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Abstract: Brain injury and cerebral inflammation are frequent complications following
cardiopulmonary bypass (CPB) resulting in neurocognitive dysfunction, encephalopathy, or
stroke. We compared cerebral inflammation induced by del Nido and histidine-tryptophan-
α-ketoglutarate (HTK) cardioplegia in a porcine model. Pigs underwent 90 min cardiac
arrest using HTK (n = 9) or Jonosteril®-based del Nido cardioplegia (n = 9), followed
by a 120 min reperfusion. Brain biopsies were collected and analyzed for the mRNA
and protein expression of hypoxia-inducible factor-1α (HIF-1α) and cytokines. HTK in-
duced a decrease in blood sodium, chloride, and calcium concentration (cross-clamp aorta:
psodium < 0.01, pchloride < 0.01, pcalcium < 0.01; 90 min ischemia: psodium < 0.01, pchloride < 0.01,
pcalcium = 0.03) compared to the more stable physiological electrolyte concentrations dur-
ing del Nido cardioplegia. Hyponatremia and hypochloremia persisted after a 120 min
reperfusion in the HTK group (psodium < 0.01, pchloride = 0.04). Compared to del Nido,
a higher mRNA expression of the proinflammatory cytokine IL-1β was detected in the
frontal cortex (HTK: ∆Ct 6.5 ± 1.7; del Nido: ∆Ct 8.8 ± 1.5, p = 0.01) and the brain stem
(HTK: ∆Ct 5.7 ± 1.5; del Nido: ∆Ct 7.5 ± 1.6, p = 0.02) of the HTK group. In conclusion,
we showed comparability of HTK and del Nido for cerebral inflammation except for IL-1β
expression. Based on our study results, we conclude that del Nido cardioplegia is a suitable
and safe alternative to the conventional HTK solution.

Keywords: Custodiol; del Nido; organ preservation; cardiopulmonary bypass

1. Introduction
Brain injury and cerebral inflammation after cardiac surgery are common compli-

cations associated with acute and long-term clinical outcomes and impaired quality of
life. While clinically apparent ischemic stroke occurs in 2–5% of patients, neurological
dysfunctions such as encephalopathy or neurocognitive dysfunction are more common
and occur in up to 32% of patients [1,2].

Brain injury from cardiopulmonary bypass (CPB) is thought to result from microvascu-
lar changes, including cerebral blood flow, microembolism, macroembolism, and systemic
inflammatory responses. These mechanisms may induce pathophysiological changes in
neurological and cognitive impairments during and after cardiac surgery [3,4].

Older age, trauma of surgery, hypertension, and diabetes are postulated risk factors
for neurological complications after cardiac surgery [5]. However, reducing the source of
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injury and increasing the brain tolerance to ischemic insults are the goals of brain protection
during cardiac surgery.

The application of a cardioplegic solution extends the time of ischemia tolerance in
the heart to protect against myocardial injury during CPB [6]. The inflammatory response
to cardiac surgery and CPB makes the blood–brain barrier vulnerable. Therefore, reducing
systemic inflammation is vital to minimize cerebral injury [7]. Del Nido cardioplegia was
mainly developed in clinical practice for the pediatric population to address the protection
of immature cardiomyocytes but is increasingly being used in adult patients [8]. However,
conventional histidine-tryptophan-ketoglutarate (HTK) cardioplegia has been widely used,
safe, and effective to induce cardiac arrest during open-heart surgery over the last few
decades [9].

To improve the knowledge about brain injury following cardiac arrest with different
cardioplegic solutions, this study aimed to compare the HTK and del Nido cardioplegia
regarding the effects of cardioplegia in adult cardiac surgery on brain injury, particularly
on altered oxygen conditions and cerebral inflammation after CPB surgery, in different
brain regions during CPB surgery.

2. Materials and Methods
2.1. Animals and Anesthesia Management

The animal study was performed in accordance with the directive 2010/63/EU on the
protection of animals used for scientific purposes. The experiments were authorized by the
local animal welfare agency in Leipzig, Germany (vote no. TVV 23/19).

Pigs were overnight fasted for about 15 h. They had ad libitum access to drinking
water. Prior to transport, 4–5-month-old, healthy female Landrace pigs (50–60 kg) were
sedated (midazolam, 0.5 mg/kg (ratiopharm GmbH, Ulm, Germany); atropine, 0.02 mg/kg
(B.Braun, Melsungen, Germany); ketamine, 15 mg/kg i.m. (Serumwerk Bernburg AG,
Bernburg, Germany)). Afterwards, propofol (2 mg/kg i.v., Fresenius SE & Co. KGaA,
Bad Homburg, Germany) and sufentanil (0.5 µg/kg i.v.) were administered via the lateral
auricular vein. The pigs were intubated and mechanically ventilated using a Cato anesthesia
ventilator (Draeger, Lübeck, Germany) with 50–60 Vol% oxygen, a respiratory rate between
15 and 30, and a tidal volume of 6–10 mL/kg bodyweight. An 8F venous port was placed
in the right external jugular vein for the placement of a 7F Swan-Ganz catheter (Teleflex
Inc., Wayne, PA, USA) for the measurements of pulmonary artery pressure.

Further, an 8F three-lumen central venous catheter (7F, 20 cm, Teleflex Inc.) was placed
in the right external jugular vein for the administration of medications and the calibration
of the PiCCO system (PULSION Medical Systems, Feldkirchen, Germany). Arterial blood
pressure, cardiac output (CO), and the systemic vascular resistance index (SVRI) were
invasively measured via a 6F PiCCO® Catheter (PULSION Medical Systems) in the right
femoral artery. We also placed an 8F arterial port in the carotid artery to place a 7F pressure–
volume loop catheter for additional hemodynamic measurements with the Sigma® pressure–
volume loop (PV-Loop) system (CD Leycom, Hengelo, The Netherlands). Anesthesia was
maintained with propofol (30–35 mg/kg/h i.v.) and sufentanil (0.5–2 µg/kg/h i.v.). During
mild hypothermia (34 ◦C), propofol was reduced to 25 mg/kg/h. Prior to extracorporeal
circulation, heparin (300 IU/kg i.v.) was administrated to prevent catheter clotting. A
whole electrolyte solution (10–20 mL/kg/h; Serumwerk Bernburg AG, Bernburg, Germany)
was used for fluid substitution.

2.2. Surgical Technique, Extracorporeal Circulation, and Perfusion

First, the pigs underwent median longitudinal sternotomy and pericardiotomy. For
extracorporeal circulation, purse-string sutures (Sorin Group; Milan, Italy and EUROSETS,
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Medolla, Italy) were placed in the aorta ascendens and the right atrium for arterial cannula-
tion with 25 cm × 22F, FemFlex™ (Edwards Lifesciences, Irvine, CA, USA) and venous
cannulation with 29 cm × 29F Trim-Flex Dual Stage Venous Drainage Cannula (Edwards
Lifesciences). The hemodynamic parameters of heart rate, blood pressure, CO, SVRI,
pulmonary artery pressure, heart index, electrocardiography, body temperature, O2 satu-
ration, and respiratory parameters were recorded. Blood gasses, pH, lactate, hemoglobin,
and electrolyte concentrations were measured in 0.5 mL blood samples using an ABL90
(Radiometer GmbH, Krefeld, Germany). A 12GA DLP® needle vent (Medtronic, Dublin,
Irland) for the infusion of cardioplegia was placed at the ascending aorta.

2.3. Study Design

All animals were equilibrated for 40 min before cross-clamping the aorta and in-
fusing the cold, single-dose cardioplegic solution. Before starting the experiment, an-
imals were allocated to two experimental groups (n = 9 per group) receiving either
Custodiol®/histidine-tryptophan-α-ketoglutarate (HTK group) (Dr. Franz Köhler Chemie
GmbH, Bensheim, Germany) or Jonosteril®-based del Nido solution (del Nido group) (Fre-
senius SE & Co. KGaA). The del Nido cardioplegic solution was prepared by mixing four
parts of Jonosteril® with one part of fully oxygenated porcine blood (1:4, blood:crystalloid
solution) (Table 1).

Table 1. Composition of HTK cardioplegia and del Nido cardioplegia.

HTK Solution Jonosteril®-Based
Del Nido Solution *

Na+ [mmol/L] 15 142
K+ [mmol/L] 9 28
Cl− [mmol/L] 50 129

Mg2+ [mmol/L] 4 9
Ca2+ [mmol/L] 0.015 1.564

histidine [mmol/L] 198 0
tryptophan [mmol/L] 2 0

mannitol [mmol/L] 30 17
α-ketoglutarate [mmol/L] 1 0

lidocaine [mmol/L] 0 0.26
* concentrations in the crystalloid solution prior to blood addition. HTK, histidine-tryptophan-ketoglutarate;
Na+, sodium; Ca2+, calcium; K+, potassium; Mg2+, magnesium; Cl−, chloride.

During CPB, hemofiltration was performed to minimize the risk of volume overload.
In this ischemia–reperfusion model, the hearts were arrested for 90 min at 34 ◦C body
temperature. Subsequently, 30 min after reperfusion, the body temperature was restored to
physiological conditions. Thereafter, the animals were weaned from CPB within 15 min
and recovered for 60 min. After 120 min of total recovery, the pig was euthanized, and
biopsies were obtained.

Additional pigs were used to obtain whole blood for transfusion to optimize the
experimental conditions and to ensure the comparability and hemodynamic stability of the
two experimental groups.

2.4. Randomization and Blinding

Simple randomization was performed to secure the generation of an unpredictable
allocation of animals for each group. Due to the differences in the preparation of the
cardioplegic solutions, the complete blinding of the surgical team was impossible. The
experimenters were blinded to the group allocation until statistical analysis.
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2.5. Porcine Brain Preparation

After euthanasia, the brain was immediately extracted by dissecting the skin and
muscles of the cranium and performing a craniotomy to remove the cranial bone above the
eyes. The brain was removed from the skull by dissecting the olfactory and optic nerves
and the spinal cord. Both hemispheres were separated using a scalpel. The brain region’s
frontal cortex, cerebellum, brain stem, diencephalon, and colliculus superior of the right
hemisphere were prepared, snap-frozen in liquid nitrogen, and stored at −80 ◦C until
further analysis. The left hemisphere was fixed in 4% formaldehyde/phosphate-buffered
saline (PBS) with a pH of 7.4 for 36–48 h. Following fixation, the brain region’s frontal
cortex, cerebellum, brain stem, diencephalon, and colliculus superior were dissected before
embedding in paraffin.

2.6. RNA Isolation and Quantitative Real-Time PCR

RNA was isolated from ≤100 mg of snap-frozen brain tissue followed by cDNA
synthesis as described previously [10]. For RT-qPCR, the SYBR® Green PCR Master Mix
(Life Technologies, Carlsbad, CA, USA) was utilized to quantify the mRNA levels of
hypoxia-induced factor-1α (HIF-1α), tumor-necrosis factor-α (TNF-α), interleukin (IL)-10,
IL-1β, and IL-1-receptor antagonist (IL-1RN), according to the manufacturer’s instructions
(Table 2). Data were normalized to hypoxanthine-guanine phosphoribosyltransferase-1
(HPRT1) expression. ∆Ct values were used to calculate relative expression levels. Primers
were purchased from TIB MOLBIOL (Berlin, Germany).

Table 2. Primer sequences for quantitative real-time PCR analysis.

Target Gene Forward Primer 5′-3′ Reverse Primer 5′-3′

HIF-1α cacacagaaatggccttgtgaa tgttcatagttctccccctgc

HPRT1 ggacttgaatcatgtttgtg cagatgtttccaaactcaac

IL-10 ggcgctgtcatcaatttctgc ggctttgtagacacccctct

IL-1β cgtgcaatgatgactttgtctgt tcatgcagaacaccacttctct

IL-1RN gtcctgttgttgcatggtcac ggtctctttcccaaggggtg

TNF-α gcccccagaaggaagagttt gacattggctacaacgtggg
HIF-1α, hypoxia-induced factor-1α; HPRT, hypoxanthine-guanine phosphoribosyltransferase 1; IL-1β/1RN/10,
interleukin-1β/1RN/10; TNF-α, tumor-necrosis factor-α.

2.7. Immunohistochemical Analysis and Evaluation

Paraffin-embedded brain tissue was sectioned (3 µm) and stained, as described pre-
viously, with some modifications [11]. Cross-sections were incubated with primary anti-
body against HIF-1α (1:50, Santa Cruz Biotechnology, Dallas, TX, USA) or TNF-α (1:250,
Biolegend, San Diego, CA, USA) overnight at 4 ◦C. After repeated washing with TBS,
the sections were incubated with a secondary IgG-biotin-labeled antibody (1:300, Sigma-
Aldrich, St. Louis, MO, USA) and afterwards with horseradish peroxidase-conjugated
streptavidin (1:200, Thermo Fisher Scientific, Waltham, MA, USA) for 60 min each. The
histological evaluation was performed using the Axio Plan 2 microscope (Carl Zeiss AG,
Jena, Germany) AxioVision Release 4.8.2 SP3 (Carl Zeiss AG) and ImageJ 2.0.0 software
(US National Institutes of Health, Bethesda, MD, USA).

The immunohistochemical TNF-α staining was analyzed using Adobe Photoshop
CS2 software (version 9.0). A standardized color mask was created by manually selecting
the optically positively stained areas (red to brown) of an image. The positive areas were
marked and quantified as a proportion of the overall image based on the number of pixels.
HIF-1α staining was analyzed using the visual counter software. The evaluation comprised
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counting HIF-1α-positive cell nuclei (red to brown) in relation to the total number of
cell nuclei.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

Snap-frozen brain tissue (≤100 mg) samples were homogenized in lysis relaxing buffer
and further processed as previously described [9]. The total protein concentrations were
determined using the PierceTM Microplate BCA Protein Assay Kit (Thermo Fisher Scientific
Inc.), according to the manufacturer’s instructions.

After the extraction of protein from the brain tissue samples, the cytokines IL-10, IL-1β,
and IL-1RN were quantified using ELISA kits. The quantifications were performed by using
the IL-10 ELISA Kit (antibodies-online GmbH, Aachen, Germany), the IL-1β ELISA Kit
(BIOZOL Diagnostica GmbH, Hamburg, Germany), and the IL-1RN ELISA Kit (antibodies-
online). All ELISAs were performed according to the manufacturer’s instructions. Samples
were previously diluted 1:10 for IL-10 and IL-1β and 1:20 for IL-1RN. Measurements were
recorded at 450 nm with the microplate reader Infinite™ 200 PRO and i-control™ software
version 1.12 (Tecan, Männedorf, Switzerland).

2.9. Statistical Analysis

Statistical analyses were performed using the SPSS Statistics 28 software (IBM,
Armonk, NY, USA). Data are represented as mean ± standard deviation unless stated
otherwise. p values ≤ 0.05 (two-sided) were considered statistically significant.

Two-group comparisons of means were performed with the unpaired Student’s t-test
for metric parameters. Pearson’s Chi-squared test, Fisher’s exact test, or the Yates continuity
correction were used for categorical data.

3. Results
3.1. Hemodynamic Parameters

There was no significant difference between the HTK and the del Nido group regarding
heart rate (p = 0.99), diastolic (p = 0.69) and systolic blood pressure (p = 0.75), mean
arterial pressure (p = 0.81), central venous pressure (p = 0.58), cardiac output (p = 0.36),
systemic vascular resistance index (p = 0.42), systolic (p = 0.74), diastolic (p = 0.42), and
mean pulmonary artery pressure (p = 0.60), as well as heart index (p = 0.30) during the
equilibration period and after 120 min of reperfusion (Table 3).

In addition to hemodynamic parameters, we investigated the effects of HTK and del
Nido cardioplegia on myocardial protection separately [12].

In summary, pressure–volume measurements revealed better systolic and diastolic left
ventricular performance in del Nido compared to HTK (both p < 0.05). Myocardial injury
markers, oxidative and nitrosative stress, mitochondrial membrane integrity, as well as
apoptosis markers were comparable between del Nido and HTK (all p > 0.05).

The hemoglobin content was comparable between both groups during equilibration
(HTK: 5.8 ± 0.4 mmol/L, del Nido: 5.6 ± 0.3 mmol/L, p = 0.43). At the beginning of the is-
chemic period, a reduction in hemoglobin was observed in both groups, with a significantly
lower content in the HTK group compared to the del Nido group (HTK: 3.7 ± 0.4 mmol/L,
del Nido: 4.2 ± 0.3 mmol/L, p < 0.01). The hemoglobin content returned to baseline level
at the end of ischemia (HTK: 5.7 ± 0.3 mmol/L, del Nido: 5.7 ± 0.4 mmol/L, p = 0.75)
and during the reperfusion period (HTK: 5.3 ± 0.4 mmol/L, del Nido: 5.3 ± 0.3 mmol/L,
p = 0.90) (Figure 1A).



Life 2025, 15, 451 6 of 17
Life 2025, 15, x FOR PEER REVIEW 7 of 18 
 

 

 

Figure 1. Hemoglobin content (A), pH (B), and lactate content (C) at equilibration, aortic cross-
clamping, after 90 min of ischemia, and after 120 min of reperfusion. Dots indicate outliers. HTK, 
histidine-tryptophan-α-ketoglutarate. 

Figure 1. Hemoglobin content (A), pH (B), and lactate content (C) at equilibration, aortic cross-
clamping, after 90 min of ischemia, and after 120 min of reperfusion. Dots indicate outliers. HTK,
histidine-tryptophan-α-ketoglutarate.
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Table 3. Hemodynamic parameters during equilibration and after 120 min of reperfusion in the HTK
and del Nido groups.

Equilibration Period 120 min Reperfusion

HTK
n = 9

Del Nido
n = 9 p Value HTK

n = 9
Del Nido

n = 9 p Value

HR [bpm] 94.9 ± 16.7 94.9 ± 18.6 0.99 123.5 ± 18.2 112.4 ± 14.1 0.18
RRsys [mmHg] 93.3 ± 18.7 97.1 ± 20 0.69 73.9 ± 14.4 79.9 ± 10.7 0.34
RRdias [mmHg] 50.9 ± 11.4 52.6 ± 10.2 0.75 41.1 ± 3.0 44.1 ± 4.5 0.14
MAP [mmHg] 67.6 ± 14.3 69.3 ± 13.9 0.81 54.1 ± 6.7 59.1 ± 5.8 0.12
CVP [mmHg] 12.5 ± 4.0 13.3 ± 0.9 0.58 17.8 ± 1.8 16.1 ± 1.8 0.08
CO [L/min] 6.0 ± 1.1 6.5 ± 1.1 0.36 5.3 ± 1.4 5.4 ± 1.4 0.85
SVRI [dyn*s*cm−5*m2] 961 ± 258 877 ± 114 0.42 760 ± 281 830 ± 128 0.53
PAsys [mmHg] 29 ± 8.4 30.4 ± 9.2 0.74 40.8 ± 10.6 42.7 ± 13.2 0.75
PAdias [mmHg] 21.1 ± 5.6 23.2 ± 4.8 0.42 26.4 ± 6.8 26.6 ± 7.5 0.96
PAmean [mmHg] 25.1 ± 6.0 26.8 ± 6.6 0.60 33.8 ± 9.1 33.7 ± 9.4 0.99
HI [(L/min)/m2] 4.7 ± 0.8 5.1 ± 0.7 0.30 4.1 ± 1.0 4.3 ± 1.2 0.77

bpm, beats per minute; CO, cardiac output; CVP, central venous pressure; HI, heart index; HR, heart rate; HTK,
histidine-tryptophan-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.

The pH values of the HTK and del Nido groups were comparable in the equilibration
phase (HTK: 7.41 ± 0.04, del Nido: 7.42 ± 0.03, p = 0.30) and were within the normal
range of 7.39 to 7.45 for arterial blood analysis. During ischemia, the pH differed between
both groups (cross-clamp aorta: HTK: 7.31 ± 0.08, del Nido: 7.52 ± 0.04, p < 0.01; 90 min
ischemia: HTK: 7.39 ± 0.07, del Nido: 7.51 ± 0.09, p < 0.01). The pH values stabilized
in both groups during the 120 min of reperfusion period (HTK: 7.38 ± 0.06, del Nido:
7.37 ± 0.06, p = 0.87) (Figure 1B).

Blood lactate concentrations did not differ between the groups during equilibration
(HTK: 1.4 ± 0.4 mmol/L, del Nido: 1.4 ± 0.5 mmol/L, p = 0.77), at aorta cross-clamp (HTK:
2.2 ± 0.8 mmol/L, del Nido: 2.2 ± 0.6 mmol/L, p = 0.95), after 90 min of ischemia (HTK:
4.9 ± 1.5 mmol/L, del Nido: 4.2 ± 1.7 mmol/L, p = 0.32), and after 120 min of reperfusion
(HTK: 3.0 ± 1.0 mmol/L, del Nido: 4.0 ± 1.3 mmol/L, p = 0.08) (Figure 1C).

In summary, the hemoglobin content and pH values of the HTK group decreased after
the application of the cardioplegic solution compared to the del Nido group.

3.2. Analysis of the Electrolyte Balance

Blood sodium, chloride, calcium, and potassium levels were comparable between the
HTK and del Nido groups during equilibration (psodium = 1, pchloride = 0.37, pcalcium = 0.77,
ppotassium = 0.53). At the beginning of the ischemic period, the levels of sodium and
chloride decreased in the HTK group but remained stable in the del Nido group
(psodium < 0.01, pchloride < 0.01). This difference between the groups persisted during is-
chemia (psodium < 0.01, pchloride < 0.01) until the end of the 120 min of reperfusion period
(psodium < 0.01, pchloride = 0.04) (Table 4; Figure 2A,B). A significant reduction in calcium
concentrations was observed at the beginning of the ischemic period (p < 0.01) and during
the 90 min of ischemia (p = 0.03) (Figure 2C). After 120 min of reperfusion, the calcium
levels were comparable in the HTK and del Nido groups (p = 0.06). Blood potassium
levels were comparable between the groups at all study time points (pequlibriation = 0.53,
pcross clamp aorta = 0.93, p90 min ischemia = 0.57, p120 min reperfusion = 0.85) (Figure 2D).
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Table 4. Blood electrolyte concentrations in the HTK and del Nido groups.

HTK
(n = 9)

Del Nido
(n = 9) p-Value

sodium [mmol/L]
equilibration 141.4 ± 2.2 141.4 ± 1.4 1.00
aorta cross-clamp 114.3 ± 3.3 138.3 ± 1.2 <0.01
90 min ischemia 128.6 ± 3.7 138.1 ± 0.8 <0.01
120 min reperfusion 133.0 ± 3.2 138.2 ± 2.9 <0.01

chloride [mmol/L]
equilibration 102.9 ± 1.7 102.0 ± 2.4 0.37
aorta cross-clamp 90.8 ± 2.3 103.1 ± 1.5 <0.01
90 min ischemia 92.9 ± 2.2 101.3 ± 1.9 <0.01
120 min reperfusion 99.7 ± 2.5 102.3 ± 2.6 0.04

calcium [mmol/L]
equilibration 1.41 ± 0.04 1.42 ± 0.04 0.77
aorta cross-clamp 1.20 ± 0.05 1.38 ± 0.03 0.01
90 min ischemia 1.29 ± 0.16 1.42 ± 0.05 0.03
120 min reperfusion 1.15 ± 0.09 1.24 ± 0.09 0.06

potassium [mmol/L]
equilibration 4.0 ± 0.2 4.1 ± 0.2 0.53
aorta cross-clamp 5.3 ± 0.4 5.3 ± 0.6 0.93
90 min ischemia 5.2 ± 0.9 5.0 ± 0.4 0.57
120 min reperfusion 5.1 ± 0.6 5.2 ± 0.4 0.85

HTK, histidine-tryptophan-ketoglutarate.
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Dots indicate outliers. HTK, histidine-tryptophan-α-ketoglutarate.

In summary, HTK cardioplegia induced a decrease in blood sodium, chloride, and
calcium concentration compared to the more stable physiological electrolyte concentrations
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during del Nido cardioplegia. Hyponatremia and hypochloremia persisted after 120 min of
reperfusion in the HTK group.

3.3. Analysis of the Hypoxia-Induced Transcription Factor HIF-1α

To assess cerebral hypoxic processes, HIF-1α mRNA expression was analyzed in five
different brain regions. HIF-1α expression did not differ between the HTK group (frontal
cortex: ∆Ct2.0 ± 1.1, cerebellum: ∆Ct1.4 ± 1.0, brain stem: ∆Ct1.9 ± 1.2, diencephalon:
∆Ct1.9 ± 1.2, and colliculus superior: ∆Ct2.2 ± 1.2) and the del Nido group (frontal cortex:
∆Ct2.5 ± 1.4, p = 0.44; cerebellum: ∆Ct1.1 ± 1.4, p = 0.58; brain stem: ∆Ct1.2 ± 1.3, p = 0.25;
diencephalon: ∆Ct1.5 ± 1.5, p = 0.55; colliculus superior: ∆Ct1.8 ± 1.8, p = 0.63) (Table 5).

Table 5. ∆Ct values of HIF-1α mRNA expression in the HTK and del Nido group.

Brain Region HTK (n = 9) Del Nido (n = 9) p-Value

frontal cortex 2.0 ± 1.1 2.5 ± 1.4 0.44
cerebellum 1.4 ± 1.0 1.1 ± 1.4 0.58
brain stem 1.9 ± 1.2 1.2 ± 1.3 0.25
diencephalon 1.9 ± 1.2 1.5 ± 1.5 0.55
colliculus superior 2.2 ± 1.2 1.8 ± 1.8 0.63

Ct, cycle threshold; HIF-1α, hypoxia-induced factor-1α; HTK, histidine-tryptophan-ketoglutarate.

The translocation of HIF-1α into the nucleus was investigated by immunohistochem-
istry and is an indicator of hypoxia-induced cellular stress. The HTK and del Nido groups
were comparable in terms of nuclear HIF-1α translocation in all brain regions (frontal
cortex: p = 0.69, cerebellum: p = 0.12, brain stem: p = 0.59, diencephalon: p = 0.58, and
colliculus superior: p = 0.66) (Figure 3).
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In summary, the mRNA and protein expression of HIF-1α did not differ in the HTK
and del Nido groups.

3.4. Cytokine Expression in the Brain

To assess inflammatory processes, the mRNA expression of pro- and anti-inflammatory
cytokines IL-1β, TNF-α, IL-1RN, and IL-10 was analyzed in different brain regions. The
group comparison revealed comparable expression in the cerebellum (p = 0.80), dien-
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cephalon (p = 0.06), and colliculus superior (p = 0.23) and a higher expression of proinflam-
matory IL-1β in the frontal cortex (HTK: ∆Ct6.5 ± 1.7; del Nido: ∆Ct8.8 ± 1.5, p = 0.01) and
in the brain stem (HTK: ∆Ct5.7 ± 1.5; del Nido: ∆Ct7.5 ± 1.6, p = 0.02) of the HTK group
(Figure 4A).
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Figure 4. mRNA-expression of IL-1β (A), TNF-α (B), IL-1RN (C), and IL-10 (D) in different brain
regions after cardioplegia with HTK or del Nido. Dots indicate outliers. ∆Ct, difference in cycle
thresholds between the sequence of interest and the reference sequence; HPRT1, hypoxanthine-
guanine phosphoribosyltransferase 1; HTK, histidine-tryptophan-α-ketoglutarate; IL-1β/10/1RN,
interleukin-1β/10/1RN; TNF-α, tumor necrosis factor-α.
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The mRNA expression of the proinflammatory cytokine TNF-α, as well as the anti-
inflammatory cytokines IL-1RN and IL-10, was comparable in the different brain regions of
both cardioplegia groups (p > 0.05) (Figure 4B–D).

The cytoplasmatic expression of the proinflammatory cytokine TNF-α was inves-
tigated by immunohistochemistry as a further indicator of cerebral inflammation. The
evaluation of TNF-α expression showed that the HTK and del Nido groups were compara-
ble in all brain regions (frontal cortex: p = 0.30, cerebellum: p = 0.43, brain stem: p = 0.95,
diencephalon: p = 0.45, and colliculus superior: p = 0.57) (Table 6).

Table 6. Immunohistochemical analysis of TNF-α expression. TNF-α-positive stained areas (in ‰)
as a proportion of the overall image based on the number of pixels. Data are presented as
mean ± standard error.

TNF-α-Positive Area [‰] HTK (n = 9) Del Nido (n = 9) p-Value

frontal cortex 1.2 ± 0.4 0.7 ± 0.2 0.30
cerebellum 0.8 ± 0.2 1.1 ± 0.4 0.43
brain stem 1.8 ± 1.2 1.9 ± 0.6 0.95
diencephalon 0.8 ± 0.4 1.4 ± 0.6 0.45
colliculus superior 0.3 ± 0.1 0.5 ± 0.3 0.57

HTK, histidine-tryptophan-ketoglutarate; TNF-α, tumor necrosis factor α.

Further, we found comparability for the protein expression of proinflammatory cy-
tokine IL-1β and anti-inflammatory cytokines IL-1RN and IL-10 between the HTK and del
Nido groups (p ≥ 0.05) (Table 7).

Table 7. Protein expression of IL-1β, IL-1RN, and IL-10. Data are presented as mean ± standard error.

Cytokine HTK (n = 9) Del Nido (n = 9) p-Value

IL-1β [pg/mg protein]
frontal cortex 3.4 ± 0.7 2.1 ± 0.7 0.23
cerebellum 14.4 ± 5.4 17.9 ± 8.7 0.74
brain stem 33.8 ± 14.5 33.0 ± 12.9 0.97
diencephalon 9.6 ± 2.5 13.7 ± 6.3 0.55
colliculus superior 7.6 ± 1.2 18.9 ± 11.8 0.37

IL-1RN [ng/mg protein]
frontal cortex 1.9 ± 0.3 2.4 ± 0.5 0.33
cerebellum 4.5 ± 1.1 9.3 ± 2.9 0.16
brain stem 13.4 ± 3.4 15.9 ± 3.3 0.61
diencephalon 9.1 ± 2.0 7.3 ± 2.6 0.60
colliculus superior 7.4 ± 2.6 14.6 ± 6.5 0.33

IL-10 [pg/mg protein]
frontal cortex 9.5 ± 4.0 10.0 ± 3.3 0.91
cerebellum 45.7 ± 11.1 41.8 ± 9.8 0.80
brain stem 81.0 ± 14.1 100.7 ± 17.6 0.40
diencephalon 33.3 ± 6.4 37.8 ± 11.0 0.73
colliculus superior 34.7 ± 7.1 64.6 ± 22.8 0.24

IL-1β/1RN/10, interleukin-1β/1RN/10; HTK, histidine-tryptophan-ketoglutarate.

In summary, the mRNA and protein expression of pro- and anti-inflammatory cy-
tokines TNF-α, IL-1RN, and IL-10 were comparable in different brain regions of the HTK
and del Nido groups. Compared to del Nido, a higher mRNA expression of the proinflam-
matory cytokine IL-1β was detected in the frontal and the brain stem of the HTK group
while the protein expression of IL-1β did not differ.
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4. Discussion
This study compared the effects of the HTK and the del Nido cardioplegic solutions

on cerebral inflammation. In our large animal model, a distinct intraoperative electrolyte
imbalance was observed in the HTK group. Hemoglobin content and blood pH was more
stable with del Nido cardioplegia. HTK and del Nido cardioplegia were comparable
regarding hemodynamics, hypoxia-induced cellular processes, and cerebral inflammatory
responses except IL-1β.

Hemoglobin concentrations decreased in both study groups at the beginning of the is-
chemic period, with a greater decrease in the HTK group. The effect of hemodilution during
CPB, with a drop of hemoglobin and hematocrit after the administration of crystalloid solu-
tion in comparison to blood-based cardioplegic solution, was previously observed [13]. On
the one hand, hemodilution improve the microcirculatory flow by reducing blood viscosity
and red cell rigidity during hypothermia. On the other hand, a hemodilution-associated
anemia may lead to a reduction in the tissue oxygen delivery and postoperative CNS dys-
function [14]. Therefore, mild hemodilution and the maintenance of hemoglobin content,
especially at the beginning of cardiac surgery, could help to prevent cerebral inflammation.

Blood pH measurements showed contrary effects after the application of the cardio-
plegic solution. While the blood pH in the HTK group decreased, which could be explained
by the development of metabolic acidosis [15], the blood pH in the del Nido group in-
creased during cardiac arrest. It is well known that the permeability of the blood–brain
barrier is pH-dependent, and a reduction in pH can increase the permeability for certain
molecules like lactate in the ischemic brain [16]. Currently, the effects of changes in pH on
postoperative neurological outcomes are difficult to assess based on the recent literature.

Electrolyte hemostasis in the central nervous system is essential for physiological
brain function [17]. An imbalanced electrolyte hemostasis in the periphery will cause
imbalances of the electrolyte hemostasis in the brain, leading to direct and indirect effects
on neuronal metabolism and function as seen in previous studies [11,17]. In contrast to the
physiological electrolyte conditions in the del Nido group, hyponatremia, hypochloremia,
and a significant decrease in calcium concentration were observed in the HTK group.
Postoperative hyponatremia is associated with the development of cerebral edema because
of altered osmolality and can cause brain cell swelling and brain herniation [14,17]. In
their report, Crestanello et al. stated that disorders of sodium and osmolality lead to
neuronal depression, which correlates with increased mortality, length of hospital stay, and
postoperative complications [18].

Kim et al. reported that hyponatremia is associated with postoperative seizures as
a result of rapid perioperative changes in sodium levels when HTK is used in pediatric
cardiac patients [19].

However, hyponatremia becomes deleterious if osmolality also becomes hypo-osmolar.
Lindner et al. showed that the administration of the HTK solution results in isotonic hy-
ponatremia and stable serum osmolality not requiring treatment. In addition, the correction
of HTK solution-induced hyponatremia is not recommended, as the rapid normalization of
sodium concentration may cause hypertonicity with its associated adverse events [15]. Hy-
poxia and ischemia interfere with brain adaptation to electrolyte imbalance and exacerbate
cerebral edema [17], but we did not detect cerebral edema in any of the investigated brain
regions [11]. Hypochloremia is probably explainable by the non-physiological composition
of chloride ions in the HTK solution. The decrease in chloride and calcium concentration in
the HTK group during ischemia was caused by the calcium- and chloride-reduced HTK
solution itself.

The brain is most sensitive to alterations in oxygen delivery and has evolved vari-
ous adaptive mechanisms to respond rapidly to hypoxia [20]. HIF-1 is a heterodimeric
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protein complex that is continually synthesized but rapidly degraded under normoxic
conditions. In response to low oxygen, a component of HIF, the transcription factor HIF-1α,
accumulates in hypoxic cells, translocates into the nucleus, and regulates the activation
of a broad range of target genes involved in angiogenesis, cell proliferation, and cell
death [21,22]. Rodent studies have demonstrated the induction of the HIF-1α gene and
protein expression under hypoxic or ischemic conditions in the brain. Experimental evi-
dence showed increased HIF-1α expression 1 h after systemic hypoxia due to cardiac arrest,
elevated levels over 12 h, and persistence for at least 7 d after transient global cerebral
ischemia [23]. Therefore, we investigated the HIF-1α nuclear translocation after temporary
ischemia induced by cardiac arrest and altered the blood flow conditions in the brain.
In our study, HTK- and del Nido-induced cardioplegia resulted in a comparable degree
of HIF-1α mRNA expression and nuclear translocation in the analyzed brain regions. It
should be noted that the regulation of HIF-1α protein expression under hypoxia occurs
primarily post-translationally through the inhibition of proteasomal degradation, whereas
transcriptional mechanisms are still under debate [22]. Thus, it can be concluded that the
degree of oxidative stress and hypoxic effects induced by cardiac arrest is comparable
between HTK- and del Nido-induced cardioplegia.

In addition to hypoxia, the synthesis and activation of HIF-1α can be directly influ-
enced by inflammatory stimuli such as cytokines or growth factors. The stabilization of
HIF-1α by IL-1β and TNF-α indicates a central role of this transcription factor in inflam-
matory processes. The effects of hypoxia during CPB on neuronal tissue are exacerbated
by the release of many inflammatory mediators from neuronal cells. Cytokines, such as
TNF-α and IL-1β, are known to be released in the early stages of hypoxia, causing either
local or systemic inflammation [24].

Cerebral inflammation is a main problem after cardiac surgery and CPB. The inflam-
matory response includes the activation of coagulation factors as well as the recruitment
and adhesion of platelets and leukocytes, which accumulate in cerebral capillaries and
thereby impair cerebral blood flow to the injured tissue after CPB [25]. Proinflammatory
cytokines such as IL-1β and TNF-α play a central role in the initiation and maintenance
of cerebral inflammation. Both cytokines are expressed at constitutively low levels in the
healthy brain [26] and are rapidly upregulated after transient cerebral ischemia [11,25,27].
In accordance with the literature, we found different levels of cytokine expression in dif-
ferent brain regions [11,28]. In the present study, there were no significant differences in
TNF-α expression between both cardioplegia groups at either mRNA or protein levels in
any of the investigated brain regions. However, we documented a significant increase
in IL-1β mRNA expression in the frontal cortex and the brain stem of the HTK group.
On the one hand, this temporal discrepancy between the transcriptional and translational
upregulation of IL-1β may be explained by the short follow-up period. On the other hand,
it is known that an increased mRNA expression does not necessarily lead to increased
protein expression.

IL-1β and TNF-α are expressed primarily by microglia and activated macrophages
in the acute phase and by astrocytes at more chronic phases [26]. Both cytokines are in-
volved in a variety of cellular activities but differ in their structure, the cellular responses
they induce, and the pattern of cerebral leukocyte recruitment. While IL-1β preferentially
recruits neutrophils and polymorphonuclear cells, TNF-α appears to promote mononu-
clear cell infiltration [29]. Yang et al. reported that the activation of microglia positively
correlates with microglia density, so the cytokine levels of IL-1β and TNF-α may depend
on the differential distribution of microglia in the central nervous system. In order to
maintain hemostasis, chronic microglia activation plays a critical role in the pathogenesis
of neurodegenerative diseases [30]. Wu et al. showed that neurons respond acutely to
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ischemic injury by increasing the expression of the transcription factor C/EBPβ, which
triggers inflammatory brain damage by elevating the expression of TNFα and IL-1β in
neurons [31].

The anti-inflammatory cytokine IL-10 has inhibitory effects on a variety of immune
cells to decrease inflammation and limit apoptosis. For example, IL-10 inhibits the activation
of microglia as well as the production and release of proinflammatory factors. Previous
research has shown that a significant reduction in IL-10 levels is associated with the degree
of neurological impairment, and IL-10 levels are highly predictive of early neurobehavioral
performance after acute stroke [32].

IL-1RN has been identified as a highly selective, competitive antagonist of the IL-1
signaling pathway. The protective effects of systemic IL-1RN in different models of stroke
and other forms of brain injury following cerebral ischemia are widely recognized [33].
In the present study, there were no significant differences in anti-inflammatory IL-10 and
IL-1RN expression between both cardioplegia groups.

The effect of gender on cerebral inflammation after cardiac surgery is controversial in
the current literature. On the one hand, in a retrospective cohort study with adult cardiac
surgery patients, female sex was positively correlated with a higher risk of systemic inflam-
matory response syndrome compared with male sex [34]. On the other hand, Villa et al.
reported in an experimental model that female microglia have neuroprotective properties
by limiting brain damage caused by acute focal cerebral ischemia [35]. Another study
examined neurocognitive decline after cardiac surgery and showed no significant gender
differences after the 1-month follow-up period [36]. Furthermore, the mean age of patients
who underwent cardiac surgery with del Nido or HTK cardioplegia was 57. In this context,
the postmenopausal female gender may be less significant [37].

In summary, the effects on the inflammatory cascade and, more broadly, on the
neurological outcome are difficult to assess, as the two cardioplegia only differed in the
IL-1β mRNA expression of two brain regions but not in the protein expression. Therefore,
the HTK and del Nido cardioplegia can be considered comparable in terms of cerebral
inflammatory effects.

Limitations

This study included healthy animals with a short follow-up period of 120 min. In
clinical practice, pre-existing comorbidities are usual in patients who undergo cardiac
surgery. Comorbidities could influence study results and the transferability of the results to
humans. Conclusions about the long-term outcomes are limited. On the one hand, longer
reperfusion times or chronic animal experiments with postoperative follow-up revealed
further group differences. On the other hand, various external influences could increase
the biological variability of the animals and overlap the direct effects of cardioplegia.
Furthermore, given the group-dependent preparations and surgical procedure, not all
participants were blinded until the end of the study. However, the experimenters remained
blinded until the completion of the laboratory analysis. Another limitation of our study
was using surrogate parameters such as nuclear HIF-1α translocation to measure changes
in hypoxic conditions in brain tissue. In addition, due to defined measurement time points,
the peak levels of the analyzed parameters were not necessarily recorded.

5. Conclusions
Our study showed comparability of the HTK and the del Nido cardioplegia against

cerebral inflammation regarding hemodynamic parameters and cerebral oxygenation due
to HIF-1α expression after CPB surgery. A lower degree of cerebral inflammatory IL-1β
expression and more stable electrolyte hemostasis was found with del Nido cardioplegia.
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Based on our study results, we conclude that del Nido cardioplegia is a suitable and safe
alternative to the conventional HTK solution regarding cerebral inflammation.
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PBS phosphate-buffered saline
RT-qPCR quantitative real-time PCR analysis
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4. Miniksar, Ö.H.; Çiçekçioğlu, F.; Kılıç, M.; Honca, M.; Miniksar, D.Y.; Gocmen, A.Y.; Kaçmaz, O.; Öz, H. Decreased brain-derived

neurotrophic factor levels may predict early perioperative neurocognitive disorder in patients undergoing coronary artery bypass
surgery: A prospective observational pilot study. J. Clin. Anesth. 2021, 71, 110235. [CrossRef]

5. Gorvitovskaia, A.Y.; Scrimgeour, L.A.; Potz, B.A.; Sellke, N.C.; Ehsan, A.; Sodha, N.R.; Sellke, F.W. Lower preoperative hematocrit,
longer hospital stay, and neurocognitive decline after cardiac surgery. Surgery 2020, 168, 147–154. [CrossRef]

6. Glöckner, A.; Ossmann, S.; Ginther, A.; Kang, J.; Borger, M.A.; Hoyer, A.; Dieterlen, M.-T. Relevance and Recommendations for
the Application of Cardioplegic Solutions in Cardiopulmonary Bypass Surgery in Pigs. Biomedicines 2021, 9, 1279. [CrossRef]

https://doi.org/10.1016/j.ccc.2007.09.004
https://www.ncbi.nlm.nih.gov/pubmed/18241780
https://doi.org/10.1016/j.jtcvs.2022.07.028
https://www.ncbi.nlm.nih.gov/pubmed/36049967
https://doi.org/10.1053/j.jvca.2021.02.048
https://www.ncbi.nlm.nih.gov/pubmed/33766470
https://doi.org/10.1016/j.jclinane.2021.110235
https://doi.org/10.1016/j.surg.2020.02.001
https://doi.org/10.3390/biomedicines9091279


Life 2025, 15, 451 16 of 17

7. Abrahamov, D.; Levran, O.; Naparstek, S.; Refaeli, Y.; Kaptson, S.; Abu Salah, M.; Ishai, Y.; Sahar, G. Blood-brain barrier disruption
after cardiopulmonary bypass: Diagnosis and correlation to cognition. Ann. Thorac. Surg. 2017, 104, 161–169. [CrossRef]

8. Li, Y.; Lin, H.; Zhao, Y.; Li, Z.; Liu, D.; Wu, X.; Ji, B.; Gao, B. Del Nido Cardioplegia for Myocardial Protection in Adult Cardiac
Surgery: A Systematic Review and Meta-Analysis. ASAIO J. 2018, 64, 360–367. [CrossRef]

9. Reynolds, A.C.; Asopa, S.; Modi, A.; King, N. HTK versus multidose cardioplegias for myocardial protection in adult cardiac
surgery: A meta-analysis. J. Card. Surg. 2021, 36, 1334–1343. [CrossRef]

10. Hildebrandt, L.; Dieterlen, M.-T.; Klaeske, K.; Haunschild, J.; Saeed, D.; Eifert, S.; Borger, M.A.; Jawad, K. Myostatin/AKT/FOXO
Signaling Is Altered in Human Non-Ischemic Dilated Cardiomyopathy. Life 2022, 12, 1418. [CrossRef]

11. Hoyer, A.; Bergh, F.T.; Klaeske, K.; Lehmann, S.; Misfeld, M.; Borger, M.; Dieterlen, M.-T. Custodiol-N™ cardioplegia lowers
cerebral inflammation and activation of hypoxia-inducible factor-1α. Interact. Cardiovasc. Thorac. Surg. 2019, 28, 884–892.
[CrossRef] [PubMed]

12. Hoyer, A.; Dieterlen, M.T.; Kang, J.; Oetzel, H.; Wiesner, K.; Klaeske, K.; Kiefer, P.; Oßmann, S.; Ginther, A.; Kostelka, M.;
et al. Comparison of Del Nido and histidine-tryptophan-ketoglutarate cardioplegia solutions: An animal study with prolonged
ischaemia. Front. Cardiovasc. Med. 2024, 11, 1457770. [CrossRef] [PubMed]

13. Günday, M.; Bingöl, H. Is crystalloid cardioplegia a strong predictor of intra-operative hemodilution? J. Cardiothorac. Surg. 2014,
9, 23. [CrossRef] [PubMed]

14. Soliman, R.; Saad, D.; Abukhudair, W.; Abdeldayem, S. The neurocognitive outcomes of hemodilution in adult patients
undergoing coronary artery bypass grafting using cardiopulmonary bypass. Ann. Card. Anaesth. 2022, 25, 133–140. [CrossRef]

15. Lindner, G.; Zapletal, B.; Schwarz, C.; Wisser, W.; Hiesmayr, M.; Lassnigg, A. Acute hyponatremia after cardioplegia by
histidine-tryptophane-ketoglutarate—A retrospective study. J. Cardiothorac. Surg. 2012, 7, 52. [CrossRef]

16. Zhang, W.; Zhu, L.; An, C.; Wang, R.; Yang, L.; Yu, W.; Li, P.; Gao, Y. The blood brain barrier in cerebral ischemic injury—Disruption
and repair. Brain Hemorrhages 2020, 1, 34–53. [CrossRef]

17. Castilla-Guerra, L.; del Carmen Fernández-Moreno, M.; López-Chozas, J.M.; Fernández-Bolaños, R. Electrolytes disturbances and
seizures. Epilepsia 2006, 47, 1990–1998. [CrossRef]

18. Crestanello, J.A.; Phillips, G.; Firstenberg, M.S.; Sai-Sudhakar, C.; Sirak, J.; Higgins, R.; Abraham, W.T. Postoperative hyponatremia
predicts an increase in mortality and in-hospital complications after cardiac surgery. J. Am. Coll. Surg. 2013, 216, 1135–1143.
[CrossRef]

19. Kim, J.-T.; Park, Y.-H.; Chang, Y.-E.; Byon, H.-J.; Kim, H.-S.; Kim, C.-S.; Lim, H.-G.; Kim, W.-H.; Lee, J.-R.; Kim, Y.-J. The effect
of cardioplegic solution-induced sodium concentration fluctuation on postoperative seizure in pediatric cardiac patients. Ann.
Thorac. Surg. 2011, 91, 1943–1948. [CrossRef]

20. Cui, C.; Jiang, X.; Wang, Y.; Li, C.; Lin, Z.; Wei, Y.; Ni, Q. Cerebral Hypoxia-Induced Molecular Alterations and Their Impact on
the Physiology of Neurons and Dendritic Spines: A Comprehensive Review. Cell Mol. Neurobiol. 2024, 44, 58. [CrossRef]

21. McGettrick, A.F.; O’Neill, L.A.J. The Role of HIF in Immunity and Inflammation. Cell Metab. 2020, 32, 524–536. [CrossRef]
22. Heck-Swain, K.L.; Li, J.; Ruan, W.; Yuan, X.; Wang, Y.; Koeppen, M.; Eltzschig, H.K. Myeloid hypoxia-inducible factor HIF1A

provides cardio-protection during ischemia and reperfusion via induction of netrin-1. Front. Cardiovasc. Med. 2022, 9, 970415.
[CrossRef] [PubMed]

23. Shi, H. Hypoxia inducible factor 1 as a therapeutic target in ischemic stroke. Curr. Med. Chem. 2009, 16, 4593–4600. [CrossRef]
24. Mukandala, G.; Tynan, R.; Lanigan, S.; O’Connor, J.J. The Effects of Hypoxia and Inflammation on Synaptic Signaling in the CNS.

Brain Sci. 2016, 6, 6. [CrossRef] [PubMed]
25. Amantea, D.; Nappi, G.; Bernardi, G.; Bagetta, G.; Corasaniti, M.T. Post-ischemic brain damage: Pathophysiology and role of

inflammatory mediators. FEBS J. 2009, 276, 13–26. [CrossRef] [PubMed]
26. Clausen, B.H.; Wirenfeldt, M.; Høgedal, S.S.; Frich, L.H.; Nielsen, H.H.; Schrøder, H.D.; Østergaard, K.; Finsen, B.; Kristensen,

B.W.; Lambertsen, K.L. Characterization of the TNF and IL-1 systems in human brain and blood after ischemic stroke. Acta
Neuropathol. Commun. 2020, 8, 81. [CrossRef]

27. Catană, M.G.; Popent, iu, I.A.; Văleanu, M.; Roman-Filip, C.; Mihăilă, R.G. IL-1 Beta-A Biomarker for Ischemic Stroke Prognosis
and Atherosclerotic Lesions of the Internal Carotid Artery. Medicina 2023, 59, 1790. [CrossRef]

28. Elsaafien, K.; Sloan, J.M.; Evans, R.G.; Cochrane, A.D.; Marino, B.; McCall, P.R.; Hood, S.G.; Yao, S.T.; Korim, W.S.; Bailey, S.R.;
et al. Associations Between Systemic and Cerebral Inflammation in an Ovine Model of Cardiopulmonary Bypass. Anesth Analg.
2023, 136, 802–813. [CrossRef]

29. Leal, M.C.; Casabona, J.C.; Puntel, M.; Pitossi, F.J. Interleukin-1β and tumor necrosis factor-α: Reliable targets for protective
therapies in Parkinson’s Disease? Front. Cell Neurosci. 2013, 7, 53. [CrossRef]

30. Yang, T.T.; Lin, C.; Hsu, C.T.; Wang, T.F.; Ke, F.Y.; Kuo, Y.M. Differential distribution and activation of microglia in the brain of
male C57BL/6J mice. Brain Struct. Funct. 2013, 218, 1051–1060. [CrossRef]

31. Wu, D.M.; Liu, J.P.; Liu, J.; Ge, W.H.; Wu, S.Z.; Zeng, C.J.; Liang, J.; Liu, K.; Lin, Q.; Hong, X.W.; et al. Immune pathway activation
in neurons triggers neural damage after stroke. Cell Rep. 2023, 42, 113368. [CrossRef] [PubMed]

https://doi.org/10.1016/j.athoracsur.2016.10.043
https://doi.org/10.1097/MAT.0000000000000652
https://doi.org/10.1111/jocs.15397
https://doi.org/10.3390/life12091418
https://doi.org/10.1093/icvts/ivy347
https://www.ncbi.nlm.nih.gov/pubmed/30668864
https://doi.org/10.3389/fcvm.2024.1457770
https://www.ncbi.nlm.nih.gov/pubmed/39741661
https://doi.org/10.1186/1749-8090-9-23
https://www.ncbi.nlm.nih.gov/pubmed/24468006
https://doi.org/10.4103/aca.aca_206_20
https://doi.org/10.1186/1749-8090-7-52
https://doi.org/10.1016/j.hest.2019.12.004
https://doi.org/10.1111/j.1528-1167.2006.00861.x
https://doi.org/10.1016/j.jamcollsurg.2013.02.010
https://doi.org/10.1016/j.athoracsur.2011.02.003
https://doi.org/10.1007/s10571-024-01491-4
https://doi.org/10.1016/j.cmet.2020.08.002
https://doi.org/10.3389/fcvm.2022.970415
https://www.ncbi.nlm.nih.gov/pubmed/36247475
https://doi.org/10.2174/092986709789760779
https://doi.org/10.3390/brainsci6010006
https://www.ncbi.nlm.nih.gov/pubmed/26901230
https://doi.org/10.1111/j.1742-4658.2008.06766.x
https://www.ncbi.nlm.nih.gov/pubmed/19087196
https://doi.org/10.1186/s40478-020-00957-y
https://doi.org/10.3390/medicina59101790
https://doi.org/10.1213/ANE.0000000000006379
https://doi.org/10.3389/fncel.2013.00053
https://doi.org/10.1007/s00429-012-0446-x
https://doi.org/10.1016/j.celrep.2023.113368
https://www.ncbi.nlm.nih.gov/pubmed/37917581


Life 2025, 15, 451 17 of 17

32. Zhu, H.; Hu, S.; Li, Y.; Sun, Y.; Xiong, X.; Hu, X.; Chen, J.; Qiu, S. Interleukins and Ischemic Stroke. Front. Immunol. 2022,
13, 828447. [CrossRef] [PubMed]

33. Wong, R.; Lénárt, N.; Hill, L.; Toms, L.; Coutts, G.; Martinecz, B.; Császár, E.; Nyiri, G.; Papaemmanouil, A.; Waisman, A.; et al.
Interleukin-1 mediates ischaemic brain injury via distinct actions on endothelial cells and cholinergic neurons. Brain Behav. Immun.
2019, 76, 126–138. [CrossRef]

34. Squiccimarro, E.; Lorusso, R.; Consiglio, A.; Labriola, C.; Haumann, R.G.; Piancone, F.; Speziale, G.; Whitlock, R.P.; Paparella, D.
Impact of Inflammation After Cardiac Surgery on 30-Day Mortality and Machine Learning Risk Prediction. J. Cardiothorac. Vasc.
Anesth. 2024, in press. [CrossRef]

35. Villa, A.; Gelosa, P.; Castiglioni, L.; Cimino, M.; Rizzi, N.; Pepe, G.; Lolli, F.; Marcello, E.; Sironi, L.; Vegeto, E.; et al. Sex-Specific
Features of Microglia from Adult Mice. Cell Rep. 2018, 23, 3501–3511. [CrossRef] [PubMed]

36. Stanley, M.E.; Kant, S.; Raker, C.; Sabe, S.; Sodha, N.R.; Ehsan, A.; Sellke, F.W. Effect of Patient Sex on Neurocognitive Decline
after Cardiac Surgery. J. Am. Coll. Surg. 2023, 236, 1112–1124. [CrossRef]

37. Kang, J.; Hoyer, A.; Dieterlen, M.T.; Oetzel, H.; Otto, W.; Ginther, A.; Pfannmüller, B.; Misfeld, M.; Noack, T.; Kiefer, P.; et al.
Comparison of modified Del Nido and Custodiol® cardioplegia in minimally invasive mitral valve surgery. Eur. J. Cardiothorac.
Surg. 2024, 65, ezae161. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fimmu.2022.828447
https://www.ncbi.nlm.nih.gov/pubmed/35173738
https://doi.org/10.1016/j.bbi.2018.11.012
https://doi.org/10.1053/j.jvca.2024.12.013
https://doi.org/10.1016/j.celrep.2018.05.048
https://www.ncbi.nlm.nih.gov/pubmed/29924994
https://doi.org/10.1097/XCS.0000000000000574
https://doi.org/10.1093/ejcts/ezae161

	Introduction 
	Materials and Methods 
	Animals and Anesthesia Management 
	Surgical Technique, Extracorporeal Circulation, and Perfusion 
	Study Design 
	Randomization and Blinding 
	Porcine Brain Preparation 
	RNA Isolation and Quantitative Real-Time PCR 
	Immunohistochemical Analysis and Evaluation 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Statistical Analysis 

	Results 
	Hemodynamic Parameters 
	Analysis of the Electrolyte Balance 
	Analysis of the Hypoxia-Induced Transcription Factor HIF-1 
	Cytokine Expression in the Brain 

	Discussion 
	Conclusions 
	References

