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ABSTRACT
Acute kidney injury (AKI) is a serious complication following on-pump cardiac surgery. 
Choosing the cardioplegic solution with the most appropriate myocardial protection 
and lowest grade of AKI could improve patient outcome. We compared the crystalloid 
histidine-tryptophan-ketoglutarate (HTK) solution and a Jonosteril®-based DelNido blood 
cardioplegic solution regarding AKI in a porcine model. Therefore, German landrace pigs 
(50–60kg) underwent median sternotomy, cardiopulmonary bypass at 34 °C and 90 min 
of cardiac arrest. Animals were randomized to single-shot cardioplegia of HTK (n = 9) or 
DelNido (n = 9) cardioplegic solution followed by 120 min of reperfusion. This study 
demonstrated that DelNido cardioplegia induced less hemoglobin (p < 0.01) and 
electrolyte imbalances of blood sodium, chloride, and calcium levels (all p < 0.01) after 
aortic cross-clamp than HTK cardioplegia. Renal biopsy analysis after 120 min of 
reperfusion revealed that histomorphological changes, oxidative and nitrosative stress as 
well as the cytosolic release of pro-apoptotic molecules in different nephron structures 
were comparable in HTK and DelNido cardioplegia. The comparability of both 
cardioplegic solutions was supported by measurements of the urine AKI biomarkers of 
L-type fatty acid-binding protein 1 (p  =  0.38), neutrophil gelatinase-associated lipocalin 
(p  =  0.34), and cystatin C (p  =  0.46), which could not detect any differences between 
the groups. This large animal study demonstrated superiority of the DelNido solution 
regarding hemoglobin and blood electrolyte concentrations, but comparability of the 
HTK and DelNido blood cardioplegic solution regarding AKI for surgical interventions 
requiring cardiac arrest of 90 min. Patients with a higher risk for adverse events, due to 
either complex, prolonged surgery or a multitude of comorbidities, could especially 
benefit from the more physiological arrest conditions with DelNido cardioplegia.

GRAPHICAL ABSTRACT

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

CONTACT Maja-Theresa Dieterlen  mdieterlen@web.de  Heart Center Leipzig, Clinic for Cardiac Surgery, HELIOS Clinic, 04289 Leipzig, 
Germany
#These authors contributed equally to this work.

 Supplemental data for this article can be accessed online at https://doi.org/10.1080/0886022X.2025.2563672.

https://doi.org/10.1080/0886022X.2025.2563672

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms 
on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
Received 9 January 2025
Revised 25 August 2025
Accepted 13 September 
2025

KEYWORDS
Acute kidney injury; 
animal model; 
cardioplegia; del nido 
solution; 
histidine-tryptophan-
ketoglutarate solution; 
single shot cardioplegia

mailto:mdieterlen@web.de
https://doi.org/10.1080/0886022X.2025.2563672
https://doi.org/10.1080/0886022X.2025.2563672
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/0886022X.2025.2563672&domain=pdf&date_stamp=2025-11-13
http://www.tandfonline.com
htp://www.tandfonline.com


2 M.-T. DIETERLEN ET AL.

1.  Introduction

Cardioplegic solutions induce cardiac arrest for a resting operation field and provide the best possible 
myocardial protection during the ischemic period [1]. The choice of the cardioplegic solution is often 
surgeon- or center-specific, and rarely considers the possible effects on end-organs, such as the kidney.

Cardiac surgery-induced acute kidney injury (AKI) affects up to 30% of the patients who undergo a 
surgical intervention with cardiopulmonary bypass (CPB) [1]. AKI is associated with prolonged hospital-
izations and higher mortality rates [1,2]. Approximately, 2–6% of the patients require hemodialysis after 
cardiac surgery with CPB [3]. Meta-analyses reported a lower risk of AKI [4] or comparability of renal 
failure [5] by using the DelNido cardioplegia; however, they included only 1 study [4] or none [5] that 
specifically addressed this question. Retrospective studies, including patients undergoing coronary artery 
bypass or minimally invasive mitral valve surgery, reported higher creatinine kinase isoenzyme MB 
(CK-MB) levels on the 2nd postoperative day with HTK cardioplegia [6] or identified HTK as a risk factor 
for AKI [7] when compared to DelNido cardioplegia.

Intraoperative parameters have a significant impact on the development of AKI in cardiac surgery 
patients, as the duration of CPB and cross-clamp time have been identified as significant risk factors for 
AKI [8–10]. Furthermore, optimizing intraoperative hemodynamics can prevent AKI [8]. The high rele-
vance of intraoperative parameters on AKI development also includes the choice of the cardioplegic 
solution with the most appropriate myocardial protection and the lowest grade of AKI, which could 
improve patient outcomes and quality of life.

The European Association for Cardio-Thoracic Surgery (EACTS) recommends considering the use of 
blood cardioplegia in patients with anemia, chronic kidney disease, or for complex procedures to reduce 
hemodilution, bleeding complications, and transfusion requirements [11]. To improve knowledge about 
kidney injury following cardiac arrest induced by different cardioplegic solutions, we conducted a ran-
domized comparison of the crystalloid histidine-tryptophan-ketoglutarate (HTK) solution (Custodiol®) and 
the Jonosteril®-based DelNido blood cardioplegic solution regarding their renal effects in a large animal 
model. This study aims to identify and compare perioperatively induced renal damage on a molecular 
and histopathological basis, which is currently unknown, that could lead to AKI during the mid- and 
long-term postoperative course. Therefore, a large animal study comparing HTK- and DelNido-induced 
changes in renal tissue and the release of early AKI biomarkers should provide more certainty in clinical 
decision-making for the optimal cardioplegic solution.

2.  Methods

2.1.  Animals

The study was authorized (vote no. TVV 23/19) by the local animal welfare agency (Landesdirektion Leipzig, 
Germany) and the institutional ethics review board, and was conducted in accordance with Directive 
2010/63/EU of the European Parliament regarding animal protection. Animal studies do not require an 
informed consent. Female 4- to 5-month-old landrace pigs (50–60 kg) were included in this study.

2.2.  Anesthesia management and surgical procedure

Anesthesia management and the surgical procedure were performed as described previously [12]. Before 
transportation, pigs were premedicated with intramuscular injection of 0.5 mg/kg midazolam, 0.02 mg/kg 
atropine, and 15 mg/kg ketamine. Thereafter, a bolus of 1–3 mg/kg propofol and 50 mg/kg metamizol were 
administered intravenously via the lateral ear vein or intramuscular, respectively. The pigs were intubated 
and mechanically ventilated (Cato, Draeger, Lübeck, Germany) with 33–100 Vol% oxygen, a respiratory rate 
of 15–30/min and a tidal volume of 6–10 mL/kg. Anesthesia was maintained by intravenous administration 
of 2% propofol and 50 µg/mL sufentanil. Pigs were heparinized by intravenous application of 300 IU/kg 
heparin after they underwent median sternotomy and pericardiotomy. A 6 Fr sheath was placed in the 
carotid artery to introduce a CD Leycom pressure volume loop catheter into the left ventricle (Hengelo, 
NL). Pursestring sutures were placed in the aortic arch and the right atrial appendage to allow arterial and 
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venous cannulation (Edwards Lifesciences, Irvine, CA). A 12 G needle vent (Medtronic, Minneapolis, MN) was 
placed in the aortic root for application of cardioplegic solution. The total time between induction of anes-
thesia and cross-clamping of the aorta was constantly set at 40 min and referred to as the equilibration 
period (Figure 1). At the end of the equilibration period, blood serum and urine were collected.

Priming of the CPB system was performed with 500 mL Jonosteril® crystalloid solution containing 
10,000 IU heparin. The activated clotting time (ACT) was greater than 330 s. Afterwards, animals were 
randomly assigned (n = 9 per group) to receive either 1800 mL Custodiol (HTK group; Köhler-Chemie, 
Alsbach-Henlein, Germany) or 1300 mL modified DelNido cardioplegic solution (DelNido group) over 
6–8 min with a pump flow rate of 0.3 L per min. The DelNido cardioplegia solution consisted of one part 
porcine red cell concentrate received from a porcine blood donor and four parts of crystalloid solution 
based on Jonosteril® crystalloid solution (Supplementary Table 1). The crystalloid DelNido cardioplegic 
solution has higher concentrations of Na+, K+, Cl-, Mg2+, and Ca2+ than the HTK cardioplegic solution and 
was supplemented with the sodium channel blocker lidocaine. The crystalloid HTK cardioplegic solution 
was supplemented with the eponymous components histidine, tryptophan and α-ketoglutarate, and has 
a higher mannitol concentration than the DelNido cardioplegic solution.

Hearts were arrested for 90 min at 34 °C body temperature. The temperature was regulated via the 
CPB device. The mean arterial pressure (MAP) was set to 40–60 mmHg, and the aortic cannula pressure 
was 150–300 mmHg. Subsequently, 30 min following reperfusion, the body temperature was restored to 
physiological conditions. Thereafter, the animals were weaned from extracorporeal circulation. After a 
total reperfusion time or 120 min, blood serum, urine, and renal tissue were collected using standardized 
procedures. Hemodynamic and respiratory parameters were monitored via Infinity Delta (Draeger). Blood 
gases were analyzed using the ABL 90 (Radiometer GmbH, Krefeld, Germany). MAP and cardiac output 
were recorded via a PiCCO® catheter (PiCCO®plus, PULSION Medical Systems, Feldkirchen, Germany) in the 
femoral artery. A Swan-Ganz catheter was inserted through the jugular vein for measuring artery pressure.

At the end of the study, all animals were sacrificed by terminal exsanguination, followed by the har-
vest of organs and tissues (e.g., kidneys and hearts). Blood donors were sacrificed by application of 15 mL 
T61/ebutramid (MSD, Unterschleißheim, Germany) under general anesthesia.

2.3.  Sample preparation

Urine was aliquoted and frozen at −20 °C. Serum samples were centrifuged at 2000 × g for 10 min at 4 °C, 
aliquoted, and frozen at −20 °C. Renal biopsies from the upper third of the left kidney were snap-frozen in 
liquid nitrogen or fixed in 4% formaldehyde/phosphate-buffered saline (PBS, pH 7.4) for 24 h and then 
transferred to 70% ethanol for histological evaluation. Investigators were blinded for the laboratory analysis.

2.4.  Histological evaluation

Hematoxylin/Eosin staining of paraffin-embedded renal sections was performed as described previously 
[13]. Histological analysis included twenty glomeruli and ten proximal tubules per animal to determine 
the glomerular area, glomerular capsule space, as well as the lumen and cell size of the proximal tubules.

Figure 1.  Study design. The 40-min equilibration period was defined as the time between the induction of anesthesia 
and aorta cross-clamping. Female landrace pigs were randomly assigned to receive either HTK (n = 9) or DelNido car-
dioplegia (n = 9) to induce cardiac arrest for 90 min. Following 120 min reperfusion, renal tissue, blood, and urine were 
collected. HTK: histidine-tryptophan-α-ketoglutarate.

https://doi.org/10.1080/0886022X.2025.2563672
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For immunohistochemical analyses of hypoxia-inducible factor-1α (HIF-1α), apoptosis-inducing factor 
(AIF), and nitrotyrosine, paraffin-embedded, 3 µm-thick sections of kidney tissue were deparaffined in 
xylene and hydrated in ethanol (100%, 96%, 70%, and 50%) and distilled water. Following incubation in 
Tris-buffered saline (TBS; 0.05 M Tris, 0.5 M NaCl) for 10 min, sections were boiled in 0.01 M sodium citrate 
for 30 min. Endogenous peroxidases and nonspecific binding sites were blocked with 0.1% H2O2 in meth-
anol and TBS for 50 min, followed by incubation in 2% bovine serum albumin (BSA) in TBS for 60 min. 
Primary and secondary antibodies, as well as chromogen incubation, are listed in Supplementary Table 
2. Nuclei were stained with hematoxylin. Twenty glomeruli and 10 proximal, intermediate, and distal 
tubules, as well as collecting ducts, were analyzed per animal. The histological evaluation was performed 
at 200× magnification using an Axio Plan 2 microscope (Carl Zeiss AG, Oberkochen, Germany) and 
AxioVision Release version 4.8.2 SP3 software, as well as ImageJ version 2.0.0 software (U.S. National 
Institutes of Health, Bethesda, MD).

2.5.  Enzyme activity measurements

The measurement of reactive oxygen species (ROS)-producing and -degrading enzyme activities have 
been previously used as surrogate parameters for quantifying the renal ROS burden. The enzyme activi-
ties of the ROS-producing nicotinamide-adenine dinucleotide phosphate (NOX) and the ROS-degrading 
enzymes catalase and superoxide dismutase (SOD) were measured in protein extracts of renal tissue 
biopsies. Protein extraction and quantification, as well as assays for determining enzyme activities, are 
reported in detail in Supplement A.

2.6.  Enzyme-linked immunosorbent assay

Troponin I and CK-MB were quantified in serum samples obtained after 120 min of reperfusion using the 
enzyme-linked immunosorbent assays (ELISAs) (both antibodies-online GmbH). Cytochrom C release into 
the cytosol was quantified in the cytosolic fraction of renal tissue homogenates using an ELISA from 
antibodies online GmbH. AKI markers were quantified in urine samples using the neutrophil 
gelatinase-associated lipocalin (NGAL; Wuhan Fine Biotech, Wuhan, China), L-type fatty acid-binding pro-
tein 1 (FABP-1; Cloud-Clone, Wuhan, China) and cystatin c (Pig Cystatin 3; Biomatik, Ontario, Canada) 
according to the manufacturer’s instructions. The NGAL concentration in the urine after 120 min of reper-
fusion was the primary endpoint of this study. Measurements were performed using the microplate 
reader Infinite™ 200 PRO and i-control™ software (both Tecan, Männedorf, Switzerland).

2.7.  Statistical analysis

Statistical analyses were performed with IBM SPSS Statistics 28 (IBM Corporation, Armonk, NY). Values 
were expressed as mean and with the 95% confidence interval (CI) unless specified otherwise. The 
Shapiro–Wilks test was used to check the normality of the data. The Levene test was used to test for 
homogeneity of variance. Unpaired t-tests were performed for two-group comparisons of metric data. p 
Values ≤0.05 were considered statistically significant.

3.  Results

3.1.  Hemodynamic measurement and blood gas analyses

The study groups did not differ in hemodynamic parameters, including heart rate, systolic and diastolic 
blood pressure, MAP, central venous pressure, systolic and diastolic pulmonary artery pressure, systemic 
vascular resistance index, and heart index, during equilibration and after 120 min reperfusion (Table 1). 
Two animals in the HTK group required a norepinephrine administration after weaning from CPB, while 
none of the animals in the DelNido group required a norepinephrine administration (p = 0.47). Additional 
information about the norepinephrine infusion for an exact measurement of the left ventricle perfor-
mance in this animal study was reported previously [6]. The hemoglobin content was lower in the HTK 

https://doi.org/10.1080/0886022X.2025.2563672
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group at aortic cross clamp due to the application of the cardioplegic solution (HTK: 3.7 mmol/L [95% CI: 
3.5–4.0], DelNido: 4.2 mmol/L [95% CI: 4.0–4.5], p < 0.01), but returned to comparable values in both 
groups after 90 min ischemia (HTK: 5.7 mmol/L [95% CI: 5.5–6.0], DelNido: 5.7 mmol/L [5.4–6.0], p = 0.75) 
and after 120 min reperfusion (HTK: 5.3 mmol/L [95% CI: 5.0–5.6], DelNido: 5.3 mmol/L [95% CI: 5.0–5.5], 
p = 0.90) (Supplementary Figure 1(A)). Blood lactate levels increased in both groups until 90 min ischemia 
and remained high during reperfusion (Supplementary Figure 1(B)).

Blood sodium, chloride and calcium decreased in the HTK group at the time point of aortic cross 
clamp after application of the cardioplegic solution compared to the DelNido group (psodium < 0.01, pchlo-

ride < 0.01, pcalcium < 0.01) (Figure 2(A–D); Supplementary Table 3). The difference between the groups 
persisted until the end of the ischemic period for calcium (p = 0.03) and until the end of the 120 min 
reperfusion period for sodium (p < 0.01) and chloride (p = 0.04). Blood potassium levels were comparable 
between the study groups throughout the cardiac arrest and the reperfusion period (Figure 2(D)).

3.2.  Measurement of cardiac injury

The cardiac injury markers troponin I (HTK: 422 pg/mL [95% CI: 83–761], DelNido: 362 pg/mL [95% CI: 
148–576], p = 0.36) and CK-MB (HTK: 165 mU/mL [95% CI: 12–318], DelNido: 125 mU/mL [95% CI: −25-275], 
p = 0.34) were comparable between the HTK and the DelNido group after 120 min reperfusion, indicating 
a comparable cardiac protection with the different cardioplegic solutions.

3.3.  Histomorphological analysis of renal tissue

Histomorphological analysis of kidney structures comprised measurements of proximal tubules, glomer-
uli, and Bowman’s capsules. Glomeruli area (HTK: 37,523 µm2 [95% CI: 34,532–40,514], DelNido: 40,282 
µm2 [95% CI: 34,660–45,904], p = 0.34), glomerular capsule space length (HTK: 11.6 µm [95% CI: 9.4–13.9], 
DelNido: 13.4 µm [95% CI: 10.2–16.5], p = 0.31), proximal tubules cell height (HTK: 21.9 µm [95% CI: 20.7–
23.1], DelNido: 22.7 µm [95% CI: 21.4–24.0], p = 0.34) and diameters of proximal tubules (HTK: 102.9 µm 
[95% CI: 95.9–110.0], DelNido: 104.3 µm [95% CI: 94.9–113.6], p = 0.80) were comparable between both 
groups (Figure 3).

Table 1.  Hemodynamic parameters in the HTK and Del Nido group during equilibration and after 120 min reperfusion.
Equilibration 120 min reperfusion

HTK DelNido HTK DelNido

p Value(n = 9) (n = 9) p Value (n = 9) (n = 9)

HR (bpm) 95 95 0.99 124 112 0.18
[81–109] [81–109] [108–139] [102–123]

RRsys (mmHg0 93 97 0.69 74 80 0.34
[78–109] [82–113] [62–86] [72–88]

RRdias (mmHg) 51 53 0.75 41 44 0.14
[41–60] [45–60] [39–44] [41–48]

MAP (mmHg) 68 69 0.81 54 59 0.12
[56–80] [59–80] [49–60] [55–64]

CVP (mmHg) 13 13 0.58 18 16 0.08
[9–16] [13–14] [16–19] [15–17]

CO (L/min) 6.0 6.5 0.36 5.3 5.4 0.85
[5.1–6.9] 5.6-7.3] [4.1–6.5] [4.4–6.5]

SVRI (dyne*s/cm5/m2) 961 877 0.42 760 830 0.53
[746–1176] [790–965] [525–994] [732–928]

PAsys (mmHg) 29 30 0.74 41 43 0.75
[22–36] [23–36] [32–50] [33–53]

PAdias (mmHg) 21 23 0.42 26 27 0.96
[16–26] [20–27] [21–32] [21–32]

PAmean (mmHg) 25 27 0.60 34 34 0.99
[20–30] [22–32] [26–41] [26–41]

CI ([L/min]/m2) 4.7 5.1 0.30 4.1 4.3 0.77
[4.0–5.3] [4.5–5.6] [3.2–5.0] [3.4–5.2]

Data are represented as mean and the 95% confidence interval in squared brackets.
bpm: beats per minute; CI: cardiac index; CO: cardiac output; CVP: central venous pressure; HR: heart rate; HTK: histidine-tryptopha
n-α-ketoglutarate; MAP: mean arterial pressure; PAdias/mean/sys: diastolic/mean/systolic pulmonary artery pressure; RRdias/sys: diastolic/systolic blood 
pressure; SVRI: systemic vascular resistance index

https://doi.org/10.1080/0886022X.2025.2563672
https://doi.org/10.1080/0886022X.2025.2563672
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3.4.  Oxidative and nitrosative stress in renal tissue

Oxidative stress due to ischemic events or altered oxygen conditions was quantified by measuring 
of enzyme activities of NOX, SOD, and catalase. The investigated enzyme activities serve as surro-
gate parameters for oxidative stress, while NOX is a ROS producer, and SOD and catalase are 
enzymes that degrade ROS. In renal tissue, the enzyme activities of NOX (HTK: 15.2 mU/mg [95% CI: 
5.9–24.4], DelNido: 11.8 mU/mg [95% CI: 3.8–19.7], p = 0.53), SOD (HTK: 0.73 U/mg [95% CI: −0.25-1.71], 
DelNido: 0.35 U/mg [95% CI: 0.22–0.48], p = 0.39) and catalase (HTK: −0.09 U/mg [95% CI: −6.63–6.45], 
DelNido: 5.30 U/mg [95% CI: −2.82–13.41], p = 0.25) were comparable between the HTK and DelNido  
group.

A further marker of oxidative stress is the nuclear translocation of the transcription factor HIF-1α, 
which corresponds to its activation. HIF-1α translocation in the renal structures: glomeruli (p = 0.76), prox-
imal tubules (p = 0.92), intermediate tubules (p = 0.62), distal tubules (p = 0.45) and collecting ducts 
(p = 0.67) was comparable between the HTK and DelNido group (Figure 4(A–C); Supplementary Table 4). 
The highest degree of nuclear HIF-1α translocation was detected in the proximal tubules (HTK: 33.0% 
[95% CI: 10.1–55.8], DelNido: 31.7% [95% CI: 12.7–50.7]).

Nitrosative stress was quantified by analyzing the expression of nitrotyrosine in cells of different renal 
structures. Nitrotyrosine expression was present in more than 90% of the renal cells. It was comparable 
between the HTK and DelNido groups in the different renal structures (glomeruli: p = 0.26, proximal 
tubules: p = 0.12, intermediate tubules: p = 0.54, distal tubules: p = 0.74, collecting ducts: p = 0.78) (Figure 
4(D–F); Supplementary Table 4).

Figure 2.  Blood parameters measured during equilibration, at aortic cross clamp, after 90 min ischemia and after 
120 min of reperfusion. Blood concentration of sodium (a), chloride (B), calcium (C) and potassium (D) have been quan-
tified in the HTK group (black color) and the DelNido group (red color). The mean is displayed as a line in the dot plot. 
HTK: histidine-tryptophan-α-ketoglutarate.

https://doi.org/10.1080/0886022X.2025.2563672
https://doi.org/10.1080/0886022X.2025.2563672
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3.5.  Acute kidney injury markers

The early kidney injury biomarkers NGAL, FABP-1 and cystatin c were quantified in urine samples 
obtained at equilibration and after 120 min reperfusion. According to biomarker analysis, kidney injury 
in the HTK and DelNido groups was comparable at equilibration and after 120 min of reperfusion (Table 
2, Figure 5).

3.6.  AIF translocation and cytochrome c release

Increased oxidative stress and cellular damage can lead to the induction of caspase-independent apop-
tosis through the release of mitochondrial cytochrome C, as well as the release and activation of AIF. The 
nuclear translocation of AIF and the release of cytochrome C into the cytosol were used as surrogate 
markers for the induction of caspase-independent apoptosis. AIF translocation in the renal structures: 
glomeruli (p = 0.26), proximal tubules (p = 0.29), intermediate tubules (p = 0.38), distal tubules (p = 0.51), 
and collecting ducts (p = 0.33) was comparable between the HTK and DelNido group (Supplementary 
Table 4).

The analysis of cytochrome C release from mitochondria into the cytosol yielded comparable results, 
with no detectable difference between the HTK and DelNido groups (HTK: 6.3 ng/mg [95% CI: 4.8–7.8], 
DelNido: 6.0 ng/mg [95% CI: 3.8–8.1], p = 0.79).

Figure 3.  Histomorphological evaluation of renal tissue after cardioplegia with HTK (black color) or DelNido (red color). 
Hematoxylin and eosin staining was used to evaluate the morphological changes of the glomeruli, including their area 
(A) and the glomerular capsule space (B), as well as of proximal tubules, including the proximal tubule cell height (C) 
and the proximal tubule diameter (D). The mean is displayed as a line in the dot plot. HTK: histidine-tryptopha
n-α-ketoglutarate.

https://doi.org/10.1080/0886022X.2025.2563672
https://doi.org/10.1080/0886022X.2025.2563672
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4.  Discussion

This study compared the renal effects of the crystalloid HTK cardioplegic solution and the Jonosteril®-
based DelNido blood cardioplegic solution in a porcine animal model with 90 min cardiac arrest and a 
120-min reperfusion period.

Figure 4. I mmunohistochemical analysis of HIF-1α nuclear translocation (A–C) and nitrotyrosine expression (D–F) in 
renal tissue after cardioplegia with HTK (black color) or DelNido (red color). HIF-1α translocation (A) and nitrotyrosine 
expression (D) were quantified in different renal structures. The mean is displayed as a line in the dot plot. Exemplary 
stainings of HIF-1α (B, C) and nitrotyrosine (E,F) of HTK- and DelNido-treated pigs were presented. scale bar = 100 µm. 
HIF-1α: hypoxia-inducible factor 1α; HTK: histidine-tryptophan-α-ketoglutarate.

Table 2. U rinary concentrations of acute kidney injury markers in the HTK and DelNido group during equilibration and 
after 120 min reperfusion.

Equilibration 120 min reperfusion

HTK DelNido

p value

HTK DelNido

p Value(n = 9) (n = 9) (n = 9) (n = 9)

FABP-1 (pg/mL) 160 160 1 146 162 0.38
[160-160] [156–164] [103–188] [159–166]

NGAL (ng/mL) 0.22 0.07 0.20 0.37 0.26 0.34
[−0.01-0.44] [−0.04-0.18] [−0.20-0.94] [0.04–0.48]

Cystatin C (ng/mL) 9.4 48.8 0.11 136.2 60.7 0.46
[−12.2-31.0] [1.5–96.1] [−72.9-345.3] [−29.6-151.0]

Data were represented as mean and the 95% confidence interval in squared brackets.
FABP-1: L-type fatty acid-binding protein 1; HTK: histidine-tryptophan-α-ketoglutarate; NGAL: neutrophil gelatinase-associated lipocalin

Figure 5. U rinary concentration of early acute kidney injury markers FAPB-1 (a), NGAL (B) and cystatin C (C) after cardio-
plegia with HTK (black color) or DelNido (red color). The mean is displayed as a line in the dot plot. FABP-1: L-type fatty 
acid-binding protein 1; HTK: histidine-tryptophan-α-ketoglutarate; NGAL: neutrophil gelatinase-associated lipocalin.
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In our animal model, DelNido cardioplegia induced fewer electrolyte and hemoglobin imbalances than 
HTK cardioplegia. Histomorphological changes, oxidative and nitrosative stress, as well as the cytosolic 
release of pro-apoptotic molecules in the various nephron structures, were comparable between HTK 
and DelNido cardioplegia. The comparability of both cardioplegic solutions regarding kidney injury in a 
90-min cardiac arrest model was supported by measurements of the AKI biomarkers FABP-1, NGAL and 
cystatin C, which revealed no differences between the groups.

The study results demonstrate a significantly greater decrease in hemoglobin levels in the HTK group 
compared to the DelNido cardioplegia group. Hemoglobin is a tetrameric protein that binds oxygen and 
serves as an indirect marker of erythrocyte count. A decrease of hemoglobin in both study groups of 
our experimental setting could be caused by intraoperative blood loss, CPB-induced hemolysis, or hemo-
dilution during cardioplegia, as reported in previous studies investigating HTK or DelNido cardioplegia 
[14,15]. Our study design included compensating for intraoperative blood loss with porcine red cell con-
centrates to mitigate the adverse effects of low hematocrit and hemoglobin concentrations, which are 
known to reduce AKI in CPB surgery [16–18]. A reduced hemoglobin content in combination with 
increased lactate has been correlated with the occurence of AKI [19], which explains the risk for AKI in 
surgical interventions with ischemia–reperfusion issues.

Blood electrolyte measurements revealed hyponatremia and hypochloremia as well as low calcium 
concentrations as a result of cardioplegia in the HTK group but not in the DelNido group. Electrolyte 
imbalances, such as hyponatremia, are common following the application of cardioplegic solutions [20]. 
Hypochloremic conditions with blood chloride concentrations <95 mmol/L are a risk factor for AKI devel-
opment [21] and have been documented in the HTK group of our study. However, hypoosmolarity is 
necessary to induce cellular swelling and damage. The hyperosmolar HTK solution should counteract 
hypoosmolar conditions and lead to an isotonic hyponatremia in our experimental setting.

The HTK solution contains the amino acids histidine and tryptophan, as well as α-ketoglutarate, which 
is involved in the synthesis of amino acids. The nephroprotective effects of amino acids have been 
reported by Landoni et  al. [22], who investigated the use of amino acid infusion in patients undergoing 
cardiac surgery in a randomized controlled trial. They reported a lower incidence of AKI after amino acid 
infusion, with no effect on adverse events. Landoni et  al. used Baxter’s 10% Isopuramin, which contains 
about 14 amino acids, including histidine and tryptophan. Therefore, it might be assumed that the com-
position of the HTK solution is beneficial for nephroprotection in cardiac surgery.

Histomorphological analysis of AKI-induced tubular cell injury and glomerular damage did not 
reveal differences between the study groups. These findings are supported by the AKI marker mea-
surements in the urine, which show comparable levels of FABP-1, NGAL, and cystatin C for HTK and 
DelNido cardioplegia. NGAL is more sensitive in detecting renal damage than the proximal 
tubule-specific injury marker FABP-1 [23]. Cystatin C is a marker for kidney damage and renal inflam-
mation, and it has the potential to serve as a surrogate marker of glomerular filtration rate [24]. All 
three AKI markers are suitable for detecting renal damage, if present, in the 120-min reperfusion 
period. Urine NGAL and FABP-1 concentrations peak 2–6 h postoperatively [25–28]. Cystatin C has been 
reported to be the most suitable predictor of grade I AKI according to the AKI network (AKIN) criteria 
in the early postoperative period [29].

Changes in oxygen conditions resulting from hemodilution or CPB-induced alterations in hemody-
namic parameters can lead to a cellular reaction and the activation of molecules that, in turn, induce 
cell-protective and anti-apoptotic pathways. One of the most sensitive molecules sensing changes in 
oxygen conditions is the subunit α of the HIF-1 molecule. The nuclear translocation of HIF-1α in dif-
ferent nephron structures revealed a strong but comparable response to changed oxygen conditions 
in the proximal tubules. Distal tubules and collecting ducts exhibited a lower rate of HIF-1α transloca-
tion, followed by the intermediate tubules and glomeruli, and there was no difference between 
the groups.

Oxidative stress is one of the crucial drivers of AKI development following cardiac surgery and is 
induced by the accumulation of cytotoxic ROS [30]. Surrogate markers for cellular ROS content include 
the enzyme activities of the ROS-producing enzyme NOX and the ROS-degrading enzymes SOD and 
catalase. The ROS burden, measured by NOX, SOD, and catalase activities, was comparable between HTK 
and DelNido cardioplegia.
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In addition to oxidative stress, nitrosative stress could play a role in the pathogenesis of AKI. Therefore, 
we detected nitrosative stress by quantification of nitrotyrosine [31]. Nitrotyrosine expression was com-
parable between HTK and DelNido cardioplegia in renal tissue; however, the presence of nitrotyrosine in 
more than 90% of the cells in the different nephron structures indicates an increased level of 
intervention-associated nitrosative stress.

Both oxidative and nitrosative stress could lead to apoptosis via the caspase-independent apoptosis 
pathway. An indicator of apoptosis induction is the cytosolic release of cytochrome C and AIF from the 
mitochondria, as well as the translocation of AIF into the nucleus. We found comparable levels of cyto-
chrome C release into the cytosol and nuclear translocation of AIF in renal tissue after HTK and DelNido 
cardioplegia. Nuclear AIF translocation, especially in the proximal tubules, was high, indicating an 
increased risk of renal tissue damage through apoptosis.

Our study has several limitations. The study results are based on investigations in 18 animals. The 
number of animals per group was calculated using statistical methods and was strictly controlled and 
monitored by the animal welfare agency for ethical reasons. The study was conducted with female pigs, 
which could introduce a potential sex bias. Predictive risk models identified female sex as a risk factor 
for cardiac-surgery-associated AKI [32], indicating that physiological differences may influence suscepti-
bility to kidney injury and response to cardioplegia.

We included young and healthy pigs, which differ from the multimorbid patients that usually undergo 
cardiac surgery with a 90-min cardiac arrest. The use of diseased animal models or aged animals should 
be addressed in the future to enhance the translation of the results. Further, a 120-min reperfusion 
period limits the number of significant markers that can be detected, making it challenging to investi-
gate structural changes in renal tissue or kidney injury. However, previous investigations have shown that 
reperfusion lasting more than 120 min resulted in hemodynamic instability during anesthesia of the pigs. 
An alternative would be a chronic experimental design with a follow-up of 3–5  d or a more extended 
period of 4 weeks. Long-term assessment of renal injury and recovery would be an essential aspect of a 
comprehensive evaluation of the effects induced by the HTK and DelNido cardioplegic solutions. However, 
a mid- or long-term setting bears the risk of additional influencing factors that could bias the results and 
reduce the validity of this study.

Blinding of the surgical and veterinary teams was impossible due to the composition of the CPB 
apparatus and the surgical setting (e.g., necessary vents differed between the both groups). However, 
blinded investigators performed laboratory and statistical analyses.

We employed several surrogate parameters to assess molecular changes in renal tissue. For example, 
we have concluded oxidative stress level by measuring the activities of ROS-producing and ROS-degrading 
enzymes, which increase with higher ROS burden.

The DelNido cardioplegic solution has shorter application times due to the lower volume, and induces 
less hemodilution than the HTK cardioplegic solution. The observed superiority of the DelNido cardioplegia, 
in terms of more stable hemoglobin and electrolyte concentrations, appeared to have no measurable effect 
on the renal outcomes. Hemoglobin is recognized as a significant factor in kidney injury. For example, 
perioperative hemoglobin content is a risk factor for AKI [33], and free hemoglobin triggers oxidative stress, 
promoting AKI in cardiac surgery patients [34]. Nevertheless, the detected differences between the DelNido 
and HTK solution did not result in measurable differences of AKI biomarkers, histopathological changes, 
oxidative stress, and apoptosis markers within 120 min after ischemia. This finding is supported by a clinical 
study comparing 197 HTK- and 158 DelNido-treated cardiac surgery patients, which could not detect a 
difference in the postoperative renal insufficiency grade during a mean hospital stay of 12 d [6].

Our results confirm the findings of clinical studies comparing HTK and DelNido cardioplegia, which 
have demonstrated comparability between the two solutions regarding renal protection, even with up 
to 90-min cross-clamp times [6,35]. The meta-analysis of Fresilli et  al. [4] reported a lower risk for post-
operative AKI with DelNido cardioplegia, but does not contradict our findings because the underlying 
clinical trials compared DelNido with warm blood, cold blood, or St. Thomas cardioplegic solutions.

The present large animal study demonstrated the superiority of the DelNido solution regarding hemo-
globin and blood electrolyte concentrations, but comparability of the crystalloid HTK solution and the 
Jonosteril®-based DelNido blood cardioplegic solution regarding their renal effects for surgical interven-
tions requiring cardiac arrest up to 90 min. Patients with a higher risk for adverse events, due to either 
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complex, prolonged surgery or a multitude of comorbidities, could especially benefit from the more 
physiological arrest conditions with DelNido cardioplegia. Future studies should investigate longer perfu-
sion periods of approximately 120 min and utilize comorbid or aged animal models to enhance the trans-
lation of the results.

Author contributions

CRediT: Maja-Theresa Dieterlen: Conceptualization, Formal analysis, Methodology, Project administration, Writing – 
original draft, Writing – review & editing; Jagdip Kang: Conceptualization, Formal analysis, Methodology, Writing – 
original draft, Writing – review & editing; Paul Schütte: Data curation, Formal analysis, Methodology, Writing 
– original draft; Kristin Klaeske: Formal analysis, Methodology, Writing – review & editing; Susann Oßmann: 
Conceptualization, Data curation, Methodology, Project administration, Writing – original draft, Writing – review & 
editing; Philipp Kiefer: Conceptualization, Formal analysis, Methodology, Writing – review & editing; Marcel Vollroth: 
Formal analysis, Methodology, Writing – review & editing; Michael A. Borger: Conceptualization, Formal analysis, 
Project administration, Writing – review & editing; Alexandro Hoyer: Conceptualization, Data curation, Formal anal-
ysis, Methodology, Project administration, Resources, Writing – original draft, Writing – review & editing.

Disclosure statement

None declared.

Funding

None.

Data availability statement

The data underlying this article will be shared on reasonable request to the corresponding author.

References

	 [1]	 Cheruku SR, Raphael J, Neyra JA, et al. Acute kidney injury after cardiac surgery: prediction, prevention, and 
management. Anesthesiology. 2023;139(6):880–898. doi:10.1097/ALN.0000000000004734.

	 [2]	 Machado MN, Nakazone MA, Maia LN. Prognostic value of acute kidney injury after cardiac surgery according 
to kidney disease: improving global outcomes definition and staging (KDIGO) criteria. PLoS One. 2014;9(5):e98028. 
doi:10.1371/journal.pone.0098028.

	 [3]	T hiele RH, Isbell JM, Rosner MH. AKI associated with cardiac surgery. Clin J Am Soc Nephrol. 2015;10(3):500–
514. doi:10.2215/CJN.07830814.

	 [4]	 Fresilli S, Labanca R, Monaco F, et al. Del nido cardioplegia in adult cardiac surgery: meta-analysis of random-
ized clinical trials. J Cardiothorac Vasc Anesth. 2023;37(7):1152–1159. doi:10.1053/j.jvca.2023.02.045.

	 [5]	T an J, Bi S, Li J, et al. Comparative effects of different types of cardioplegia in cardiac surgery: a network 
meta-analysis. Front Cardiovasc Med. 2022;9:9:996744. doi:10.3389/fcvm.2022.996744.

	 [6]	 Kang J, Hoyer A, Dieterlen MT, et al. Comparison of modified Del Nido and Custodiol® cardioplegia in minimal-
ly invasive mitral valve surgery. Eur J Cardiothorac Surg. 2024;65:ezae161. doi: 10.1093/ejcts/ezae161.

	 [7]	 Wang L, Dai Q, Hu L, et al. Influence of cardioplegic solution on incidence of acute kidney injury after coronary 
artery bypass surgery procedure: del Nido cardioplegia versus Histidine-Tryptophan-Ketoglutarate solution: in-
sight of kidney disease improving global outcomes criteria. Perfusion. 2024:2676591241244983. doi: 
10.1177/02676591241244983.

	 [8]	D i Tomasso N, Monaco F, Landoni G. Hepatic and renal effects of cardiopulmonary bypass. Best Pract Res Clin 
Anaesthesiol. 2015;29(2):151–161. doi:10.1016/j.bpa.2015.04.001.

	 [9]	 Xu S, Liu J, Li L, et al. Cardiopulmonary bypass time is an independent risk factor for acute kidney injury in 
emergent thoracic aortic surgery: a retrospective cohort study. J Cardiothorac Surg. 2019;14(1):90. doi:10.1186/
s13019-019-0907-x.

	[10]	 Kumar AB, Suneja M, Bayman EO, et al. Association between postoperative acute kidney injury and duration of 
cardiopulmonary bypass: a meta-analysis. J Cardiothorac Vasc Anesth. 2012;26(1):64–69. doi:10.1053/j.
jvca.2011.07.007.

	[11]	 Kunst G, Milojevic M, Boer C, et al. 2019 EACTS/EACTA/EBCP guidelines on cardiopulmonary bypass in adult 
cardiac surgery. Br J Anaesth. 2019;123(6):713–757. doi:10.1016/j.bja.2019.09.012.

https://doi.org/10.1097/ALN.0000000000004734
https://doi.org/10.1371/journal.pone.0098028
https://doi.org/10.2215/CJN.07830814
https://doi.org/10.1053/j.jvca.2023.02.045
https://doi.org/10.3389/fcvm.2022.996744
https://doi.org/10.1093/ejcts/ezae161
https://doi.org/10.1177/02676591241244983
https://doi.org/10.1016/j.bpa.2015.04.001
https://doi.org/10.1186/s13019-019-0907-x
https://doi.org/10.1186/s13019-019-0907-x
https://doi.org/10.1053/j.jvca.2011.07.007
https://doi.org/10.1053/j.jvca.2011.07.007
https://doi.org/10.1016/j.bja.2019.09.012


12 M.-T. DIETERLEN ET AL.

	[12]	 Hoyer A, Dieterlen MT, Kang J, et al. Comparison of Del Nido and histidine-tryptophan-ketoglutarate cardiople-
gia solutions: an animal study with prolonged ischaemia. Front Cardiovasc Med. 2024;11:1457770. doi:10.3389/
fcvm.2024.1457770.

	[13]	 Feirer N, Dieterlen MT, Klaeske K, et al. Impact of Custodiol-N cardioplegia on acute kidney injury after cardio-
pulmonary bypass. Clin Exp Pharmacol Physiol. 2020;47(4):640–649. doi:10.1111/1440-1681.13236.

	[14]	 Sanetra K, Domaradzki W, Cisowski M, et al. The impact of del Nido cardioplegia solution on blood morpholo-
gy parameters. Perfusion. 2023;38(2):277–284. doi:10.1177/02676591211049020.

	[15]	B uggeskov KB, Maltesen RG, Rasmussen BS, et al. Lung protection strategies during cardiopulmonary bypass 
affect the composition of blood electrolytes and metabolites-A randomized controlled trial. J Clin Med. 
2018;7(11):462. doi:10.3390/jcm7110462.

	[16]	 Habib RH, Zacharias A, Schwann TA, et al. Role of hemodilutional anemia and transfusion during cardiopulmo-
nary bypass in renal injury after coronary revascularization: implications on operative outcome. Crit Care Med. 
2005;33(8):1749–1756. doi:10.1097/01.ccm.0000171531.06133.b0.

	[17]	 Huybregts RA, de Vroege R, Jansen EK, et al. The association of hemodilution and transfusion of red blood cells 
with biochemical markers of splanchnic and renal injury during cardiopulmonary bypass. Anesth Analg. 
2009;109(2):331–339. doi:10.1213/ane.0b013e3181ac52b2.

	[18]	 Vermeer H, Teerenstra S, de Sévaux RG, et al. The effect of hemodilution during normothermic cardiac surgery 
on renal physiology and function: a review. Perfusion. 2008;23(6):329–338. doi:10.1177/0267659109105398.

	[19]	 Mitchell SC, Vinnakota A, Deo SV, et al. Relationship between intraoperative serum lactate and hemoglobin 
levels on postoperative renal function in patients undergoing elective cardiac surgery. J Card Surg. 
2018;33(6):316–321. doi:10.1111/jocs.13713.

	[20]	 Polderman KH, Girbes AR. Severe electrolyte disorders following cardiac surgery: a prospective controlled ob-
servational study. Crit Care. 2004;8(6):R459–466. doi:10.1186/cc2973.

	[21]	B andak G, Kashani KB. Chloride in intensive care units: a key electrolyte. F1000Res. 2017;6:1930. doi:10.12688/
f1000research.11401.1.

	[22]	 Landoni G, Monaco F, Ti LK, et al. A randomized trial of intravenous amino acids for kidney protection. N Engl 
J Med. 2024;391(8):687–698. doi:10.1056/NEJMoa2403769.

	[23]	 Soni SS, Cruz D, Bobek I, et al. NGAL: a biomarker of acute kidney injury and other systemic conditions. Int 
Urol Nephrol. 2010;42(1):141–150. doi:10.1007/s11255-009-9608-z.

	[24]	 Knight EL, Verhave JC, Spiegelman D, et al. Factors influencing serum cystatin C levels other than renal function and 
the impact on renal function measurement. Kidney Int. 2004;65(4):1416–1421. doi:10.1111/j.1523-1755.2004.00517.x.

	[25]	 Cantinotti M, Storti S, Lorenzoni V, et al. The combined use of neutrophil gelatinase-associated lipocalin and 
brain natriuretic peptide improves risk stratification in pediatric cardiac surgery. Clin Chem Lab Med. 
2012;50(11):2009–2017. doi:10.1515/cclm-2012-0125.

	[26]	 Parikh CR, Coca SG, Thiessen-Philbrook H, et al. Postoperative biomarkers predict acute kidney injury and poor 
outcomes after adult cardiac surgery. J Am Soc Nephrol. 2011;22(9):1748–1757. doi:10.1681/ASN.2010121302.

	[27]	 Peco-Antić A, Ivanišević I, Vulićević I, et al. Biomarkers of acute kidney injury in pediatric cardiac surgery. Clin 
Biochem. 2013;46(13–14):1244–1251. doi:10.1016/j.clinbiochem.2013.07.008.

	[28]	 Portilla D, Dent C, Sugaya T, et al. Liver fatty acid-binding protein as a biomarker of acute kidney injury after 
cardiac surgery. Kidney Int. 2008;73(4):465–472. doi:10.1038/sj.ki.5002721.

	[29]	 Koyner JL, Vaidya VS, Bennett MR, et al. Urinary biomarkers in the clinical prognosis and early detection of 
acute kidney injury. Clin J Am Soc Nephrol. 2010;5(12):2154–2165. doi:10.2215/CJN.00740110.

	[30]	O rtega-Loubon C, Fernández-Molina M, Carrascal-Hinojal Y, et al. Cardiac surgery-associated acute kidney injury. 
Ann Card Anaesth. 2016;19(4):687–698. doi:10.4103/0971-9784.191578.

	[31]	B andookwala M, Sengupta P. 3-Nitrotyrosine: a versatile oxidative stress biomarker for major neurodegenerative 
diseases. Int J Neurosci. 2020;130(10):1047–1062. doi:10.1080/00207454.2020.1713776.

	[32]	 Kulthinee S, Warhoover M, Puis L, et al. Cardiac surgery-associated acute kidney injury in cardiopulmonary 
bypass: a focus on sex differences and preventive strategies. Am J Physiol Renal Physiol. 2024;327(6):F994–
F1004. doi:10.1152/ajprenal.00106.2024.

	[33]	D uque-Sosa P, Martínez-Urbistondo D, Echarri G, et al. Perioperative hemoglobin area under the curve is an 
independent predictor of renal failure after cardiac surgery. Results from a Spanish multicenter retrospective 
cohort study. PLoS One. 2017;12(2):e0172021. doi:10.1371/journal.pone.0172021.

	[34]	 Massoth C, Zarbock A. Diagnosis of cardiac surgery-associated acute kidney injury. J Clin Med. 2021;10(16):3664. 
doi:10.3390/jcm10163664.

	[35]	 Gunaydin S, Akbay E, Gunertem OE, et al. Comparative effects of single-dose cardioplegic solutions especially 
in repeated doses during minimally invasive aortic valve surgery. Innovations (Phila). 2021;16(1):80–89. 
doi:10.1177/1556984520967119.

https://doi.org/10.3389/fcvm.2024.1457770
https://doi.org/10.3389/fcvm.2024.1457770
https://doi.org/10.1111/1440-1681.13236
https://doi.org/10.1177/02676591211049020
https://doi.org/10.3390/jcm7110462
https://doi.org/10.1097/01.ccm.0000171531.06133.b0
https://doi.org/10.1213/ane.0b013e3181ac52b2
https://doi.org/10.1177/0267659109105398
https://doi.org/10.1111/jocs.13713
https://doi.org/10.1186/cc2973
https://doi.org/10.12688/f1000research.11401.1
https://doi.org/10.12688/f1000research.11401.1
https://doi.org/10.1056/NEJMoa2403769
https://doi.org/10.1007/s11255-009-9608-z
https://doi.org/10.1111/j.1523-1755.2004.00517.x
https://doi.org/10.1515/cclm-2012-0125
https://doi.org/10.1681/ASN.2010121302
https://doi.org/10.1016/j.clinbiochem.2013.07.008
https://doi.org/10.1038/sj.ki.5002721
https://doi.org/10.2215/CJN.00740110
https://doi.org/10.4103/0971-9784.191578
https://doi.org/10.1080/00207454.2020.1713776
https://doi.org/10.1152/ajprenal.00106.2024
https://doi.org/10.1371/journal.pone.0172021
https://doi.org/10.3390/jcm10163664
https://doi.org/10.1177/1556984520967119

	Comparable renal effects of histidine-tryptophan-ketoglutarate and DelNido cardioplegia in a porcine model of cardiac arrest
	ABSTRACT
	1. Introduction
	2. Methods
	2.1. Animals
	2.2. Anesthesia management and surgical procedure
	2.3. Sample preparation
	2.4. Histological evaluation
	2.5. Enzyme activity measurements
	2.6. Enzyme-linked immunosorbent assay
	2.7. Statistical analysis

	3. Results
	3.1. Hemodynamic measurement and blood gas analyses
	3.2. Measurement of cardiac injury
	3.3. Histomorphological analysis of renal tissue
	3.4. Oxidative and nitrosative stress in renal tissue
	3.5. Acute kidney injury markers
	3.6. AIF translocation and cytochrome c release

	4. Discussion
	Author contributions
	Disclosure statement
	Funding
	Data availability statement
	References


