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ABSTRACT

BACKGROUND
Acute kidney injury is a severe complication following cardiopulmonary bypass (CPB) 

during cardiac surgery and is paralleled by capillary leakage and microcirculatory perfusion 

disturbances. CPB-induced thrombin release results in capillary hyperpermeability via 

activation of protease-activated receptor 1 (PAR1). We investigated whether blocking 

thrombin-induced activation of PAR1 by aprotinin reduces renal edema and thereby 

preserves renal perfusion and function following CPB.

METHODS
Rats were subjected to CPB after treatment with 33.000 KIU/kg aprotinin (n = 15) 

or PBS (n = 15) as control. Cremaster and renal perfusion were assessed using 

intravital microscopy and contrast echography, before CPB and 10 and 60 minutes 

after weaning from CPB. Renal edema was determined by wet/dry weights ratio and 

renal endothelial structure by electron microscopy. Renal PAR1 gene and protein 

expression and markers of renal injury were determined. 

RESULTS
CPB reduced cremaster perfusion by 2.5-fold (15 (10 – 16) to 6 (2–10) microvessels, 

p<0.0001) and renal perfusion by 1.6-fold (202 (67 – 599) to 129 (31 – 292), p=0.03). 

Both did not restore in the first hour post-CPB. This was paralleled by increased plasma 

creatinine (28 ± 3 to 58 ± 13 nmol/ml, p<0.01), neutrophil gelatinase-associated 

lipocalin (NGAL) (123 ± 37 to 2621 ± 577 ng/ml, p=0.003) and kidney injury molecule-1 

(KIM-1) (197 ± 39 to 273 ± 81 pg/ml, p<0.01). 

Aprotinin preserved cremaster perfusion following CPB (12 (7 – 15) vs. 6 (2 – 10) 

microvessels, p=0.002), but not renal perfusion (96 (35 – 313) vs. 129 (31 – 292), 

p>0.9) compared to untreated CPB rats. No differences were observed in renal PAR1 

expression and plasma creatinine, NGAL or KIM-1 between aprotinin-treated and 

control rats. Aprotinin reduced endothelial gap formation (0.5 ± 0.5 vs. 3.1 ± 1.4 gaps, 

p<0.0001), kidney wet/dry weight ratios (4.6 ± 0.2 vs. 4.4 ± 0.2, p=0.046), and fluid 

requirements (3.9 ± 3.3 vs. 7.5 ± 3.0 ml, p=0.006) compared to untreated CPB rats. 

CONCLUSIONS
Aprotinin did not improve renal perfusion nor reduce renal injury following 

experimental CPB despite reduction of renal edema and preservation of renal 

endothelial integrity. Future studies should focus on identifying therapeutic 

strategies to improve renal perfusion and function following CPB.
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INTRODUCTION

Acute kidney injury (AKI) is one of the most serious complications following cardiac 

surgery with cardiopulmonary bypass (CPB). AKI occurs in 2 to 40% of the patients 

depending on studied population and classification used1 and is associated with 

prolonged hospitalization and postoperative morbidity.2 AKI is also considered as 

strong risk factor for mortality after cardiac surgery with mortality rates up to 70% in 

patients with AKI requiring dialysis.3 Despite its well-known impact on postoperative 

outcome and health care costs4, therapeutic strategies to effectively prevent or treat 

AKI remain to be identified.

To date, AKI following cardiac surgery with CPB is mainly ascribed to renal 

hypoperfusion and renal hypoxia.5,6 Previously, we showed that CPB induces 

microcirculatory perfusion disturbances7, which remain disturbed for at least three 

days postoperatively.8 The etiology of these microcirculatory perfusion disturbances 

and AKI are multifactorial.9 For example, CPB-associated hemodilution and changes 

in vascular resistance reduce renal oxygen delivery.10,11 In addition, initiation of CPB 

induces a systemic inflammatory response12, resulting in renal neutrophil influxes and 

renal edema following capillary leakage.13 In particular renal capillary leakage and 

edema formation seem to play a central role in the development of microcirculatory 

perfusion disturbances and AKI. Previous results from our group revealed that 

therapeutic inhibition of capillary leakage improved cremaster microcirculatory 

perfusion and renal function following experimental CPB.14,15 

Besides inducing a systemic inflammatory response, CPB is associated with the generation 

of thrombin, which is an independent risk factor for the development of AKI.16 Thrombin 

can activate a wide range of receptors, but has extremely high affinity for protease-

activated receptor 1 (PAR1) which is present on both platelets and endothelial cells.17,18 As 

a result, thrombin generation following CPB is associated with activation of coagulation 

and increased vascular permeability through endothelial activation. These results suggest 

that thrombin release could contribute to CPB-associated capillary leakage and AKI and 

therefore prevention of thrombin-induced activation of PAR1 could be of interest to 

protect renal function during cardiac surgery with CPB.19

Aprotinin is a serine protease inhibitor associated with anti-inflammatory and anti-

fibrinolytic properties during cardiac surgery.20,21 Although aprotinin was initially 

introduced for clinical use in cardiac surgery patients to prevent blood loss and 
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preserve platelet function, it has also been shown to prevent thrombin from cleaving 

and activating PAR1 on both platelets21,22 and endothelial cells.23,24 Therapeutically 

targeting the thrombin/PAR1 pathway may provide a unique treatment strategy 

to reduce both the pro-thrombotic and pro-inflammatory state to preserve organ 

function following CPB.19 Therefore, we investigated whether blocking thrombin-

induced activation of PAR1 by aprotinin reduces renal edema and thereby protects 

renal perfusion and renal function following experimental CPB.

METHODS

ANIMALS 
All procedures were approved by the Institutional Animal Care and Use Committee 

of the VU University, the Netherlands (Animal welfare number: AVD1140020172144; 

local protocol number: 2144-ANES 17-01), and conducted following the EU Directive 

(2010/63EU) on the protection of vertebrate animals used for experimental and other 

scientific purposes and are reported in accordance with the ARRIVE guidelines on 

animal research.25

Male Wistar rats of 375-425 gram (Charles River Laboratories, Brussels, Belgium) 

were randomly assigned to undergo cardiopulmonary bypass (CPB) with aprotinin 

treatment (CPB+AP, n = 15) or phosphate buffered solution (PBS) as control (CPB, n 

= 15) for measurement of cremaster and renal perfusion (Figure 1A). After sacrifice, 

kidneys, blood and urine samples were collected and stored at -80°C for additional 

molecular analyses. 

APROTININ TREATMENT
All tubes containing either aprotinin or PBS were prepared at the start of the study and 

randomly numbered. Aprotinin (Trasylol®, Nordic Pharma, Baarn, The Netherlands) 

was dissolved in PBS and 33.000 KIU/kg was administered via the jugular vein 20 

minutes prior to CPB and a secondary dose of 33.000 KIU/kg was given 60 minutes 

after initiation of CPB. Equal volumes of PBS were administered in control rats. 

Investigators performing the experiments were blinded for group allocation. Group 

allocation was revealed when data acquisition and analyses were completed.
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ANESTHESIA AND SURGICAL PREPARATION 
All animals were anesthetized as previously reported14,15 with 4.0% isoflurane (Ivax 

Farma, Haarlem, The Netherlands) in oxygen. Following endotracheal intubation 

with a 16G catheter (Venflon Pro, Becton Dickinson, Helsingborg, Sweden), lungs 

were mechanically ventilated (UMV-03, UNO Roestvaststaal BV, Zevenaar, The 

Netherlands; PEEP 2-4 cm H2O, respiratory rate of 60-65 breaths/min, tidal volume 

~10 ml/kg) and anesthesia was maintained with 1.5-2.0% isoflurane in oxygen-

enriched air (40% O2/ 60% N2). Respiratory rate was adjusted to maintain pH and 

partial pressure of carbon dioxide within physiological limits. Body temperature 

was continuously measured and maintained stable between 36.5 and 37.5°C using 

a temperature controller (TC-1000 Rat, CWe Inc., United States). A 22G catheter 

(Venflon Pro, Becton Dickinson, Helsingborg, Sweden) was placed in the caudal 

(tail) artery for continuous measurements of arterial blood pressure and blood 

withdrawal for blood gas analysis and hematocrit measurements (ABL80, radiometer, 

Copenhagen, Denmark). Fentanyl 12 µg/kg (Janssen-Cilag, Tilburg, The Netherlands) 

was administered as additional analgesia and repeated approximately every 30-40 

minutes during the experimental procedure. Arterial blood gas and hematocrit 

measurements were performed at baseline and repeated at 10, 30, and 60 min of 

extracorporeal circulation and 10 and 60 min after weaning from CPB. Arterial blood 

pressure, ECG and heart rate were continuously recorded using PowerLab software 

(PowerLab 8/35, Chart 8.0; AD Instruments Pty, Ltd., Castle Hill, Australia).

The left cremaster muscle was isolated and prepared for cremaster perfusion 

measurements as previously described.14,15 Heparin (500 IU/kg, LEOPharma, 

Amsterdam, The Netherlands) was administered followed by cannulation of the right 

femoral artery with a 20G catheter (Arterial Cannula, Becton Dickinson, Helsingborg, 

Sweden) for arterial inflow of the CPB circuit. The right jugular vein was catheterized 

with a 20G catheter (Venflon Pro, Becton Dickinson, Helsingborg, Sweden) for 

administration of aprotinin or PBS, and the administration of microbubbles for 

contrast enhanced echography (CEUS). 

CARDIOPULMONARY BYPASS
The protocol for CPB was performed as previously described.14,15 In summary, the 

CPB circuit consisted of an open venous reservoir, a roller pump (Pericor SF70, Verder, 

Haan, Germany), and an oxygenator-heat exchanger with a three-layer hollow fibre 

membrane for gas exchange (Ing. M. Humbs, Valley, Germany) (Figure 1). A 1.0-mm-

diameter arterial line (LectroCath, Vygon, Ecouen, France) was connected to the 
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femoral inflow catheter. The circuit was primed with 10 ml of 6% hydroxyethyl starch 

(HES; Voluven, Fresenius Krabi, Halden, Norway). The right jugular vein catheter 

was replaced by a modified multiorifice 4.5 French catheter (Desilets-Hoffman, 

Cook, Bloomington, IN) that was introduced into the right atrium, followed by 

initiation of CPB. After onset of CPB, ventilation was discontinued and a mixture of 

oxygen, carbon dioxide and isoflurane was led through the oxygenator membrane 

of the extracorporeal circuit. During extracorporeal circulation, temperature was 

maintained between 35.0 and 35.5°C. Additional doses of 6% hydroxyethyl starch 

(1 mL bolus; 6%HES; Voluven, Fresenius Krabi, Halden, Norway) were administrated 

when necessary to maintain target CPB flow rates >150 ml/kg/ml. Hematocrit levels 

were checked to avoid excessive fluid resuscitation. At 65 min of CPB, ventilation 

was restarted at a frequency of 30 breaths/min and rats were rewarmed to 36.5°C. 

After increasing the respiratory rate to 60-65 breaths/min, rats were weaned from 

CPB at 75 min of extracorporeal circulation. Fifteen minutes after weaning from CPB, 

protamine hydrochloride (2 mg/kg) was administered to neutralize heparin. 

CREMASTER MICROCIRCULATORY PERFUSION
Microcirculatory perfusion measurements were performed using a 10x objective 

on an intravital microscope (AxiotechVario 100HD, Zeiss, Oberkochen, Germany) 

connected to a digital camera (scA640, Basler, Ahrensburg, Germany) with a final 

magnification of 640x, as described previously.14,15 Briefly, three regions of the 

microvasculature in the cremaster muscle with adequate perfusion quality were 

selected during baseline. These exact predefined regions were followed throughout 

the experiment. Microcirculatory perfusion analyses were performed offline by an 

investigator who was blinded for treatment allocation. Analyses were performed as 

previously described by categorizing capillaries based on flow patterns as follows: 

continuously perfused (continuous blood flow), intermittently perfused (blood flow 

was reversed or arrested for at least 50% of the time) and non-perfused capillaries 

(no flow). 

RENAL PERFUSION 
Contrast enhanced echography was performed as previous described26 with a 

Vevo 2100 Imaging System and MS 250 Nonlinear Contrast Imaging transducer 

(VisualSonics Inc, Toronto, Canada). Microbubbles were continuously infused 

via the jugular vein with a rate of 150 µl/min and the right kidney was visualized 

in the longitudinal plane at predefined measurement time points (Figure 1). After 

two minutes of microbubble infusion at low acoustic power until steady state was 
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reached, a burst of high acoustic power was applied to destroy the microbubbles. 

Subsequently, images during low acoustic power were acquired to allow bubble-

contrast replenishment in the kidney. This destruction-replenishment sequence was 

repeated two times. 

For each measurement, regions of interest were drawn in the renal cortex by an 

investigator who was blinded for treatment allocation. Renal signal intensities from 

the frames after microbubble destruction were corrected for background noise by 

subtracting the signal intensity of the first frame after microbubble destruction (Y0). 

These intensities were then fitted (Y = Y0+ (A − Y0) ˙ (1 − exp(−β˙x))) for calculation 

of renal vascular blood volume (A) and renal vascular filling velocity (β), which 

corresponds to renal blood exchange rate. The estimate of renal perfusion was 

calculated as the product of A and β. 

RENAL EDEMA
Renal tissue was harvested at the end of the experiment under terminal anesthesia. 

Wet tissue was weighed and dried at 70°C. After 24 hours, dry tissue was weighed 

and renal wet-to-dry weight (W/D) ratio was calculated as estimate for tissue water 

content.

ELECTRON MICROSCOPY
Renal tissue (n = 3-4 per group) was used for analysis of renal cortical capillary 

endothelial ultrastructure.14 Renal tissue was harvested at the end of the experiment 

and immediately fixed in Karnovsky fixative. Subsequently, tissue was post fixed in 

osmium tetroxide 1% and dehydrated through a graded series of ethanol solutions 

of 70-100% and impregnated with propylene oxid 1:1 and embedded in L-112 Resin. 

Thereafter, ultra-thin (50-70 nm) sections were cut with a diamond knife. The sections 

were contrasted with uranyl acetate and lead citrate. Ten random capillaries in the 

renal cortex were captured using electron microscope imaging (Tecnai 12G2, Fei 

company, with a VALETA side entry camera) by an investigator blinded to group 

allocation. Subsequently, images were analyzed for signs of endothelial injury and 

activation, including luminal membrane blebs, vacuoles, endothelial gaps and 

endothelial detachment.

PLASMA AND URINARY ANALYSES
Arterial blood was collected in EDTA tubes at baseline, 60 minutes after initiation of 

CPB and one hour after weaning from CPB. Blood was centrifuged twice to obtain 
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platelet free plasma and stored at -80°C. Urine samples were obtained one hour after 

weaning of CPB (60 min post-CPB). Urinary levels of neutrophil gelatinase-associated 

lipocalin (NGAL) and kidney injury molecule-1 (KIM-1) and plasma levels of NGAL, 

KIM-1, creatinine, thrombin-antithrombin complex (TAT), soluble thrombomodulin 

(sTM), von Willebrand Factor (vWF) and interleukin-6 (IL-6) were measured with ELISA 

(Cloud-Clone Corporation, Wuhan, Hubei, China) in accordance to the manufacturer. 

IMMUNOHISTOCHEMICAL ANALYSES
Renal tissue was fixed in 4% formalin and embedded in paraffin. Longitudinal 

sections of 4 µm were cut and mounted on 3-aminopropyltriethoxisilane-coated 

slides (Superfrost,® Plus, Menzal, Darmstadt, Germany). After deparaffinization 

and rehydration, immunohistochemical staining was performed for assessment of 

glomerular and tubulointerstitial neutrophil infiltration by anti-myeloperoxidase 

(MPO; 1:50, Abcam, Cambridge, UK)14 and for assessment of fibrin-stained thrombi 

deposition by Martius, Scarlet and Blue (MSB) staining. In anti-MPO stained sections, 

three regions were selected and the number of neutrophils were manually counted 

in 10 glomeruli per region and total count of neutrophils within the tubulointerstitial 

space per section (Aperio ImageScope x64, Aperio Technologies). In MSB stained 

sections, the number of red-stained MSB positive foci in glomeruli were manually 

counted and divided by the total count of glomeruli.27 For quantification of 

tubuloinstertitial fibrin deposits, the total number of red-stained MSB foci within the 

tubulointerstitial space were counted per section. The investigator performing the 

analysis was blinded to group allocation.

GENE EXPRESSION
Total RNA was extracted from 10-30 mg frozen kidney tissue and isolated using the 

RNeasy mini kit (Qiagen, Venlo, The Netherlands), as previously described.15 The 

following genes were used for quantitative PCR: KIM-1, NGAL, ICAM-1, VCAM-

1, E-selectin, P-selectin and PAR1 (Applied Biosystems, Foster City, CA). ΔcT was 

calculated and mRNA expression levels were normalized to the housekeeping gene 

Tfrc. 

PROTEIN EXPRESSION
Frozen kidney tissue was homogenized to obtain cellular protein fractions for 

western blot analysis as described previously.15,26 Protein expression of uncleaved 

PAR1 was analyzed using anti-PAR1/Thrombin Receptor (25 µg protein, 1:200, 

ab32611, Abcam, USA). Immunoblots were quantified by densitometric analysis 
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of films (ImageQuant TL, v8.1, GE Healthcare, USA). Signal was normalized to 

glyceraldehyde 3-phosphate dehydrogenase protein expression (GAPDH; 1:5000, 

No. 2118, Cell Signaling Technology, USA).

STATISTICAL ANALYSIS
All data are expressed as median (full range) or mean ± standard deviation (SD) and 

analyzed using GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA). Sample 

size was calculated based on previous rat experiments in which cardiopulmonary 

bypass induced a decrease in cremaster perfused capillaries from 9.2 to 5.5±1.5 

perfused vessels per recording.14,15 Sample size for renal perfusion measurements were 

based on pilot experiments in which cardiopulmonary bypass induced a decrease 

in renal perfusion from of 95 to 48±12. Using an alpha of 0.05 and a power of 0.90, a 

sample size of 8 per group was required for cremaster perfusion measurements and 

a sample size of 15 was required for renal measurements. Normality of distribution 

was tested with the Shapiro-Wilk test. Time-dependent differences were analyzed 

with two-way ANOVA with repeated measures and Bonferroni post-hoc analysis. 

Two-sided Mann-Whitney U- and Wilcoxon tests were used to evaluate differences 

in-between groups and within groups, respectively. P values <0.05 were considered 

as statistically significant. 

RESULTS

HEMODYNAMICS AND BLOOD GAS ANALYSIS
All animals completed the experimental protocol. Rats weighed 400±8 and 401±10 

g for control and aprotinin treated groups, respectively (p=0.71). 

Cardiopulmonary bypass was associated with reduced mean arterial pressure (Figure 

1B, median (full range), 88 (62 – 111) to 72 (50 – 103) mmHg, p=0.02) and hematocrit 

levels (Figure 1C, 39 (36 – 42) to 22 (18 – 37) %, p<0.0001), which remained altered 

in the first hour after weaning from CPB (p=0.0001 and p<0.0001, respectively). 

Moreover, CPB resulted in a reduction in heart rate (375 (343 – 408) to 320 (257 – 

371) bpm, p=0.0001) and temperature (36.5 (35.3 – 37.7) to 35.0 (33.4 – 35.7) °C, 

p<0.0001). Also, onset of CPB reduced bicarbonate levels (24 (19 – 27) to 18 (14 – 21) 

p<0.0001) and a reduction in pH was observed immediately after weaning from CPB 

(7.4 (7.3 – 7.5) to (7.2 (7.1 – 7.4), p<0.0001), whereas oxygen saturation and partial 

pressures of carbon dioxide and oxygen remained unaltered.
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Figure 1. Schematic overview and perioperative hemodynamics

Rats were randomized to undergo cardiopulmonary bypass with PBS (CPB control, n=15) or 
cardiopulmonary bypass with aprotinin treatment (CPB+AP, n=15). AP or PBS were administered after 
baseline measurements were performed and a secondary dose was given 60 minutes after onset of CPB. 
Microcirculatory perfusion measurements in the cremaster muscle (yellow circles) were performed directly 
after the surgical preparation before onset of CPB (baseline), 10 minutes after initiation of CPB (10 min 
CPB), 60 minutes after initiation of CPB (60 min CPB), 10 minutes after weaning from CPB (10 min post-
CPB) and 60 minutes after weaning from CPB (60 min post-CPB). Renal perfusion measurements (red 
circles) were performed before onset of CPB (baseline), 10 minutes after weaning from CPB (10 min post-
CPB) and 60 minutes after weaning from CPB (60 min post-CPB). Plasma was collected at baseline, 60 
after initiation of CPB (60 min CPB) and 60 minutes after weaning from CPB (60 min post-CPB). Rats were 
culled 60 minutes after weaning from CPB and urine samples and kidneys were stored for further analyses 
(A). 

Mean arterial pressure (B) and hematocrit levels (C) in rats during and following cardiopulmonary bypass 
(CPB; white boxes; n=15) or CPB with aprotinin treatment (CPB+AP; red boxes; n=15). Box and whisker 
plots show median, interquartile and full range, * p < 0.05 CPB vs. CPB baseline, # p < 0.05 CPB vs. 
CPB+AP.
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Aprotinin did not affect mean arterial pressure or hematocrit levels throughout the 

experiment (Figure 1B and C). Moreover, pH (p=0.6), base excess (p>0.9), partial 

pressures of carbon dioxide (p>0.9) and oxygen (p>0.9) were comparable between 

CPB controls and aprotinin treated animals. There were no differences in the use 

of isoflurane anesthesia (p=0.71), phenylephrine (p=0.63), CPB flow rates (p>0.9) or 

body temperature (p=0.64) between groups (data not shown). 

CREMASTER PERFUSION
Onset of CPB was paralleled by a reduced number of perfused vessels 2.5-fold (15 

(10 – 16) to 6 (2 – 10) perfused vessels/recording, p<0.0001; Figure 2A), and increased 

the number of non-perfused vessels 2.7-fold (3 (2 – 5) to 8 (5 – 11) non-perfused 

vessels/recording, p<0.0001; Figure 2B) compared with baseline measurements in 

CPB control rats. Microcirculatory perfusion remained impaired in the first hour after 

weaning from CPB. The number of intermittently perfused vessels remained stable 

throughout the experiment (0 (0 – 0) to 0 (0 – 0)  intermittently perfused vessels/

recording, baseline to 60 min post-CPB, p>0.9).

In aprotinin treated animals, onset of CPB was also associated with a reduction in the 

number of perfused vessels (15 (11 – 16) to 12 (7 – 15) perfused vessels/recording, 

p=0.0002; Figure 2A) and increase in number of non-perfused vessels (2 (1 – 3) to 3 (1 

– 7) non-perfused vessels/recording, p=0.0002; Figure 2B). However, this reduction 

was less profound compared to untreated CPB animals (15 (11 – 16) to 12 (7 – 15) vs. 

15 (10 – 16) to 6 (2 – 10) perfused vessels/recording, CPB+AP vs. CPB, p<0.0001; 2 

(1 – 3) to 3 (1 – 7) vs. 3 (2 – 5) to 8 (5 – 11) non-perfused vessels/recording, CPB+AP 

vs. CPB, p<0.0001). No differences between baseline values of microcirculatory 

perfusion nor intermittently perfused vessels were observed between groups.

RENAL PERFUSION
CPB did not affect renal blood volume (A) in control animals throughout the study 

period (Figure 2C, 149 (56 – 410) vs. 123 (38 – 540) a.u., p>0.9, 60 min post-CPB 

vs. baseline). However, a reduction in renal vascular filling velocity (β) was observed 

immediately after weaning from CPB compared with baseline measurements (1.3 

(0.7 – 1.9) to 0.9 (0.5 – 1.2) /sec, p<0.0001), and remained decreased one hour after

weaning from CPB (Figure 2D, 0.7 (0.4 – 1.4), p<0.0001, 60 min post-CPB). Overall, 

CPB reduced renal perfusion one hour after weaning from CPB compared with 

baseline measurements in untreated CPB animals (Figure 2E, 202 (67 – 599) to 129 

(31 – 292), p=0.03, baseline to 60 min post-CPB).
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Aprotinin treatment did not affect renal blood volume (p>0.9), filling velocity (p=0.52) 

nor renal perfusion (p>0.9) throughout the course of the experiment compared with 

untreated CPB animals (Figure 2).

Figure 2. Cremaster and renal microcirculatory perfusion following CPB.

Continuously perfused vessels (A) and non-perfused vessels (B) measured in rat cremaster muscle using 
intravital microscopy. Renal blood volume (C), renal vascular filling velocity (D), and estimate of renal 
perfusion (E) measured in the right renal cortex using contrast enhanced ultrasound in rats undergoing 
cardiopulmonary bypass (CPB; white boxes; n=15) or rats undergoing CPB with aprotinin treatment 
(CPB+AP; red boxes; n=15). Box and whisker plots show median, interquartile and full range, * p < 0.05 
CPB vs. CPB baseline, # p < 0.05 CPB vs. CPB+AP. 

RENAL EDEMA AND FLUID REQUIREMENTS
Renal wet/dry weight ratio was reduced in rats treated with aprotinin compared to 

untreated CPB rats one hour after weaning from CPB (Figure 3A, mean±SD, 4.4±0.2 

vs. 4.6±0.2, CPB+AP vs. CPB, p=0.01), indicative of reduced edema formation. 

Aprotinin treated rats required 50% less fluids during and after CPB compared with 

untreated CPB animals (Figure 3B, 4±3 vs. 8±3 ml, CPB+AP vs. CPB, p=0.005).
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Figure 3. Renal edema and fluid requirements 

Renal wet/dry weight ratio (A) and fluid requirements (B) in rats undergoing cardiopulmonary bypass 
(CPB; grey circles; n=15) or CPB with aprotinin treatment (CPB+AP; red circles; n=15). Data are presented 
as mean ± standard deviation, * p < 0.05 CPB vs. CPB+AP.

RENAL ENDOTHELIAL ARCHITECTURE, NEUTROPHIL INFILTRATION AND FIBRIN 
DEPOSITION
Renal endothelial ultrastructure was better preserved in rats treated with aprotinin 

compared to untreated animals (Figure 4). Aprotinin reduced endothelial vacuolization 

(Figure 4E, 3.3±0.9 vs. 6.4±2.0 vacuoles/capillary cross section, CPB+AP vs. CPB, 

p=0.0005) and membrane blebbing (Figure 4F, 6.9±1.7 vs. 14.3±3.1 blebs/capillary 

cross section, CPB+AP vs. CPB, p<0.0001). Moreover, aprotinin treatment reduced 

renal endothelial gap formation (Figure 4BG, 0.5±0.5 vs. 3.1±1.4 gaps/capillary 

cross section, CPB+AP vs. CPB, p<0.0001) and endothelial cell detachment from 

basement membrane (Figure 4H, 1.0±0.6 vs. 2.7±1.2 detachments/capillary cross 

section, CPB+AP vs. CPB, p=0.0006).

Moreover, aprotinin treatment reduced tubulointerstitial neutrophil influx by 1.7-fold 

compared to untreated CPB rats (Figure 5G-I, 30.7±22.1 vs. 53.2±17.2 tubulointerstitial 

neutrophil influx/section, CPB+AP vs. CPB, p=0.009). Aprotinin treatment did not 

affect glomerular neutrophil infiltration (Figure 5A-C, 1.4±1.1 vs. 1.2±0.6 neutrophil 

influx/glomerulus, CPB+AP vs. CPB, p=0.73), fibrin-stained glomerular thrombi 

(Figure 5D-F, 0.049±0.043 vs. 0.073±0.058 MSB+ foci/glomerulus, CPB+AP vs. CPB, 

p=0.33), nor fibrin-stained tubulointerstitial thrombi (Figure 5J-L, 1.3±1.1 vs. 1.4±1.0 

MSB+ foci/section, CPB+AP vs. CPB, p=0.8) compared to untreated CPB rats.
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Figure 4. Renal endothelial structure

Electron microscopy images of kidney tissue of rats undergoing cardiopulmonary bypass (A,B, CPB, with 
different magnification) and CPB with aprotinin treatment (C,D, CPB+AP, with different magnification) and 
quantification of endothelial vacuolization (white triangle, E), membrane blebbling (black star, F), renal 
endothelial gap formation (black arrow, G) and endothelial cell detachment from basement membrane 
(white arrow, H). Data are presented as mean ± standard deviation, *** p < 0.0005, **** p < 0.0001 CPB 
vs. CPB+AP.
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Figure 5. Glomerular and tubulointerstitial neutrophil infiltration and fibrin deposition

Glomerular neutrophil infiltration in rats undergoing cardiopulmonary bypass (A, CPB; grey circles, n=13) 
and CPB with aprotinin treatment (B CPB+AP, red circles, n=14) and quantified as MPO positive cells per 
glomerulus (C). Glomerular fibrin deposition in rats undergoing CPB (D, grey circles, n=10) and CPB with 
aprotinin treatment (E, red circles, n=15) and quantified as red stained MSB deposits per glomerulus (F). 
Black arrows show representative stainings. 

Tubulointerstitial neutrophil infiltration in rats undergoing cardiopulmonary bypass (G, CPB; grey circles, 
n=13) and CPB with aprotinin treatment (H CPB+AP, red circles, n=14) and quantified as MPO positive cells 
per glomerulus (I). Glomerular fibrin deposition in rats undergoing CPB (J, grey circles, n=10) and CPB 
with aprotinin treatment (K, red circles, n=15) and quantified as red stained MSB deposits per glomerulus 
(L). Black arrows show representative stainings. Data are presented as mean ± standard deviation, * p < 
0.001 CPB vs. CPB+AP.

COAGULATION AND INFLAMMATORY SIGNALING 
CPB increased circulating levels of IL-6, vWF, sTM and TAT, which further increased 

in the first hour after weaning from CPB (Table 1). Aprotinin did not affect circulating 

levels of these molecules at baseline nor during the course of the experiment (Table 

1). Moreover, no differences in renal adhesion molecule expression (ICAM-1, VCAM-

1, E-selectin and P-selectin gene expression) was observed one hour after weaning 

from CPB between groups (Table 1). Also, no differences in PAR1 gene nor protein 

levels were observed between groups (Table 1).
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RENAL INJURY
CPB was associated with increased plasma and urine concentrations of renal injury 

markers NGAL, KIM-1 and creatinine one hour after weaning from CPB (Table 2). 

Aprotinin did not affect plasma and urine concentrations of renal injury markers nor 

renal injury gene expression levels (Table 2). 

Table 2. Plasma and urine concentrations and gene expression levels of renal injury markers

Baseline 60 minutes post-CPB

CPB  
control

CPB  
Aprotinin

CPB  
control

CPB  
Aprotinin

Plasma NGAL (ng/ml) 48 ± 7 43 ± 9 2012 ± 970 * 1880 ± 700 *

KIM-1 (pg/ml) 177 ± 27 193 ± 31 273 ± 81 * 239 ± 48

Creatinine (nmol/ml) 23 ± 1 24 ± 1 58 ± 12 * 57 ± 10 *

Urine NGAL (ng/ml) - - 659 ± 676 524 ± 387

KIM-1 (pg/ml) - - 1281 ± 865 1103 ± 703

Gene expression NGAL - - 29 ± 17 31 ± 16

KIM-1 - - 9 ± 8 7 ± 6
Data are presented as mean ± standard deviation. * p < 0.05 versus baseline, # p < 0.05 CPB control 
versus CPB Aprotinin. CPB, cardiopulmonary bypass; NGAL, neutrophil gelatinase-associated lipocalin; 
KIM-1, kidney injury molecule-1.
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DISCUSSION

In the present study, we demonstrate that aprotinin administration preserved renal 

endothelial structure and reduced renal edema formation following experimental 

CPB. This was paralleled by reduced fluid resuscitation requirements and restoration 

of cremaster microcirculatory perfusion. These findings are important as they 

emphasize on the broad spectrum of actions of aprotinin. Besides prevention of 

blood loss and preservation of platelet function, we showed that aprotinin preserved 

renal endothelial ultrastructure following CPB. Despite its endothelial protective 

effect, aprotinin administration was however not sufficient to preserve renal perfusion 

and function. 

Previously, we showed that plasma from patients undergoing cardiac surgery with 

CPB resulted in loss of in vitro endothelial barrier function.28 This plasma-induced 

endothelial hyperpermeability continued in the first postoperative days and correlated 

with in vivo microcirculatory perfusion disturbances.29 These results emphasize 

capillary leakage as underlying mechanism of CPB-induced microcirculatory perfusion 

disturbances and AKI. Additionally, supporting this hypothesis, we previously 

showed that therapeutic inhibition of capillary leakage by imatinib and vasculotide, 

drugs that improve vascular barrier function, improved cremaster microcirculatory 

perfusion and reduced organ edema following experimental CPB.14,15 Despite these 

promising findings, vasculotide was effective in reducing only pulmonary edema but 

not renal edema. In contrast, imatinib was found to reduce renal edema and markers 

of renal injury, however, its use is associated with a wide range of side effects and 

is registered for the treatment of chronic myeloid leukemia, which may hamper its 

implementation in cardio-surgical setting.

Aprotinin is suggested to reduce capillary leakage and is of interest as it is already 

used in cardiac surgery to inhibit hyperfibrinolysis. In patients undergoing cardiac 

surgery, aprotinin is thought to maintain pulmonary arterial integrity30 and decrease 

pulmonary edema.31 In experimental CPB, aprotinin reduced myocardial edema 

and fluid requirements.32 Our data confirm these results as we demonstrated 

that aprotinin administration maintained renal endothelial structure and reduced 

renal edema formation. Additionally, less fluids were required following aprotinin 

administration to maintain adequate pump flow. These results suggest that aprotinin 

has endothelial barrier protective effects resulting in less capillary leakage and 

edema formation in kidneys during experimental CPB.
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As a non-specific serine protease inhibitor, aprotinin operates via numerous 

mechanisms.33 Aprotinin can prevent thrombin from cleaving and activating PAR1.21-

24 Thrombin regulates endothelial permeability, vascular tone, leukocyte trafficking 

and inflammation, formation of new vessels, and hemostasis. PAR1 is the principal 

receptor for thrombin and is shown to regulate endothelial permeability. In the 

present study, onset of CPB resulted in thrombin generation as assessed by thrombin-

antithrombin complex formation. However, we did not find an effect of aprotinin 

on renal PAR1 expression. This might be due to the lack of available antibodies to 

assess the activation status of PAR1. As a consequence, only uncleaved PAR1 could 

be determined. However, we cannot rule out that aprotinin activated alternative 

mechanisms preserving endothelial barrier function, as it has been implicated 

that aprotinin inhibits plasma leakage induced by kallikrein. Moreover, aprotinin 

has anti-inflammatory properties. In previous studies, aprotinin reduced thrombin-

induced IL-6 secretion23 and TNFα-induced ICAM-1 and VCAM-1 expression21-24 by 

endothelial cells in vitro. In addition, aprotinin inhibited leukocyte extravasation in 

rats.34 In line, we found reduced tubulointerstitial neutrophil extravasation in aprotinin 

treated animals compared to control animals. Interestingly however, circulating 

inflammatory mediators were comparable between aprotinin treated and untreated 

rats. This contrasting finding could result from described dose-dependent actions 

of aprotinin34 and may potentially partly be explanatory for the lack of preservation 

of renal perfusion and function in our study. Collectively, aprotinin seems to target 

multiple mechanisms and the effects on the endothelium remain complex and need 

further investigation. 

As a consequence of capillary leakage, we hypothesized the development of 

microcirculatory perfusion disturbances and AKI.14,15 Patients undergoing cardiac 

surgery with CPB show sublingual microcirculatory perfusion disturbances7,8 and 

it is suggested that these microcirculatory perfusion disturbances play a crucial 

role in the development of AKI.35,36 The question remains whether sublingual 

measurements can be translated to other organs, such as kidneys. The present 

study showed impaired renal perfusion following CPB which was indeed paralleled 

by increased markers of renal injury. As aprotinin was not sufficient to preserve renal 

perfusion, the hypothesized causality between renal perfusion disturbances and 

renal injury following CPB could not be confirmed. Interestingly, the present study 

demonstrates that aprotinin administration restored cremaster microcirculatory, but 

not renal perfusion. Previously, this differences between microvascular beds was 

observed by our group in a cell-type specific effect of plasma-induced endothelial 
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hyperpermeability, which was more severe in pulmonary endothelial cells compared 

to renal endothelial cells.29 In line with these findings, we observed that aprotinin 

more effectively reduced pulmonary edema compared to renal edema (data not 

shown). These differences between organs are further supported by a study 

showing different effects of aprotinin on capillary leakage in eight organs, including 

pulmonary, aortic, and duodenal tissue.37 Another explanation is that cremaster 

perfusion was specifically measured in the capillaries, while renal perfusion analysis 

included vessels of all sizes. The effects of aprotinin on renal perfusion are however 

scarcely studied. In a canine model of pancreatitis, aprotinin increased renal blood 

flow as represented by cardiac output distributed to kidneys38, whereas in healthy, 

instrumented rats aprotinin reduced renal blood flow.39 In patients undergoing 

cardiac surgery with CPB, renal plasma flow decreased following CPB and was not 

affected by aprotinin administration.40 Even though the effects of aprotinin on renal 

perfusion during CPB requires further investigation, these data implicate organ 

specific effects of aprotinin.

Aprotinin was reintroduced in 2017, ten years after it was taken of the market. 

Conflicting results have been reported concerning the effect of aprotinin during 

cardiac surgery on postoperative morbidity, including renal function.41-43 However, 

validity was questioned, as most studies that reported postoperative morbidity 

risk following aprotinin administration were subjected to sources of bias and were 

not designed to look at safety.44,45 When reviewing randomized placebo-controlled 

trials, aprotinin use during cardiac surgery was not associated with increased risk of 

postoperative morbidity, including renal injury, or mortality.46 In accordance, we did 

not observe deleterious effects of aprotinin administration on renal function in our 

rat CPB model. 

This study has limitations. Aprotinin seems to be more effective at high doses 

and when given during reperfusion, suggesting a dose-dependent effect.47 We 

choose to study a clinically relevant dose (reflecting a full Hammersmith protocol) 

based on previous studies that showed that patients receiving full Hammersmith 

aprotinin protocol showed significant reductions in circulating interleukin levels.48 

However, in our study, aprotinin was not continuously infused nor added to CPB 

prime solution and may therefore have not been sufficient to suppress the systemic 

inflammatory response, potentially the consequence of first pass effect, even though 

similar dosing regime was previously found sufficient during experimental CPB.30,49 

Nevertheless, based on our observation in the cremaster muscle, a biological effect 
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of aprotinin was clearly present. Moreover, a potential beneficial effect of aprotinin 

administration on renal function may have been masked by the decrease in blood 

pressure following CPB and the relatively short follow-up period following weaning 

from CPB. Also, our extracorporeal circuit was primed with hydroxyethyl starch, a 

colloid solution. Although concerns have been raised concerning the effect of colloids 

on renal function, the use of modern hydroxyethyl starch solutions in surgical settings, 

including cardiac surgery, was not associated with increased risk of acute kidney 

injury.50 Lastly, although sternotomy and cardioplegic arrest were avoided, our CPB 

model enables discontinuation of ventilation and ensures systemic oxygenation while 

minimizing cardiac blood flow and pulse pressure, thereby mimicking true CPB effect. 

In conclusion, our study revealed that although aprotinin protects renal endothelial 

integrity and reduced renal edema, this strategy was not sufficient to preserve renal 

perfusion nor reduce renal injury. The findings of our study highlight the importance 

of the development of new therapeutic interventions to reduce organ injury, 

particularly in the setting of cardiac surgery with CPB. 
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