 0.01 and 0.15 ± 0.07, respectively). Still,
there were severe focal tubular damage with PAS-positive luminal
casts that stained also positive for aprotinin (Fig. 7a, e).
Second, we treated mice with aprotinin pellets releasing

0.5 mg/day (Supplementary Fig. 4a). As expected, this was
followed by lower urinary aprotinin concentrations (Supplemen-
tary Fig. 4b). In contrast to the high dose, low dose aprotinin was
not accompanied by increases in plasma cystatin C concentrations
and urinary cystatin C excretion (Supplementary Fig. 4c, d). In
renal tissue, there was no evidence for kidney injury as TSI and

Fig. 4 Effect of aprotinin on proximal tubular function. Urinary excretion of phosphate (a), glucose (b), albumin (c), and cystatin C (d) in
mice treated with placebo and aprotinin after 8 days of a control or low-sodium diet (placebo+ control n= 9, aprotinin+ control n= 6,
placebo+ low-salt n= 8, aprotinin+ low-salt n= 13). Data and statistical analysis: arithmetic means ± SEM. a–d Unpaired t-test/
Mann–Whitney test or One-way ANOVA/Kruskal–Wallis test followed by Dunnett’s/Dunn’s test. *P < 0.05, aprotinin vs. placebo treatment.
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KIM-1 staining were not increased although aprotinin was
detectable in proximal tubular cells (Fig. 7e, f).

DISCUSSION
Our study demonstrates that aprotinin treatment in high doses led
to proximal tubular dysfunction in healthy wild-type mice as
reflected by impaired sodium preservation, glucosuria, and
proteinuria. Moreover, high-dose aprotinin treatment led to
kidney injury and reduced glomerular filtration rate as evidenced
by increased plasma creatinine, urea and cystatin C concentration,
increased TSI, and most strikingly positive staining for KIM-1. It is
likely that all these changes were caused by excessive accumula-
tion and deposition of aprotinin in the tubular system observed in
renal tissue. It is noteworthy that plasma and urinary cystatin
C concentrations were positively correlated with the urinary
aprotinin concentration suggesting a concentration-dependent
effect. Aprotinin is a low molecular weight protein with a mass of
6512 Da, that is freely filtrated at the glomerulus and then taken
up along with other low molecular proteins and albumin in the
proximal tubule by receptor-mediated endocytosis involving the
megalin/cubilin complex. Subsequently, these vesicles are fused
with lysosomes where these proteins are degraded by proteases
in an acidic environment. In addition, lysosomes are important

determinants of cellular homeostasis by the mechanism of
autophagy. Electron microscopy revealed that aprotinin accumu-
lated intracellularly in the lysosomes of proximal tubular cells. It is
well conceivable that this led to inhibition of protease activity and
autophagy, which in turn induced injury of the proximal tubule.
This injury pattern of aprotinin is reminiscent of Dent’s disease,
which is caused by a hereditary defect in lysosomal function due
to mutations of the renal vesicular Cl−/H+ antiporter CLC-5 [29].
The results with regard to sodium preservation were somewhat

unexpected as the initial aim of the work was to demonstrate an
inhibitory effect of aprotinin on proteolytic ENaC activation. We
found that the opposite was true, indicating that aprotinin
treatment did not inhibit but indirectly stimulated proteolytic
ENaC activation as a counterregulatory response of the distal
tubule to the decreased sodium reabsorption by the proximal
tubule. This response was driven by markedly increased plasma
aldosterone secretion in aprotinin-treated mice, which is expected
to stimulate proteolytic ENaC activation [28]. One must assume
that aprotinin treatment in healthy mice failed to directly inhibit
proteolytic ENaC activation either by the fact that this happened
intracellularly or that aprotinin did not reach sufficient local
concentration at the cell surface to inhibit membrane-bound
serine proteases. Among them, prostasin or channel activating
protease 1 is a prominent glycosylphosphatidylinositol-anchored

Fig. 5 Effect of aprotinin on kidney histology. a PAS stainings from mice treated with placebo or aprotinin under a control or low-salt diet.
As expected, kidneys from placebo-treated mice did not show any pathological changes. Kidneys from mice treated with 2 mg aprotinin
per day showed moderate tubulointerstitial injury indicated by tubular dilatation and atrophy (marked by *) and rare tubular cast formation
(marked by #). In contrast, aprotinin-treated mice on a low-sodium diet developed significantly more severe tubulointerstitial damage, mainly
due to a marked increase in interstitial cells, presumably inflammatory cells and fibroblasts (marked by arrows). b Semiquantitative analysis of
the observed changes using the tubular sclerosis index (TSI). c Immunohistochemical analysis of the expression of KIM-1, which is a marker of
damage to the proximal tubule. d Semiquantitative analysis of KIM-1 expression. (a–d each n= 4). Data and statistical analysis: arithmetic
means ± SEM. b, d One-way ANOVA followed by the Dunnett’s test. *P < 0.05, aprotinin vs. placebo treatment. §P < 0.05, low-salt vs.
control diet.
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serine protease, which is aprotinin-sensitive and has been shown
to be involved in proteolytic ENaC activation [15, 30]. Altogether,
the effect of aprotinin on sodium transport in vivo was
unanticipated and by far more complex as anticipated from its
sole effect on proteolytic ENaC activation derived from in vitro
ENaC expression systems [31].
The effect of aprotinin in healthy mice must be distinguished

from that in mice with experimental nephrotic syndrome where
aprotinin prevented ENaC-mediated sodium retention, most likely
through inhibition of proteolytic ENaC activation by aberrantly
filtrated serine proteases from the plasma or proteasuria
[18, 20, 21]. The presence of large proteinuria is expected to
compete with proximal tubular reabsorption of aprotinin, leading
to increased intratubular and eventually urinary concentration of
aprotinin. Indeed, the dose to achieve equivalent urinary aprotinin
concentration was 1mg per day in nephrotic mice of the same

background compared to 2mg in the present study [20].
Proteinuria is also expected to reduce accumulation in proximal
tubular cells, thereby preventing proximal tubular damage, which
is however, difficult to dissect from the effects of nephrotic
syndrome. In nephrotic mice, aprotinin escaping reabsorption
could better bind to aberrantly filtered proteases in the tubular
lumen or reach the distal tubule to effectively prevent proteolytic
ENaC activation. Therefore, it is unlikely that the prevention of
sodium retention by aprotinin in nephrotic syndrome can be
explained with inhibition of proximal tubular sodium reabsorption.
The results of the present study might be well applied to the

human situation as the renal handling of aprotinin is almost
identical. To compensate for rapid renal clearance, aprotinin is
administered by a continuous infusion in humans, which in turn
leads to a constant delivery to the tubule [32]. In the present
study, we achieved continuous aprotinin exposure by using

Fig. 6 Accumulation of aprotinin in renal tissue. Correlation of urinary aprotinin concentration with plasma (a) and urinary cystatin C (b)
concentration (each n= 11–12). c Immunohistochemical analysis of the tubular deposition and accumulation of aprotinin (each n= 4).
d Semiquantitative analysis of aprotinin deposition (each n= 4). e Electron microscopy in different magnifications of proximal tubular cells
from mice treated with placebo or aprotinin under a low-salt diet. In mice treated with placebo lysosomes in renal tubular cells appear normal
in size and number (white asterisks). Whereas in mice treated with low-salt and aprotinin lysosomes were markedly increased in size and filled
with electron-dense material (red asterisks). N nucleus, M mitochondria, RBC red blood cells (each n= 4). Data and statistical analysis:
arithmetic means ± SEM. a, b Calculation of Pearson’s correlation coefficient r, P < 0.05; b one outlier removed (Grubb’s test–α= 0.01%).
d Kruskal–Wallis test followed by the Dunn’s test. *P < 0.05, aprotinin vs. placebo treatment.

Aprotinin in healthy mice
S Wörner et al.

8

Acta Pharmacologica Sinica (2021) 0:1 – 10



sustained release pellets. The results of the present study may
provide an explanation why aprotinin was associated with renal
adverse effects in patients, promoting its withdrawal from the
market. The results indicate that aprotinin has a clear nephrotoxic
potential in healthy mice, which was apparent with the higher
dose. It is also remarkable that tubular deposition of aprotinin was
still detectable 60 days after stopping treatment, indicating a very
slow tissue clearance. In mice treated with the fourfold lower dose,
we could not detect kidney impairment and injury, although
aprotinin also accumulated in tubular cells. However, the
treatment duration in mice was much longer than in patients
who receive aprotinin for 24 h around cardiac surgery. As
aprotinin is being reintroduced in clinical medicine in Europe
and Canada, physicians should be aware of the nephrotoxic
potential of aprotinin and try to minimize the risk, e.g., by
choosing the lowest dose possible or stratifying the risk according
to preexistent kidney disease.
The strength of this study lies in the fact that aprotinin

treatment was done in conscious animals and achieved contin-
uous aprotinin delivery to the kidney. This allowed studying its
effect on tubular function and integrity. Previous studies had
already demonstrated widespread tubular deposition of aprotinin
in the proximal tubule and also collecting duct [33], which was
confirmed in the present study. However, the functional
consequences of aprotinin treatment have been only investigated
in anesthetized animals so far, which is heavily confounded by
narcosis and limited by the short treatment duration [34, 35]. The
effects observed in the present study such as proximal tubular
dysfunction, compensatory ENaC activation, and histological
results were not investigated and not reported.

In conclusion, we demonstrate that high doses of aprotinin
exert nephrotoxic effects in healthy mice, most likely caused by
accumulation in tubular cells. This in turn leads to inhibition of
proximal tubular function and counterregulatory stimulation of
ENaC-mediated sodium transport. The results of the present study
may provide an explanation why aprotinin was associated with
renal adverse effects in patients.
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Fig. 7 Persistence and dose dependency of the aprotinin effect. Sixty days post-aprotinin treatment (aprotinin 2mg/day over 10 days)
kidneys showed only minor signs of injury in the tubulointerstitial compartment as observed in PAS and KIM-1-stained renal sections (a–d).
However, we sporadically observed severe focal tubular damage with PAS-positive luminal casts (a, arrow) that stained also positive for
aprotinin (e, arrow) (a–f each n= 4). PAS staining (a) and tubular sclerosis index (TSI) (b). Immunohistochemistry for KIM-1 expression (c) and
semiquantitative analysis (d). Immunohistochemistry for aprotinin content (e) and semiquantitative analysis (f). Data and statistical analysis:
arithmetic means ± SEM. b, d One-way ANOVA followed by the Sidak’s test. f One-way ANOVA/Kruskal–Wallis test followed by the Sidak’s test/
Dunn’s test. *P < 0.05, aprotinin vs. placebo treatment, &P < 0.05, aprotinin 2.0 mg/day vs. 0.5 mg/day treatment, $P < 0.05, aprotinin 2.0 mg/day
vs. 60 days post-aprotinin treatment.

Aprotinin in healthy mice
S Wörner et al.

9

Acta Pharmacologica Sinica (2021) 0:1 – 10

https://doi.org/10.1038/s41401-021-00628-1


REFERENCES
1. MEROPS. Peptidases for inhibitor I02.001: aprotinin. Accessed 22 Dec 2019.
2. Gerstein NS, Brierley JK, Windsor J, Panikkath PV, Ram H, Gelfenbeyn KM, et al.

Antifibrinolytic agents in cardiac and noncardiac surgery: a comprehensive
overview and update. J Cardiothorac Vasc Anesth. 2017;31:2183–205.

3. Mangano DT, Tudor IC, Dietzel C. The risk associated with aprotinin in cardiac
surgery. N Engl J Med. 2006;354:353–65.

4. Mangano DT, Miao Y, Vuylsteke A, Tudor IC, Juneja R, Filipescu D, et al. Mortality
associated with aprotinin during 5 years following coronary artery bypass graft
surgery. JAMA. 2007;297:471–9.

5. Shaw AD, Stafford-Smith M, White WD, Phillips-Bute B, Swaminathan M, Milano C,
et al. The effect of aprotinin on outcome after coronary-artery bypass grafting. N
Engl J Med. 2008;358:784–93.

6. Mouton R, Finch D, Davies I, Binks A, Zacharowski K. Effect of aprotinin on renal
dysfunction in patients undergoing on-pump and off-pump cardiac surgery: a
retrospective observational study. Lancet. 2008;371:475–82.

7. Fergusson DA, Hébert PC, Mazer CD, Fremes S, MacAdams C, Murkin JM, et al. A
comparison of aprotinin and lysine analogues in high-risk cardiac surgery. N Engl
J Med. 2008;358:2319–31.

8. Bosman M, Royston D. Aprotinin and renal dysfunction. Expert Opin Drug Saf.
2008;7:663–77.

9. Benedetto U, Altman DG, Gerry S, Gray A, Lees B, Angelini GD, et al. Safety of
perioperative aprotinin administration during isolated coronary artery bypass
graft surgery: insights from the ART (Arterial Revascularization Trial). J Am Heart
Assoc. 2018;7:e007570.

10. Kleyman TR, Carattino MD, Hughey RP. ENaC at the cutting edge: regulation of
epithelial sodium channels by proteases. J Biol Chem. 2009;284:20447–51.

11. Kleyman TR, Kashlan OB, Hughey RP. Epithelial Na+ channel regulation by
extracellular and intracellular factors. Annu Rev Physiol. 2018;80:263–81.

12. Noreng S, Bharadwaj A, Posert R, Yoshioka C, Baconguis I. Structure of the
human epithelial sodium channel by cryo-electron microscopy. eLife. 2018;7.
e39340.

13. Boscardin E, Alijevic O, Hummler E, Frateschi S, Kellenberger S. The function and
regulation of acid-sensing ion channels (ASICs) and the epithelial Na+ channel
(ENaC): IUPHAR Review 19. Br J Pharmacol. 2016;173:2671–701.

14. Kleyman TR, Eaton DC. Regulating ENaC’s gate. Am J Physiol Cell Physiol. 2020;318:
C150–62.

15. Bruns JB, Carattino MD, Sheng S, Maarouf AB, Weisz OA, Pilewski JM, et al. Epi-
thelial Na+ channels are fully activated by furin- and prostasin-dependent release
of an inhibitory peptide from the gamma-subunit. J Biol Chem. 2007;282:
6153–60.

16. Carattino MD, Mueller GM, Palmer LG, Frindt G, Rued AC, Hughey RP, et al.
Prostasin interacts with the epithelial Na+ channel and facilitates cleavage
of the γ-subunit by a second protease. Am J Physiol Ren Physiol. 2014;307:
F1080–7.

17. Patel AB, Chao J, Palmer LG. Tissue kallikrein activation of the epithelial Na
channel. Am J Physiol Ren Physiol. 2012;303:F540–50.

18. Artunc F, Worn M, Schork A, Bohnert BN. Proteasuria—the impact of active
urinary proteases on sodium retention in nephrotic syndrome. Acta Physiol.
2019;225:e13249.

19. Bohnert BN, Daiminger S, Worn M, Sure F, Staudner T, Ilyaskin AV, et al.
Urokinase-type plasminogen activator (uPA) is not essential for epithelial sodium
channel (ENaC)-mediated sodium retention in experimental nephrotic syndrome.
Acta Physiol. 2019;227:e13286.

20. Bohnert BN, Menacher M, Janessa A, Worn M, Schork A, Daiminger S, et al.
Aprotinin prevents proteolytic epithelial sodium channel (ENaC) activation and
volume retention in nephrotic syndrome. Kidney Int. 2018;93:159–72.

21. Xiao M, Bohnert BN, Aypek H, Kretz O, Grahammer F, Aukschun U, et al. Plas-
minogen deficiency does not prevent sodium retention in a genetic mouse
model of experimental nephrotic syndrome. Acta Physiol. 2021;231:e13512.

22. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al. The
ARRIVE guidelines 2.0: updated guidelines for reporting animal research. J Cereb
Blood Flow Metab. 2020;40:1769–77.

23. Wörn M, Bohnert BN, Alenazi F, Boldt K, Klose F, Junger K, et al. Proteasuria in
nephrotic syndrome-quantification and proteomic profiling. J Proteom.
2021;230:103981.

24. Baer JE, Jones CB, Spitzer SA, Russo HF. The potassium-sparing and natriuretic
activity of N-amidino-3,5-diamino-6-chloropyrazinecarboxamide hydrochloride
dihydrate (amiloride hydrochloride). J Pharmacol Exp Ther. 1967;157:472–85.

25. Yang L, Frindt G, Lang F, Kuhl D, Vallon V, Palmer LG. SGK1-dependent ENaC
processing and trafficking in mice with high dietary K intake and elevated
aldosterone. Am J Physiol Ren Physiol. 2017;312:F65–76.

26. el Nahas AM, Bassett AH, Cope GH, Le Carpentier JE. Role of growth hormone in
the development of experimental renal scarring. Kidney Int. 1991;40:29–34.

27. Veniant M, Heudes D, Clozel JP, Bruneval P, Menard J. Calcium blockade versus
ACE inhibition in clipped and unclipped kidneys of 2K-1C rats. Kidney Int.
1994;46:421–9.

28. Frindt G, Yang L, Bamberg K, Palmer LG. Na restriction activates epithelial Na
channels in rat kidney through two mechanisms and decreases distal Na+

delivery. J Physiol. 2018;596:3585–602.
29. Günther W, Piwon N, Jentsch TJ. The ClC-5 chloride channel knock-out mouse—

an animal model for Dent’s disease. Pflug Arch. 2003;445:456–62.
30. Essigke D, Ilyaskin A, Wörn M, Bohnert BN, Xiao M, Janessa A, et al. A zymogen-

locked mutant of the membrane-anchored serine protease prostasin (Prss8) impairs
proteolytic activation of the epithelial sodium channel ENaC and disturbs sodium
handling. Acta Physiol (Oxf). 2021 Mar 1:e13640. https://doi.org/10.1111/apha.13640.

31. Vallet V, Chraibi A, Gaeggeler HP, Horisberger JD, Rossier BC. An epithelial serine
protease activates the amiloride-sensitive sodium channel. Nature. 1997;389:607–10.

32. O’Connor CJ, Brown DV, Avramov M, Barnes S, O’Connor HN, Tuman KJ. The
impact of renal dysfunction on aprotinin pharmacokinetics during cardio-
pulmonary bypass. Anesth Analg. 1999;89:1101–7.

33. Vio CP, Oestreicher E, Olavarria V, Velarde V, Mayfield RK, Jaffa AA. Cellular dis-
tribution of exogenous aprotinin in the rat kidney. Biol Chem. 1998;379:1271–7.

34. Kauker ML, Nasjletti A. Segmental nephron function in rats treated with aprotinin,
an inhibitor of kallikrein. J Pharmacol Exp Ther. 1986;238:155–8.

35. Seto S, Kher V, Scicli AG, Beierwaltes WH, Carretero OA. The effect of aprotinin (a
serine protease inhibitor) on renal function and renin release. Hypertension.
1983;5:893–9.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Aprotinin in healthy mice
S Wörner et al.

10

Acta Pharmacologica Sinica (2021) 0:1 – 10

https://doi.org/10.1111/apha.13640
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Renal effects of the serine protease inhibitor aprotinin in healthy conscious mice
	Introduction
	Materials and methods
	Mouse studies
	Laboratory measurements
	Western blot
	Histological analyses from kidney tissue
	Electron microscopy
	Data and statistical analysis

	Results
	Effect of aprotinin on urinary protease activity and ENaC-mediated sodium transport
	Effect of aprotinin on sodium preservation and kidney function
	Effect of aprotinin on renal expression of γ-ENaC
	Effect of aprotinin on proximal tubular function
	Effect of aprotinin on kidney histology
	Accumulation of aprotinin in the kidney
	Persistence and dose dependency of the aprotinin effect

	Discussion
	Acknowledgements
	Author contributions
	Funding
	ADDITIONAL INFORMATION
	References




