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ABBREVIATIONS

AKI — Acute kidney injury

AP-1 — Activation protein 1

ATP — Adenosine triphosphate

BAX — A protein that promotes programmed cell death

BcL-2 — An anti-apoptotic protein that regulates programmed cell death
(apoptosis)

BCP — Blood cardioplegia

BNIP2 - A protein-coding gene (known as BCL2-interacting protein 2)

CCP — Crystalloid cardioplegia

CK-MB - Creatine Kinase-Myocardial Band

Cp — Cardioplegia

CPB — Cardiopulmonary bypass

c¢TnT — Cardiac troponin T

DN — Del Nido

DNA — Deoxyribonucleic acid

EF — Ejection fraction

ETC — Electron transport chain

FCCP  — Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone

FOS — FOS proto-oncogene, AP-1 transcription factor subunit

GRK2 - G protein-coupled receptor kinase 2

HIF 1A - Hypoxia-Inducible Factor-1

HM — Homogenization medium

HTK — Histidine-tryptophan-ketoglutarate solution (known as Custodiol)

I/R — Ischemia/reperfusion

ICU — Intensive care unit

IL-10 — Interleukin-10

1L-4 — Interleukin-4

IL-6 — Interleukin-6

CON — Control group

LAD — Left anterior descending artery

LCOS - Low cardiac output syndrome

LV — Left ventricular

MI — Myocardial infarction

MIR — Mitochondrial respiration medium

MIT — Mitochondrial basal respiration



MMP
mRIPC
NADH
NCX
NO
OCR
100,44
PAF
PCR
PDA
PTP
RCA
ROS
RV

SR

ST
TNF-a
VEGF

Matrix metalloproteinase
Modified remote ischemic preconditioning
Nicotinamide adenine dinucleotide
Na*/Ca** exchanger

Nitric oxide

Oxygen consumption rate
Oxidative phosphorylation
Platelet-Activating Factor
Polymerase chain reaction
Posterior descending artery
Permeability transition pore

Right coronary artery

Reactive oxygen species

Right ventricle

Sarcoplasmic reticulum

St. Thomas

Tumor necrosis factor alpha
Vascular endothelial growth factor



INTRODUCTION

Cardioplegia (CP) is essential in cardiac surgery because it protects the
myocardium from ischemic injury during purposefully created cardiac
arrest. Myocardial ischemia is a progressive process in which metabolic and
structural changes accumulate with increasing ischemia duration. Without
timely reperfusion, these changes may become irreversible and ultimately
lead to cell death [1].

Since the inception of cardiac surgery, various strategies for myocardial
protection have been developed based on two fundamental principles:
hypothermia and modulation of electrochemical gradients with cardioplegic
solutions. CP causes cardiac arrest by altering electrochemical processes,
resulting in a motionless operative field and lower energy requirements for
cardiomyocytes. Although all cardioplegic solutions share the common goal
of arresting the heart and limiting ischemic damage, no universal consensus
exists regarding the optimal solution for all patient groups. As a result,
numerous formulations and delivery strategies continue to be employed in
clinical practice [2].

Cardioplegic solutions are typically classified as depolarizing or
hyperpolarizing, based on their effects on the myocardial cell membrane
potential. Depolarizing CP, predominantly achieved through hyperkalaemia,
remains the most widely used approach. Hyperpolarizing solutions, on the
other hand, rely on hyponatremia and hypocalcemia to reduce sodium and
calcium levels outside of cells, resulting in diastolic arrest through membrane
hyperpolarization.

Del Nido cardioplegia, developed in the early 1990s for pediatric cardiac
surgery, is an extracellular-based, potassium-rich solution that includes
lidocaine to stabilize the cell membrane. This combination reduces excitability
and prolongs the duration of myocardial arrest, eliminating the need for
frequent dosing [1, 3, 4]. St. Thomas’ solution, traditionally applied in adult
cardiac surgery, contains potassium and magnesium and typically requires
repeat application every 20—40 minutes to maintain myocardial protection
[5]. Both Del Nido and St. Thomas solutions primarily act via membrane
depolarization [6, 7].

Developed by Bretschneider in 1964, the histidine-tryptophan-ketoglutarate
(HTK) solution is widely used as a cardioplegic medium and for organ
preservation. Its formulation contains low sodium and calcium concentrations,
which allow for metabolic suppression, intracellular pH buffering, membrane
stabilization, and the provision of an energy substrate. These features provide
extended myocardial protection, often up to 3 hours, which is beneficial in



long, technically complex operations [8, 9]. The low extracellular sodium
concentration in HTK leads to membrane hyperpolarization and diastolic
arrest, distinguishing it mechanistically from depolarizing solutions [10,
11]. Despite their widespread use, there is not much comparative data on the
molecular and metabolic effects of these cardioplegic media in the immature
myocardium.

Taking these factors into account, we conducted a study to simulate clinically
relevant conditions and evaluate the effects of Del Nido, Custodiol HTK, and
St. Thomas solutions on an immature rat myocardium subjected to ischemia/
reperfusion (I/R) injury using the Langendorff perfused heart preparation.
CP effectiveness was assessed not only through functional parameters
but also through molecular markers associated with cell cycle regulation,
proliferation, apoptosis resistance, and hypoxia response. The expression of
several key genes was examined. The hypoxia-inducible factor HIF-la, a
central regulator of cellular adaptation to reduced oxygen availability, plays
a crucial role in maintaining metabolic homeostasis during ischemic stress
[12]. The FOS gene, a component of the AP-1 transcription factor complex,
supports cellular responses related to proliferation and survival under surgical
or ischemic stress [13]. BNIP2, a regulator of apoptotic pathways, may
influence cardiomyocyte susceptibility to ischemic injury and, therefore,
represents an important indicator of cell survival capacity [14]. Additionally,
levels of pro- and anti-inflammatory cytokines were measured to characterize
inflammatory responses associated with different cardioplegia solutions.

Furthermore, we aimed to assess the effect of the previously mentioned
cardioplegic solutions on mitochondrial function in an immature myocardium.
The respiratory functions of mitochondria were evaluated in permeabilized
fibres by gradually introducing various substrates that supply electrons via
different parts of the electron transport chain (ETC).

These investigations aimed to provide a comprehensive evaluation of how
Del Nido, Custodiol HTK, and St. Thomas CP influence subcellular signalling
pathways and mitochondrial bioenergetics in the immature myocardium.
Combining functional, molecular, and mitochondrial data, the study aims to
deepen understanding of cardioprotective mechanisms relevant to pediatric
cardiac surgery and to identify strategies to enhance myocardial preservation
during ischemia and reperfusion.
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AIM AND OBJECTIVES

The aim of the study

The study aimed to evaluate the impact of different cardioplegic solutions
(DelNido, Custodiol HTK, St. Thomas) on mitochondrial respiratory pathway,
gene expression, and cytokine responses in an immature rat heart model.

The objectives of the study

1. To evaluate and compare the influence of Custodiol HTK, St. Thomas,
and Del Nido cardioplegic solutions on mitochondrial respiratory
function in immature myocardial tissue.

2. To compare gene expression responses to Del Nido, Custodiol HTK,
and St. Thomas cardioplegic solutions in immature myocardial tissue
under ischemia/reperfusion conditions using the Langendorff model.

3. To evaluate the differential modulation of pro-inflammatory and anti-
inflammatory cytokines in immature myocardial tissue in response to
Del Nido, Custodiol HTK, and St. Thomas cardioplegic solutions.

Scientific novelty of the study

The search for an ideal cardioplegic solution has persisted for over a
decade. During this period, numerous scientific studies have analyzed the
effects of various cardioplegic solutions on the myocardium. However, most
of these studies have focused on comparing the effects of traditional blood
cardioplegia with Custodiol and Del Nido solutions or other crystalloid
solutions on heart muscle cells.

Although many studies have documented findings in this field, the
majority of the data come from adult patients and are often directly applied
to pediatric cardiac surgery, which may increase postoperative complications
and mortality [15-17].

In contrast, our study aims to investigate the effects of cardioplegic solutions
on immature myocardium, for which data on their protective properties are
lacking.

Even the most recent articles from 2019 to 2024 do not provide definitive
answers and sometimes present contradictory findings. Thus, the debate
regarding the optimal cardioplegic solution continues. It is also important to
note that the physiology of pediatric cardiac muscle differs significantly from
that of the adult myocardium. There have been contrasting descriptions of the
immature heart, with some studies suggesting it is more tolerant to ischemia
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[18-20], while others indicate it is less tolerant [21, 22]. Cardioplegic solutions
are essential for protecting the immature myocardium during cardiac surgery
by inducing temporary cardiac arrest, minimizing ischemia—reperfusion
injury, and preserving mitochondrial and overall cardiac functions.

This study aimed to evaluate the impact of three cardioplegic solutions.
Myocardial protection can be particularly challenging in certain cases, such
as prolonged, complex procedures or pediatric patients with preoperative
myocardial damage [23]. In such situations, selecting an optimal cardioplegic
solution poses more questions than answers. Experimental studies have
demonstrated a preference for single-dose CP in neonatal hearts [24], while
other studies have found no significant difference when compared with
multidose approaches [25].

Ourresearch focuses on subcellular alterations in immature cardiomyocytes,
as these represent the earliest detectable changes following cardioplegic
intervention.

To assess whether specific cardioplegic formulations optimally protect
the immature myocardium during cardiac surgery, a focused preclinical
investigation is warranted that interrogates mitochondrial respiratory
pathways, gene-expression profiles pertinent to cardioprotection and cellular
stress, and the spectrum of pro- and anti-inflammatory cytokine responses.

This aspect of the study is timely because the international literature on
the immature heart is methodologically diverse and frequently contradictory,
leaving critical evidence gaps. The new detailed information obtained in
immature myocardium using various cardioplegic solutions will be useful
both globally and in Lithuania. Although the dissertation’s research was
conducted on an animal model, the new knowledge gained could also be
applied in clinical practice.
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1. LITERATURE REVIEW

1.1. Anatomy of the heart

The heart is a muscular organ. It is in the middle part of the lower
mediastinum, just behind the sternum, between the two pleural cavities,
surrounded by the pericardium and attached to the large blood vessels. It is
roughly the size of a clenched fist and weighs about 250-350 g in an adult.

The heart has four chambers: two upper atria, the receiving chambers,
and two lower ventricles, the discharging chambers. The atria open into
the ventricles via the atrioventricular valves, present in the atrioventricular
septum.

The fibrous cardiac skeleton forms the atrioventricular septum, which
separates the atria from the ventricles, and the fibrous rings, which serve as
bases for the four heart valves. It gives structure to the heart. The cardiac
skeleton also serves as an important boundary in the heart’s electrical
conduction system because collagen cannot conduct electricity. The interatrial
septum separates the atria, and the interventricular septum separates the
ventricles. The interventricular septum is much thicker than the interatrial
septum because the ventricles contract with more pressure.

The coronary arterial system comprises the right and left coronary arteries,
which arise from the right and left aortic sinuses of the ascending aorta,
immediately superior to the aortic valve cusps. The right coronary artery
(RCA) courses within the right atrioventricular (coronary) sulcus, giving rise
to the sinoatrial nodal artery (in ~60% of cases), right marginal branch, and,
typically, the posterior interventricular artery (posterior descending artery,
PDA) in right-dominant circulation. The left coronary artery is generally
short and bifurcates into the anterior interventricular artery (commonly
referred to as the left anterior descending artery, LAD) and the circumflex
artery. The LAD descends within the anterior interventricular sulcus,
supplying the anterior wall of the left ventricle, the anterior two-thirds of the
interventricular septum, and the apex. The circumflex artery courses within
the left atrioventricular sulcus, giving off obtuse marginal branches to the
lateral wall of the left ventricle and, in left-dominant circulation (~10-15% of
individuals), the PDA [26].

The posterior descending artery runs in the posterior interventricular groove
and supplies the inferior wall and inferior third of the interventricular septum.
The artery that supplies the PDA and a posterolateral branch determines
the coronary dominance, so there can be three situations: right-dominance
(approximately 70% of the cases) (supply from the RCA), left-dominance
(10%) (supply from the circumflex artery), and codominance (20%), the
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situation in which PDA and posterolateral branches arise from both right and
left systems [27].

1.2. History of cardioplegic solutions

The concept of cardioplegia with a hyperkalemic solution was introduced
by Melrose et al. [28] in 1955. It enabled better post-ischemic recovery
of myocardial function compared with mere aortic cross-clamping. The
concentration of the applied potassium citrate solution was 77 mmol/L [29].
This strategy was introduced into cardiac surgery as the Melrose technique,
with the potential to provide a bloodless field for surgical maneuvers while
preserving heart function [30]. Nevertheless, further examinations suggested
that this type of hyperkalemic solution predisposed the heart to contractile
dysfunction, ventricular fibrillation, and consequently cardiomyocyte death.
These post-operative complications limit clinical usage. In 1975, Tyers et al.
discovered that complications with the Melrose technique were due to the
high potassium ion concentration [31].

In 1975, the St. Thomas Hospital (ST) solution was introduced by Hearse
and Braimbridge in open-heart surgery in London. ST represents one of the
widely used extracellular cardioplegic solutions worldwide [32]. Several
years later, an improved formulation of this solution, known as the modified
ST solution (ST 2), was developed. While both types of solutions contained
increased magnesium (16 mmol/L) and normal calcium ion concentrations,
they differed in potassium ion concentrations. The first ST contained
potassium ions at a concentration of 20 mmol/L while the second contained a
lower content, i.e., 16 mmol/L [33].

In 1983, Hearse proposed three components of myocardial protection by
cardioplegia during cardiac surgery, namely: (a) rapid diastolic cardiac arrest
to conserve energy by intracellular Na* and Ca*" depletion, extracellular
K* and Mg* elevation and infusion of local anesthetic agents or Ca*
antagonists; (b) hypothermia to slow down cellular metabolic demands; and
(c) application of substances (i.e. oxygen, energy substrates, etc.) to prevent
or reverse ischemia-reperfusion (I/R) injury [34]. These principles now form
the foundation for most cardioplegic solutions.

In the 1970s, Bretschneider and his group formulated the Custodiol
Histidine-Tryptophan-Ketoglutarate (HTK) solution as an intracellular
crystalloid for administration during cardiac surgery [35]. Although the
HTK solution was primarily intended for cardiac surgery, it has been used
to preserve other organs, such as the liver, pancreas, and kidneys. Currently,
after several modifications, it is known as Custodiol and has been widely used
as a cardioplegic strategy for myocardial protection [36].
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Cold blood cardioplegia (BCP) was proposed by Buckberg [37] to arrest,
perfuse, and then reperfuse the myocardium using a hyperkalemic crystalloid
cardioplegic solution mixed with blood in a 1:4 ratio. Calafiore et al. [38]
later introduced warm BCP containing K*/Mg?*, which provides myocardial
protection when applied continuously. BCP has been shown to have potent
myocardial protective effects against I/R injury, as evidenced by improved
parameters compared with crystalloid cardioplegia (CCP), including greater
oxygen supply and better acid-base balance [39].

In the early 1990s, Pedro Del Nido and colleagues developed a cardioplegic
solution that met the specific needs of the pediatric hearts during surgery [40].
It has mainly been used in pediatrics, but after the 2010s began to be actively
used in adult cardiac surgery. The Del Nido solution is much more diluted
than a traditional blood cardioplegic solution. It has a 1:4 blood-to-crystalloid
ratio compared with the traditional 4:1 blood-to-crystalloid ratio [41]. The
history of CP described in the text is present in Table 1.2.1 [42].

Table 1.2.1. Summarized the history of cardioplegic solutions

Decade Milestone Notes

1950s Early cardiac surgery begins Hypothermia only (no solution)

1955s Melrose solution introduced CCP; high K*

1960s Decline of CP CCP; high K*

1970s Revival of CP CCP; ST and HTK

1980s Cold BCP gains more BCP > warm BCP better

1990s Retrograde CP explored Route change, the ST CP is being widely

2000s DN CP (pediatrics — adults) DN

20002020 | HTK solution adopted, DN CP Crystalloid/Single dose
raised

2020s Focus on minimally invasive & Modified delivery method/Single dose
robotic surgery

CP — cardioplegia, BCP — blood CP, CCP — crystalloid CP, DN — del Nido, ST — St. Thomas,
HTK - histidine-tryptophan-ketoglutarate solution (known as Custodiol).

As patient conditions become more serious and complex surgeries become
longer, and as advancements in minimally invasive cardiac interventions
progress, an increasing number of cardiac surgical centres have adopted the
single-dose cardioplegic solutions, such as Del Nido and Custodiol HTK
(Fig. 1.2.1) [43, 44].
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Fig. 1.2.1. Trends in cardioplegic solution usage over time

The increasing volume of major cardiac surgery, together with advances
in minimally invasive approaches, is hastening the transition from multi-dose
cardioplegia to single-dose strategies [43, 44].

1.3. Mechanisms underlying ischemic myocardial injury

The development of cardioplegic solutions is predicated on acomprehensive
understanding of how ischemia disrupts normal cellular processes and activates
damage-induced pathways. Fundamentally, an optimal cardiac function and
aerobic metabolism depend on maintaining proper intracellular pH, high-
energy phosphate reserves (ATP), and cell membrane/ionic homeostasis [3].
Irreversible cardiac damage can occur if any of these components deviate
significantly from physiological levels. Cellular injury is generally reversible
if perfusion is restored within the first 5 to 20 minutes of ischemia. However,
tissue edema and cellular necrosis ensue after 20 minutes without intervention
[45].

The severity of ischemic injury escalates significantly over time. The
key to preventing irreversible damage or cell death is to restore blood flow
to ischemic tissue while the cells are still undergoing reversible injury.
Hypothermia and chemical agents slow cellular metabolism, extending the
reversible state of ischemic injury and allowing full function to return once
blood flow is restored. Reducing cellular metabolism slows ATP consumption
and pH alterations, both of which contribute to cellular injury when disrupted
[46].
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The primary mechanisms of ischemic myocardial injury depend on the
following factors:

Intracellular pH and ionic homeostasis disruption. Ischemia
significantly affects intracellular pH by shifting cellular metabolism
from aerobic to anaerobic pathways, resulting in lactate accumulation
and hydrogen ion build-up [47]. This acidification inhibits key enzymes
in glycolysis and impairs mitochondrial function, exacerbating the ATP
depletion.

ATP depletion and metabolic failure. ATP is crucial for maintaining
cellular ionic homeostasis and energy metabolism. During ischemia,
the cessation of oxidative phosphorylation in mitochondria leads to
rapid ATP depletion [48]. This energy deficit impairs the function of
ion channels and pumps, causing ionic imbalance, cellular swelling,
and subsequent membrane rupture [47, 49]. The inability to restore
ATP levels during prolonged ischemia leads to irreversible damage and
Necrosis.

Mitochondrial dysfunction and reactive oxygen species (ROS)
production. Mitochondria are central to energy production and apoptotic
signalling. Ischemia impairs mitochondrial oxidative phosphorylation,
leading to increased production of ROS during reperfusion [50]. Excess
ROS causes oxidative damage to lipids, proteins, and DNA, triggering
cell death pathways, including apoptosis and necrosis [47].

Tissue edema and cellular necrosis. The accumulation of intracellular
metabolites increases osmotic pressure, resulting in water influx, cellular
swelling, and membrane rupture [47]. The release of intracellular
contents into the extracellular space promotes inflammatory responses,
exacerbating tissue injury and necrosis.

Role of hypothermia in reducing ischemic injury. Hypothermia reduces
metabolic demand, slows ATP consumption, and minimizes pH
alterations, thereby reducing the extent of ischemic injury [48].

Future clinical implications should focus on understanding the mechanisms
of ischemic myocardial injury, which could lead to significant advances in
cardioplegic solutions and hypothermic strategies for reducing myocardial
damage during cardiac surgery [50].

1.4. Myocardial ischemic/reperfusion (I/R) injury

I/R injury leads to cell death primarily due to the sudden restoration
of blood flow and oxygen to previously oxygen-deprived tissues, which
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generates excessive ROS and triggers inflammatory responses, ultimately
causing significant cellular damage and death [51].

A complex series of mechanisms is involved in myocardial I/R injury
pathogenesis, including metabolic changes, mitochondrial dysfunction,
inflammation, cytokine responses, autophagy deregulation, and ROS
overproduction. Paradoxically, reperfusion causes rapid changes in pH, Ca*
overload, and hyperoxia, leading to altered metabolism. Cell damage induced
by prolonged I/R injury may lead to apoptosis, autophagy, necrosis, and
necroptosis. This presents clinically as myocardial stunning, arrhythmias, and
lethal reperfusion injury, in which salvageable cardiomyocytes in the area at
risk undergo necrosis and/or additional forms of regulated cell death [52-55].

Factors that may influence cell damage include oxidative stress and
overproduction of ROS. During ischemia, mitochondrial ATP production
declines, leading to dysfunction of the electron transport chain (ETC)
and resulting in the accumulation of semi-reduced oxygen species. Upon
reperfusion, a sudden oxygen influx fuels an overproduction of ROS,
exacerbating lipid peroxidation, protein oxidation, and DNA damage [56].

In addition, the inflammatory response and cytokine storms may contribute
to cell damage. I/R triggers the activation of nuclear factor kappa-B (NF-kB),
leading to upregulation of pro-inflammatory cytokines such as TNF-a, IL-1f,
and IL-6. Neutrophil infiltration and activation further amplify inflammation,
causing microvascular obstruction and exacerbating myocardial damage.
Neutrophils stimulate the production of reactive oxygen species (ROS),
tumor necrosis factor alpha (TNF-a), and local inflammatory mediators,
aggravating tissue damage [57].

Two other factors that may cause cell damage include the Na*/Ca*
exchanger (NCX) and Ca?* overload. The NCX plays a central role in Ca*
overload during ischemia. Under normal physiological conditions, NCX
exports intracellular Ca** in exchange for Na*. However, during ischemia,
anaerobic metabolism and ATP depletion lead to acidosis, triggering
increased Na* influx via Na*/H*" and Na*/HCOs™ transporters. This results in
NCX reverse mode operation, driving an influx of Ca?*, which accumulates
in mitochondria, exacerbating hypercontractility and mitochondrial damage
[58-60].

Clinical implications and future directions in myocardial I/R injury remain
a critical challenge in cardiovascular medicine. While reperfusion therapy is
essential, the associated oxidative stress, calcium overload, inflammation, and
metabolic disturbances significantly exacerbate myocardial damage. Current
research is focused on targeting mitochondrial dysfunction, oxidative stress,
and calcium handling to develop novel cardioprotective therapies.
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1.5. Types of cardioplegic solutions

Most cardioplegic solutions can be categorized as either depolarizing
or hyperpolarizing solutions. The most prevalent method of myocardial
protection during cardiac surgery is depolarized diastolic arrest with a
hyperkalemic infusion [61]. During the administration phase, myocardial
cells undergo depolarization, which leads to the opening of fast Na* channels.
This process facilitates the influx of Na* ions into the cell, resembling the
behaviour observed during a standard action potential. However, due to
elevated extracellular K* concentration, fast Na* channels remain locked in an
inactive state. This condition hinders repolarization of cells and effectively
maintains them in an unexcitable state [61].

These solutions typically contain 10-25 mEg/L of K*, which, when
administered, elevates the cell membrane potential to approximately =50 mV
from a resting membrane potential of —90 mV [46]. Diastolic arrest occurs at
—50 mV because fast Na“ channels, which have a threshold potential between
—65 and —70 mV, are inactivated at this potential. The Nernst potential for
NCXs is also =50 mV, meaning that at a diastolic arrest of =50 mV, no net
flux of Ca®" or Na* ions should occur across the cell membrane [46].

Hyperpolarizing solutions are utilized as an alternative to hyperkalemic
solutions and function by rendering the membrane potential more negative
than the resting potential [46]. This is accomplished by employing solutions
devoid of Ca?" and with low Na* to induce arrest. This methodology has the
theoretical advantage of mitigating the severity of ionic imbalance during the
ischemic period. Additionally, a few ion channels and pumps are active, and
the metabolic demand of the myocardium is significantly diminished [62].

The potential for influxes and overload of Na® and Ca®** during
hyperpolarized arrest is attenuated because, at hyperpolarized membrane
potentials, Na* and Ca*" channels are inactivated. Additionally, the solution
itself is primarily low in Na* and devoid of Ca*" [46].

These channels have threshold potentials near —40 mV, which is
proximate to predicted membrane potentials of cells exposed to depolarizing
cardioplegic solutions. Elevating intracellular Ca** is a concern because it is
associated with irreversible muscle contracture and myocyte necrosis [63,
64]. Additionally, placing cells in a prolonged depolarized state augments
the consumption of high-energy phosphate reserves when compared with
hyperpolarizing solutions [64]. Based on these concerns, some surgical teams
prefer the utilization of hyperpolarizing solutions, especially in cases of
prolonged myocardial ischemia.

Furthermore, cardioplegic solutions can be categorized into crystalloid
CP (CCP) and blood CP (BCP) solutions. The CCP can be subdivided into
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intracellular (e.g., Custodiol HTK) and extracellular (e.g., Del Nido, St.
Thomas) solutions. The BCP can be classified into warm and cold solutions.

1.6. Advantages and disadvantages of blood and crystalloid cardioplegia

Zeng et al. [65] found that cold BCP was associated with a significantly
lower incidence of perioperative myocardial infarction than cold CCP. The
oxygen-carrying capacity of BCP is advantageous [66]. Hypothermia during
cardiac surgery may counteract the benefits by shifting the oxyhaemoglobin
dissociation curve to the left, thereby reducing the oxygen availability to
myocardial tissue [65]. At 20 °C, only 50% of the total oxygen is released
from BCP, falling to 37% at 10 °C [39]. This is in stark contrast to CCP, which
releases all its oxygen at all temperatures [39]. Delivering oxygen to the
ischemic myocardial tissue in the presence of BCP may produce oxygen-free
radicals, which cause ischemia and reperfusion injury. However, blood also
contains endogenous oxygen radical scavengers, which protect against this
[65]. It is important to note that hemoglobin has six times higher buffering
capacity than plasma proteins [39]. Whole blood also contains physiological
oncotic pressure constituents. This minimizes myocardial edema. Some
studies have found that CCP causes intracellular edema, depletion of glycogen
stores, and higher release of CK-MB [39].

It also causes a higher degree of intra-operative hemodilution, which is
associated with increased blood transfusion requirements, significantly
greater intensive care requirements, longer hospital stays, higher operative
costs, and higher mortality rates and postoperative organ failure, specifically
renal failure [67]. Mullen et al. [68] concluded that while CCP is linked to a
higher incidence of MI and increased CK-MB release postoperatively, it also
results in improved right ventricular systolic function [68].

1.7. Advantages and disadvantages of cold and warm cardioplegia

Electromechanical cardiac arrest reduces myocardial oxygen demand by
90% [69]. Both warm and cold BCP use potassium-induced electromecha-
nical cardiac arrest. Hypothermic CP (4—-10 °C), given every 15 to 30 minutes,
provides a bloodless operative field and reduces oxygen consumption by
an additional 5% to 20%. On the other hand, warm BCP, delivered every
15 minutes at 34-36 °C, reduces I/R injury and improves oxygen delivery to
cells [69].

However, the ideal temperature for BCP remains controversial. Buckberg
has argued that myocardial temperatures below 20 °C are unnecessary, given
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that the oxygen demand of an arrested heart at this temperature is only 0.3
mL/100 g per min [70].

In vitro, studies have shown that, at 20 °C, only 50% of the total oxygen
content of BCP is available to the tissue, and this drops an additional 30%
when the temperature is lowered to 10 °C [70]. The primary advantages
of warm BCP include the reduction of I/R injury and the enhancement of
oxygen delivery to myocardial cells, also decreasing intracellular swelling
and improving membrane stabilization [71]. However, warm BCP lacks
neuroprotective effects, necessitates larger volumes of CP solutions, poses
a greater risk of hyperkalemia, and impairs visualization of distal coronary
anastomosis. The primary advantages of cold BCP include the reduction of
oxygen consumption and the provision of neuroprotective effects. However,
it is associated with increased I/R injury, the induction of myocardial edema,
and also causes cell membrane instability [71].

1.8. Properties of cardioplegic solutions

1.8.1. St. Thomas CP solution

The original extracellular CP solution developed by Hearse and colleagues
in the early 1970s was known as St. Thomas Hospital Solution [72]. Over
time, this solution was refined and evolved into Plegisol or St. Thomas’s
Hospital Solution No. 2 (ST2), which has become the most widely used CCP
solution worldwide [73]. One of the main differences between ST and ST2
is the inclusion of procaine hydrochloride in ST, which acts as a membrane
stabilizer with known cardioplegic effects [72]. The high concentrations of
potassium and magnesium in St. Thomas CP solution induce rapid cardiac
arrest [74]. As a result, repeated perfusion is required during ischemia,
typically administered every 20—40 minutes [75]. It is important to note
that St. Thomas CP also leads to increased cellular edema and can damage
endothelial function [72]. It is administered at a cold temperature, usually at
4-10 °C. The solution is administered antegrade or retrograde, at a dose of
10-15 mL/kg.

1.8.2. Del Nido CP solution

During the 1980s and 1990s, CP was universally employed in both adult and
pediatric cardiac surgery, with modifications made to delivery flow, volume,
and pressure [3]. Since it was discovered that the pediatric myocardium
was more tolerant to ischemia and more susceptible to calcium overload,
Del Nido CP was developed and has been widely used in pediatric centers
since its development in the 1990s [3, 63]. The crystalloid base component
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of del Nido CP is 1 liter of Plasma-Lyte A, chosen for its ability to mimic
normal extracellular ion concentrations in the body. This base solution and
additives are delivered in a 1:4 ratio of patient blood from the bypass circuit
to a crystalloid solution [3]. No Ca*" ions are added to the base solution,
and the only source of Ca?' is from the patient’s whole blood. Del Nido CP
achieves electromechanical arrest via depolarization caused by the final K*
concentration of 24 mEq/L, which is achieved by adding 13 mL (26 mEq) of
K" to the Plasma-Lyte A base.

Mannitol functions as an osmotic diuretic and is conventionally used during
cardiopulmonary bypass to increase urine production, reduce cerebral edema,
and scavenge oxygen-free radicals [3]. Myocardial edema is another common
problem during cardiac surgery and has also been shown to play a large role
in post-ischemic cardiac injury [3]. The hyperosmotic nature and free-radical
scavenging abilities of mannitol help attenuate both reactive oxygen species
accumulation and myocardial edema during ischemia and reperfusion [3].

The addition of magnesium and lidocaine renders Del Nido a modified
depolarizing solution, as these two components reduce calcium and sodium
influx during the arrest. Magnesium possesses intrinsic calcium channel
blocking properties, while lidocaine functions as a sodium channel blocker;
both indirectly inhibit NCX and suppress action potential formation [3].
Since myocardial contraction is highly dependent upon intracellular Ca®*
levels, reducing Ca®" entry helps prevent diastolic rigidity. The addition
of magnesium has been shown to improve cardiac myocyte recovery after
ischemic events [76].

The final delivery temperature is usually cold (4-8 °C). The solution is
administered antegrade or retrograde, with an initial dose of 20 mL/kg and
maintenance doses of 10 mL/kg as needed, and a dose of 30 mL/kg in pediatric
patients.

In addition to calcium handling, cardioplegic solutions need to support
ATP production and limit acidosis while cells are in an anaerobic state. The
Del Nido CP does not contain any substrates because they are available within
cardiac cells, but the inclusion of bicarbonate acts as a buffer to mitigate
acidic conditions. The incorporation of sodium bicarbonate into Del Nido CP
enhances buffering capacity and helps maintain an intracellular pH close to
7.4, allowing glycolysis to be sustained throughout the ischemic period [3].
The addition of 20% whole blood further promotes anaerobic glycolysis due
to its endogenous buffering capacity and allows for aerobic metabolism to
occur during the delivery period [3]. The inclusion of blood in the solution
reduces ischemic stress and reperfusion injury compared with completely
crystalloid solutions [7].
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Standard dosing for Del Nido CP is a single dose of 20 mL/kg, with a
maximum dose of 1 liter for patients weighing more than 50 kg [3]. Redosing
is generally performed at the surgeon’s discretion. However, Del Nido CP was
developed as a single-dose model; therefore, redosing may not occur unless
the cross-clamp time exceeds 90 minutes or electrical activity is observed. In
summary, Del Nido CP was developed to address the specific requirements
of the pediatric and infant heart, with the primary objective being to prevent
Ca?* overload during ischemia and reperfusion. This is achieved by adding
lidocaine, a fast sodium channel blocker, and magnesium sulfate, a calcium
channel competitor. The inclusion of mannitol scavenges oxygen-free
radicals during ischemia and reduces the risk of reperfusion injury. Sodium
bicarbonate is used to maintain a pH of approximately 7.4, counteracting
acidosis and allowing anaerobic glycolysis to be sustained during ischemia.
During infusion, the patient’s whole blood is mixed into the solution at a 1:4
ratio. This enhances the solution’s buffering capacity and aids in coronary
perfusion during induction and subsequent doses.

1.8.3. Custodiol HTK CP solution

The Histidine-Tryptophan-Ketoglutarate (HTK) solution was initially
introduced in the early 1970s by Hans Jiirgen Bretschneider [77].
Hyperpolarizing solutions prevent Ca*" overload because few channels or ion
pumps are active at hyperpolarized membrane potentials [78]. Additionally,
energy consumption is low, and the metabolic demand of cardiac myocytes
is minimal at these highly negative potentials [78]. HTK is classified as an
intracellular solution because it contains low Na® (15 mmol/L) and Ca*
concentrations. The reduced Na* level in the extracellular space inhibits the
fast inward current and achieves cardiac arrest in diastole, providing up to 3
hours of myocardial protection with a single dose [62, 77, 79].

Histidine acts as a buffer, supporting anaerobic glycolysis and preventing
acidosis [62, 77].

Ketoglutarate, an intermediate in the Krebs cycle, enhances ATP production
during reperfusion. It also regulates cell membrane function, reduces
reperfusion injury, and decreases edema [80]. However, caution should be
exercised when using the HTK solution because of its low Na* content, which
can affect extracellular Na* levels and may cause hyponatremia [81, 82]

Tryptophan serves to stabilize and protect cell membranes during arrest.
Mannitol is added to prevent reperfusion injury by scavenging free radicals
and counteract myocardial edema by maintaining a slightly hyperosmotic
extracellular osmolarity [83]. It is administered at a cold temperature, usually
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4-8 °C. The solution is administered antegrade or retrograde, with a dose of
30 mL/kg in adults and 3040 mL/kg in pediatric patients.

1.9. Differences in the pediatric and adult myocardium

The hearts of newborns and adults have several morphological,
physiological, and histological differences. These include increased
dependence on glucose, increased sensitivity to calcium, and less contractile
fiber [20]. A good understanding of these differences might affect the choice
of cardioplegia and the details of its delivery during surgery. We will examine
the most significant differences:

* Morphologically, in the newborn heart, only 30% of the myocardial
mass is composed of contractile tissue, whereas 60% of the mature
myocardium has contractility.

* Neonatal myocardium has fewer mitochondria and lower oxidative
capacity.

* 90% of ATP generation in the adult myocardium is derived from fatty
acid metabolism, whereas in the neonatal/pediatric heart, glucose is the
main source of energy production [20].

 In pediatric/neonatal and adult hearts, Ca** plays a key role in cardiac
contraction, but how it enters the cell differs between immature and
mature hearts. In adult hearts, when voltage-gated L-type Ca’" channels
open, the influx of Ca®" ions triggers the opening of Ca** channels
located on the sarcoplasmic reticulum (SR) [84], from which 90% of
cytosolic Ca?* arises. In neonates, the density of L-type Ca*' channels is
lower than it is in older children or adults. As a result, Ca** ions influx
into immature hearts occurs through the NCX instead of L-type calcium
channels [84]. It is essential to maintain proper calcium homeostasis and
prevent Ca?* overload during cardiac surgery, particularly in pediatric
cardiac surgery. Immature cardiac tissue has a reduced capacity to
regulate Ca*", which can be attributed to various structural differences.
In pediatric hearts, the SR is still developing and has a smaller capacity
to store calcium [20]. Furthermore, the primary source of Ca?* required
for contraction comes from the extracellular space via the NCX and
L-type calcium channels, not the SR. The combination of these factors
diminishes the ability of pediatric hearts to release and reuptake Ca*
from the SR during an action potential, which is why the inclusion of
L-type calcium channel blockers in CP is advantageous during pediatric
cardiac surgery [20] These differences also elucidate why Ca?" overload
is possible during post-ischemic reperfusion and why pediatric
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cardioplegic solutions generally contain lower-than-normal Ca** levels
[20].

* In newborns, cardiac ejection fraction (EF) is more dependent on
heart rate and sinus rhythm. Increased afterload causes significant
hemodynamic changes.

* The immature myocardium is more tolerant to ischemia compared to
the mature myocardium because it possesses higher glycogen reserves
and utilizes anaerobic glucose metabolism for a longer duration than
the adult heart [85].

1.10. Bioenergetics of the heart

Humans produce and consume roughly their body weight in ATP (about 65
kg) every single day [86]. The heart accounts for only ~0.5% of body weight
but is responsible for roughly 8% of ATP consumption. This high energy flux
is dynamic: the heart stores only enough energy to support pumping for a
few heartbeats, turning over the entire metabolite pool approximately every
10 seconds, even at resting heart rates [87]. As the most metabolically active
organ in the body, the heart has the highest mitochondrial content of any
tissue. The high concentration of mitochondria in cardiomyocytes is crucial
for meeting the significant energy demands of both contraction and relaxation,
as these processes are also active. About 90% of cellular ATP is utilized
to support the contraction—relaxation cycle within the myocardium [88].
ATP-dependent release of actin from myosin is required for both contraction
(as myosin heads the cycle through cross-bridges with actin) and relaxation.
Cellular sequestration of Ca®" back into the SR during diastole also requires
a tremendous amount of ATP. Cardiac mitochondria must operate at high
efficiency to meet the fluctuating energetic demands of contractile units,
driven by the body’s dynamic need for oxygen-rich blood [88].

Decreased capacity of mitochondria to generate and transfer energy within
heart cells results in energy deficits, which influence all cellular processes
that require energy, most notably the processes of contraction and relaxation

1.11. Mitochondrial oxidative phosphorylation system and response to
ischemia

Mitochondria are the powerhouses of the cell. In all eukaryotes that do not
depend on photosynthesis, mitochondria are the main source of adenosine
triphosphate (ATP), the energy-rich compound that drives fundamental cell
functions.
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One of the primary functions of mitochondria is the synthesis of ATP during
oxidative phosphorylation. This process is carried out by five enzymatic
complexes located in the inner mitochondrial membrane, which together
constitute the oxidative phosphorylation system. Four of these complexes,
such as nicotinamide adenine dinucleotide (NADH) dehydrogenase
(reduced nicotinamide dinucleotide dehydrogenase, Complex I), succinate
dehydrogenase (Complex II), coenzyme Q-cytochrome C reductase (Complex
I1T), and cytochrome C oxidase (Complex [V), are components of the electron
transport chain.

The substrates of this chain are the reduced coenzymes NADH and flavin
adenine dinucleotide (FADH,) in its reduced form, which undergo oxidation
in Complexes I and II, respectively. The mobile electron carrier coenzyme Q
then transfers electrons from Complexes I and Il to Complex I11. Subsequently,
via another mobile carrier, cytochrome C, electrons are delivered to Complex
IV, which catalyzes the reduction of molecular oxygen to water.

During this electron transport process, energy is released and utilized
to translocate and accumulate protons in the intermembrane space. ATP
synthase, or Complex V, catalyzes the phosphorylation of ADP to ATP using
inorganic phosphate. This reaction is driven by the electrochemical proton
gradient established by the electron transport chain [89-92].

During ischemia, the disruption of oxygen supply leads to hypoxic
conditions within cells, which impairs the function of the mitochondrial
electron transport chain and results in a reduced rate of ATP synthesis. The
inhibition of oxidative phosphorylation promotes a shift towards anaerobic
metabolism, accompanied by increased lactate production, which acidifies
the intracellular environment and contributes to the development of
metabolic acidosis. As ATP becomes depleted, ATP-dependent ion transport
mechanisms, particularly Na*/K*-ATPase and Ca** channels, are compromised.
Consequently, intracellular accumulation of Na* and Ca?* ions occurs, leading
to cellular swelling (oncosis) and disruption of enzyme activity [93].

Under hypoxic conditions, oxygen-dependent enzymes such as prolyl
hydroxylases are inhibited, resulting in the stabilization and activation of
hypoxia-inducible factor 1-alpha (HIF-1a). This transcription factor is crucial
for regulating gene expression to help cells adapt to low oxygen levels.
Additionally, the production of reactive oxygen species (ROS) is markedly
increased, particularly within the mitochondrial electron transport chain [94].

Mitochondria are the main source of cellular ROS. Under physiological
conditions, 0.2-2% of the electrons in the ETC do not follow the normal
transfer order but instead directly leak out of the ETC and interact with
oxygen to produce superoxide or hydrogen peroxide [95, 96].
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Ischemia-induced alterations in the ETC can lead to significant bioenergetic
and functional impairments. The objective of this study was to evaluate the
impact of various cardioplegic solutions on mitochondrial ETC function
following different durations of ischemia. We sought to determine which
cardioplegic solution is most effective in maintaining mitochondrial integrity
and function within the immature myocardium.

Ischemia also triggers a cascade of inflammatory processes, activating
the innate immune response, with the release of pro-inflammatory mediators
and the recruitment of immune cells to clear necrotic and apoptotic debris.
However, if unregulated, this inflammatory and immune activation may
exacerbate tissue injury, particularly during the reperfusion phase following
ischemia [97].

1.12. Apoptotic cell death during ischemia-reperfusion injury

Tissue injury caused by I/R can occur through either necrosis or apoptosis.
Apoptosis, also referred to as programmed cell death, is an energy-
dependent mechanism defined by a cascade of gene-regulated events that
lead to characteristic cellular morphology, controlled DNA fragmentation,
and ultimately cell demise. In recent years, the contribution of apoptosis to
I/R injury-associated tissue injury has been extensively studied. Oxidative
stress and excessive production of ROS act as strong inducers of apoptosis,
a phenomenon that can be clearly observed following cerebral I/R injury.
Both renal and myocardial I/R injury are associated with measurable levels
of apoptosis in affected tissues. Thus, apoptosis appears to represent a
central mechanism of cell damage during I/R injury across multiple organ
systems. Inhibition of the apoptotic pathway, particularly through the use of
selective blockers targeting pro-apoptotic caspase enzymes, has shown partial
effectiveness in experimental models, leading to reductions in tissue injury
and infarct size after hepatic and cardiac I/R injury [98].

Cardiac dysfunction resulting from acute lesions (myocardial infarction,
I/R) or chronic conditions (ischemia, dilated cardiomyopathy) is closely
associated with cardiomyocyte apoptosis, a key driver of cardiac remodelling
and a contributor to sudden cardiac death [99, 100]. As apoptosis is central
to the pathogenesis of many cardiac diseases, its inhibition or modulation
represents a potential therapeutic approach for heart failure [101, 102].
Morphologically, cardiac apoptosis is characterized by cell shrinkage,
cytoplasmic and chromatin condensation, and persistent low-grade apoptosis
has been implicated in the progression of heart failure. Notably, enhanced
apoptosis in hypertrophic cardiomyopathy may accelerate ventricular
dilatation and ultimately lead to systolic dysfunction [103].
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The expression of molecules implicated in apoptosis, such as Bcl-2 and
caspases, has been proposed as a significant marker of cardiomyocyte viability
[104]. Toxin-induced cardiomyopathy arises through diverse pathways,
including elevated oxidative stress, lipid peroxidation, DNA injury, apoptosis,
and autophagy [105]. BAX activation has recently been shown to be a rate-
limiting step in doxorubicin-induced cardiomyopathy [106].

1.13. Inflammatory processes and cytokine responses
to ischemia/reperfusion

Hypoxia and I/R injury both induce the expression of numerous cytokines,
including pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-0) and interleukin-6 (IL-6), and anti-inflammatory cytokines such
as interleukin-10 (IL-10) and interleukin-4 (IL-4). These cytokines are
released systemically and are thus important in the development of systemic
inflammatory response syndrome and ultimately multi-system organ failure
[107].

1.13.1. Pro-inflammatory cytokines

TNF-a is a pro-inflammatory cytokine produced by activated macrophages,
monocytes, Tlymphocytes, natural killer cells, and fibroblasts. It is a potent
chemoattractant and an early response cytokine that subsequently induces
the expression of IL-1, IL-6, IL-8, and PAF. Serum TNFa levels increased
rapidly in an animal model of aortic clamping, thus inducing up-regulation of
INOS, which increased NO production in the lungs, leading to more severe
lung damage [108]. TNF-a stimulates ROS production and the vascular
endothelium’s vulnerability to neutrophil-induced injury by enhancing
ICAM-1 expression, which facilitates neutrophil adhesion to the activated
endothelium.

TNF-a stimulates the expression of other pro-inflammatory cytokines,
chemokines, and adhesion molecules by leukocytes and endothelial cells, and
regulates extracellular matrix metabolism by decreasing collagen synthesis
and activating matrix metalloproteinase (MMP) activity [109]. Targeted
TNFa overexpression caused adverse cardiac remodelling provoked by
progressive cardiomyocyte apoptosis [110]. Following I/R injury, TNF-a
deficiency exhibited attenuated chemokine expression and NF-«kB activation
in the infarcted heart, resulting in reduced infarct size and improved cardiac
function [111]. Additional remote ischemic preconditioning before reperfusion
attenuated the inflammatory response, causing decreased levels of TNF-a and
IL-1pB, accompanied by an improved LV function [112].
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Numerous studies in animal models attest to the potential of TNF-a
blockade as a therapeutic modality to reduce the severity of I/R injury. In
the rat model, an anti-TNF-a antibody prevented microvascular damage
and thus protected against I/R-induced pulmonary injury. The development
of humanised antibodies, such as etanercept and infliximab, has shown
promising results in treating various TNF-a-mediated inflammatory diseases,
including some forms of arthritis and inflammatory bowel disease [113].

Pharmacological therapy with morphine after I/R injury was demonstrated to
lower circulating TNFa concentrations and diminish infarct size, accompanied
by concomitant enhancement of LV performance [114]. Moreover, G protein-
coupled receptor kinase 2 (GRK?2) deficiency led to reduced TNF-a expression
and fibrosis, resulting in smaller infarct size and preserved cardiac function
[115]. In experimental MI, TNF-a deficiency safeguarded against myocardial
rupture and chronic LV impairment by suppressing excessive inflammation,
matrix and collagen degradation, and apoptosis [116]. Conversely, protective
properties of TNFa signalling have also been reported, since neutralization
of TNFa with adenoviral TNFR1 produced harmful outcomes by facilitating
ventricular rupture and worsening ventricular dysfunction and remodelling
after MI [117].

IL-6 is a pro-inflammatory protein synthesized by monocytes, fibroblasts,
keratinocytes, and endothelial cells in response to IL-1 and TNF-a. IL-6
primes and activates the respiratory burst in neutrophils, promotes endothelial
cell expression of ICAM-1, and enhances endothelial permeability. IL-6 is
generated in hypo-perfused skeletal muscle in individuals with peripheral
arterial disease and is secreted from the intestine into the systemic circulation
during reperfusion in aortic aneurysm surgery [118]. In the context of
renal transplantation, IL-6 was released in substantial quantities from the
repercussed transplanted kidney within the first 30 minutes of reperfusion
[119].

Production of IL-6 is rapidly triggered in the I/R myocardium [120], and
IL-6 has been associated with acute coronary syndrome [121]. In Mendelian
randomization analyses, inhibition of IL-6R resulted in a reduction of
cardiovascular events, indicating a potential therapeutic strategy to prevent
coronary artery disease [122]. Moreover, administration of tocilizumab,
an IL-6R blocker, in patients with non-ST-elevation MI diminished the
inflammatory response, lowering concentrations of high-sensitivity
C-reactive protein and cTnT [123]. Nevertheless, pre-clinical investigations
demonstrated inconsistent findings: IL-6 deficiency did not influence infarct
size, LV function, remodelling, or survival after unreperfused MI, which was
attributed to compensatory activity of alternative mediators [124]; on the
other hand, reduced infarct size following MI-R injury [125]. Concerning
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pharmacological therapy, treatment with bisoprolol exerted cardioprotective
properties after MI-R injury by inhibiting the secretion of both IL-6 and
TNF-a, and by attenuating the unfolded protein response, thereby limiting
infarct size and enhancing post-ischemic cardiac performance [126].

1.13.2. Anti-inflammatory cytokines

Suppressive mediators, including I1L-10, TGF-f, IL-4, and lipid-derived
molecules, may represent the primary pathway for downregulation of
chemokine signalling. These substances have diverse effects on modulating
the immune response and play a crucial role in coordinating the repair
processes after ischemia [127].

IL-10 is primarily secreted by activated T-lymphocytes and stimulated
monocytes, demonstrating significant anti-inflammatory properties. Its
induction parallels the downregulation of IL-6 synthesis in macrophages
and monocytes, and further suppresses the release of IL-1a, IL-1B, TNF-a,
and IL-8, thereby attenuating the inflammatory response. In addition, IL-10
contributes to matrix stabilization by reducing metalloproteinase production
[128].

IL-10 expression is elevated in reperfused myocardium, and blockade
of IL-10 activity was associated with diminished levels of tissue inhibitor
of metalloproteinases (TIMP)-1, indicating that IL-10 contributes to matrix
stabilization [129]. In the context of MI-R injury, IL-10 deficiency led to
augmented fibrosis and apoptosis [ 130], along with an intensified inflammatory
response, which correlated with larger infarct size and higher mortality [131].

Moreover, administration of recombinant IL-10 after MI attenuated the
inflammatory response and promoted improved LV function and remodelling
by reducing fibrosis and enhancing capillary density [132]. Pharmacological
interventions, such as colchicine pretreatment [133] or the use of a selective
B2-adrenergic receptor agonist during MI-R injury [134], elevated systemic
IL-10 levels, demonstrating cardioprotective effects with smaller infarct
size. Nevertheless, evidence regarding IL-10’s role in resolving post-MI-R
inflammation remains inconsistent, as IL-10 deficiency was also associated
with timely downregulation of pro-inflammatory cytokine and chemokine
mRNA expression, accompanied by a comparable course of neutrophil
clearance. This suggests the contribution of multiple overlapping regulatory
mechanisms [135].

1.13.3. Neutrophils

Neutrophils play a crucial role in tissue injury associated with I/R injury.
Activated neutrophils are a primary source of ROS, which are produced by the
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membrane-bound nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase complex. While oxidizing NADPH to NADP*, NADPH oxidase
simultaneously reduces molecular oxygen, generating the superoxide anion.
Activated neutrophils also release a variety of proteases, including matrix
metalloproteinases, that degrade the basement membrane and other structural
components of tissues, thereby worsening the extent of tissue damage [136].

Neutrophil depletion during cardiac surgery has been extensively studied
as a method to reduce post-operative cardiac dysfunction, though results
remain inconsistent. Some investigations have demonstrated a reduction in
biochemical markers of myocardial injury, whereas others have failed to
establish a clinically meaningful benefit [136].

1.14. Ischemic preconditioning

Ischemic preconditioning involves short, repeated episodes of I/R injury
before the onset of prolonged organ ischemia and has proven effective in
mitigating tissue injury. This protective phenomenon can also be induced
remotely rather than directly in the target organ. Such an approach holds
potential in various surgical contexts, including transplantation, coronary
artery bypass grafting, and elective major vascular procedures, where the
onset of ischemia can be precisely controlled. In these settings, brief limb
I/R injury (e.g., 10-15 minutes) induced by a tourniquet before surgery has
been extensively studied and demonstrates promise as a strategy to lessen the
extent of I/R injury [98].

Animal models across various contexts of I/R injury have been employed
to explore the mechanisms underlying ischemic preconditioning; yet, the
fundamental molecular basis remains incompletely understood, likely owing
to the involvement of multiple signal transduction pathways. It is, however,
widely accepted that brief preconditioning episodes trigger a cascade of
intracellular kinases and ultimately alter mitochondrial function. In a rat
model of lower limb, I/R injury, two brief 10-minute episodes of ischemia
before a sustained 60-minute insult effectively attenuated pro-inflammatory
neutrophil-endothelium interactions. This protective effect was evident not
only in the affected limb but also in distant organs, highlighting the systemic
nature of the response [137]. Similarly, in a mouse model of hind limb I/R
injury, preconditioning markedly reduced tissue injury in the limb as well as
in the lungs and small intestine while also conferring significant protection
against post-operative mortality [138].

In a single-center randomized controlled trial of 86 patients undergoing
elective mitral valve replacement, participants were assigned to either modified
remote ischemic preconditioning (mRIPC) or control. The mRIPC protocol
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consisted of three cycles of 5-min ischemia and 5-min reperfusion with a
blood pressure cuff, applied 24 h, 12 h, and 1 h before surgery. Compared
with controls, mRIPC reduced IL-6 and TNF-a levels while increasing IL-
10 and was associated with lower rates of myocardial and pulmonary injury,
supporting its potential role in valve surgery [139].

A meta-analysis assessed the efficacy of mRIPC in preventing acute
kidney injury (AKI) after cardiac surgery. Pooled data demonstrated a
significant reduction in AKI incidence with mRIPC compared to controls.
Evidence suggests that the benefit is primarily driven by fewer mild-to-
moderate AKI cases not requiring renal replacement therapy [140].

In a randomized clinical trial of 43 patients undergoing coronary artery
bypass grafting, participants were assigned to mRIPC (n = 21) or control
(n = 22). The control group required more packed cell transfusions in the
intensive care unit (ICU). At 24 h after ICU admission, IL-10 levels were
significantly higher in the mRIPC group, whereas post-cardiopulmonary
bypass (CPB) IL-8 levels were lower than in controls. These findings suggest
that RIPC modulates circulating inflammatory cytokines by elevating
IL-10 and reducing IL-8, which may contribute to protection against I/R
injury [141].

1.15. No reflow phenomenon

No reflow is the failure of microvascular perfusion following restoration
of flow to previously ischemic tissue. The cause of this phenomenon has
not been fully elucidated [142] but is certainly multifactorial. Cytokines and
activated neutrophils act synergistically to produce microvascular barrier
dysfunction. The resultant increase in permeability leads to the exudation of
fluids and proteins, increasing the interstitial pressure and decreasing the net
intravascular pressure. In addition, integrin beta chain 2 (CD18) dependent
leukocyte plugging produces partial occlusion of post-capillary venules,
further contributing to no-reflow. Neutrophil depletion virtually abolishes the
phenomenon in the myocardium, brain, and skeletal muscle, confirming a
vital role for neutrophils in no-reflow.

A sudden obstruction of the epicardial coronary artery, whether
persistent or transient, induces myocardial ischemia that triggers a cascade
of pathophysiological events within minutes, ultimately culminating in
cardiomyocyte death. The central mechanism involves endothelial injury and
dysfunction, which collectively impair microvascular perfusion. Progression
to endothelial necrosis further augments the permeability of adherens and
gap junctions. Concomitantly, vascular endothelial growth factor (VEGF)
expression is upregulated, enhancing endothelial permeability [143]. This
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leads to extravascular accumulation of the blood cells, along with impaired
nitric oxide (NO) production by damaged endothelium. Leukocyte infiltration,
aggregation of neutrophils, platelets, erythrocytes, vasoconstriction
mediated by endothelin-1 and other pro-inflammatory mediators, activation
of inflammatory signaling cascades, and cellular edema all contribute to
compression of the coronary microvasculature and progressive luminal
narrowing. In addition, microvascular spasm secondary to endothelial
injury represents an important exacerbating factor. During sustained arterial
occlusion, the ischemic process extends to cardiomyocytes, resulting in
necrosis and interstitial edema, which further aggravate microvascular
obstruction [144].

1.16. Changes in cardiac troponin I level (cTnl) after cardiac surgery

Table 1.16.1 presents studies comparing cTnl levels after different
types of CP. In studies comparing BCP and CCP [145, 146], no significant
differences were found in postoperatively cTnl release at 4-6 hours, 12 hours,
and 24 hours. A meta-analysis [147] that included 10 eligible studies directly
comparing BCP to CCP also showed no significant difference between the two
groups, except for significantly lower cTnl levels at 4 hours postoperatively
in the BCP group [147]. In a study comparing Custodiol HTK CP and cold
BCP, it was found that cTnl concentrations were higher in the cold BCP
group from postoperative hours 1 to 72 [148]. Another study by Dolcino
et al. [149] investigated neonates undergoing arterial switch operation with
either Custodiol HTK CP or warm BCP, and it showed that postoperative
troponin concentrations were higher in the Custodiol HTK CP [149]. Studies
comparing Del Nido CP and blood CP [150, 151] concluded that Del Nido
CP provides a lower postoperative troponin I concentration compared to the
blood CP group. In the study conducted by Panigrahi et al. [152], although
no significant difference was observed regarding cTnl levels between the two
groups, a greater amount of ¢cTnl release was noticed at 12 hours in the BCP
group. Two studies [153, 154] comparing the Custodiol HTK CP with the Del
Nido CP showed that the latter was associated with less release of ¢Tnl.
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Table 1.16.1. P-values between different study CP groups in cardiac troponin
[ level after cardiopulmonary bypass (CPB)

Type |p-value|p-value|p-value|p-value|p-value|p-value
Authors | Studytype | n | of CP at at at at at at
used | 4-6h | 8h 12h | 24h | 48h | 72h
Fang et al. | Meta-analysis | 323| BCP | 0.09 - 0.53 | 0.12 - -
[145] Vs
CCP
Romolo et | Randomized | 70 |BCPvs| - - - - - -
al. [146] | clinical trial CCP
Mylonas | Meta-analysis | 697 | BCP vs| 0.860 - 0.019 | 0.000 - -
etal. [147] CCP
Pérez- | Observational | 64 | Cold | 0.001 - 0.001 | 0.001 | 0.001 | 0.003
Andreu et BCP vs
al. [148] HTK
Dolcino et | Observational | 101 | Warm - - - - 0.001 -
al. [149] BCPvs
CHTK
Isildak et | Randomized | 80 | BCP | 0.091 - - 0.045 | 0.315 -
al. [150] | clinical trial vs DN
Haranal et | Randomized | 100 | BCP vs - - - 0.629 - -
al. [151] | clinical trial BSTH
Panigrahi | Randomized | 60 | BCP | 0.873 - 0.180 | 0.780 - -
etal. [152]| clinical trial vs DN
Dehaki et | Randomized | 40 | CHTK | 0.001 - - - - -
al. [153] | clinical trial vs DN
Tunger et | Observational | 27 | CHTK - 0.016 - - - -
al. [154] vs DN

n — patient number, CP — cardioplegia, BCP — blood CP, CCP — crystalloid CP, CHTK —
Custodiol Histidine-Tryptophan-Ketoglutarate CP, DN — Del Nido CP, BSTH — blood-based
St. Thomas CP. The table is taken from [167].

Data regarding myocardial metabolism is limited and is derived from a few
studies (Table 1.16.2) which evaluated lactate levels after cardiopulmonary
bypass. According to meta-analysis [145], lactate levels after CPB were
significantly lower in the BCP group compared to the CCP group. In the
study conducted by Gholampour et al. [153], which compared Del Nido with
Custodiol HTK CP, lactate levels were significantly higher among patients
who received Custodiol HTK CP [153] [153]. The cardioplegic solutions’
effects on the myocardial energy marker, the ATP level. In the meta-analysis
conducted by Mylonas et al. [147], no significant difference between ATP
levels was found between the two groups (BCP vs CCP).
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Table 1.16.2. p-values between different CP groups in lactate levels after CPB

Authors Study type n Type of CP | p-value Study year
Fang et al. [145] | Meta-analysis | 323 | BCP vs CCP 0.03 2015
Gholampour et al. | Randomized | 40 | DN vs CHTK | 0.001 2018
[153] clinical trial

n — patient number, CP — cardioplegia, BCP — blood CP, CCP — crystalloid CP, CHTK —
Custodiol Histidine-Tryptophan-Ketoglutarate CP, DN — Del Nido CP. The table is taken
from [167].

1.17. Impact of different cardioplegia solutions on intraoperative results

Several factors influence intraoperative outcomes, including CPB’s
inotropic status. In a study by Talwar et al. [156], which compared Del Nido
and Custodiol HTK CP, Del Nido CP was associated with lower inotropic
scores compared to Custodiol HTK CP. The inotropic score was evaluated at
the end of the first 24 hours, after 48 hours, and after 72 hours. Three studies
[148, 150, 152] compared Del Nido CP with blood CP and concluded that Del
Nido CP provides lower inotrope scores at 24 hours and at 48 hours [148].

In one study [157], Custodiol HTK CP was compared with blood CP, and
the inotrope score was found to be lower in the HTK group. A study comparing
Del Nido and St. Thomas CP in 220 patients found no significant difference
in inotropic score [158]. Additionally, one study [159] analyzed the outcomes
among the three groups — Custodiol HTK, cold BCP, and St. Thomas CP.
Patients who received Custodiol HTK solution had a significantly higher
need for inotropic support (p < 0.05) [159]. The summarized data showing
the significance of inotropic status after CPB are presented in Table 1.17.1.

Table 1.17.1. The reliability of the detected inotropic status after CPB

Type of p-value|p-value|p-value|p-value|p-value|p-value
Authors | Study type | n CP used at at at at at at
Oh | 24h | 48h | 72h | 96 h | 120 h
Talwar et al. | Randomized | 100 | DN vs - 0.021 | 0.036 | 0.026 | 0.008 -
[156] clinical trial CHTK
Pérez- Observa 64 | Cold | 0.001 | 0.006 | 0.059 | 0.285 | 0.658 | 0.924
Andreu et tional BCP vs
al. [148] CHTK
Isildak et al. | Randomized | 80 | BCP | 0.058 | 0.032 | 0.005 | 0.136 - -
[150] clinical trial vs DN
Panigrahi et | Randomized | 60 | BCP | 0.040 | 0.030 | 0.610 | 0.350 - -
al. [152] | clinical trial vs DN
Bibevskiet | Observa | 132 | cold 0.05
al. [157] tional BCPvs
CHTK
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Table 1.17.1 cont.

Type of \p-value|p-value|p-value|p-value|p-value|p-value
Authors Study type | n CP used at at at at at at
Oh | 24h | 48h | 72h | 96h | 120 h
Elassal etal.| Observa |220| DN vs 0.591
[158] tional ST
Hamed et al. | Randomized | 60 | CHTK 0.05
[159] clinical trial vs cold
BCP
vs ST

n — patient number, CP — cardioplegia, BCP — blood CP, CCP — crystalloid CP, CHTK —
Custodiol Histidine-Tryptophan-Ketoglutarate CP, DN — Del Nido CP, ST — St. Thomas CP.
The table is taken from [167].

Another factor that influences intraoperative outcomes is the total volume
of CP. Data come from two studies [ 150, 160] which showed that using DN was
associated with lower total volume of CP (p < 0.001) [150] (331.67+188.07
vs. 458.67+226.62, p = 0.022) [160].

Additionally, shorter CPB and cross-clamp times may have an impact on
intraoperative outcomes. Comparing Del Nido vs blood CP [150, 160], it was
shown that cardiac arrest with Del Nido CP was associated with reduced CPB
and cross-clamp times (p = 0.006 and p = 0.001, respectively) [150]. While
the other two studies [151, 158] found no significant difference regarding
CPB and aortic cross-clamp times comparing the same two cardioplegic
solutions (p = 0.24). Dolcino et al. [149] in their study showed that single-dose
Custodiol HTK may be inadequate for prolonged cross-clamping durations.

1.18. Intensive care unit (ICU) and hospital stay

According to the meta-analysis [145], which included five studies with
a total of 323 patients, there was no significant difference in the length of
ICU stay between the BCP and Crystalloid CP groups. This finding was
also confirmed by Mylonas et al. [147] in their meta-analysis, which found
no significant difference in ICU and hospital stay between the BCP and
Crystalloid CP groups. In studies comparing Del Nido and Custodiol HTK
[153, 156], Del Nido was associated with shorter ICU and hospital stays than
Custodiol HTK. However, the last meta-analysis [161] did not find significant
differences in ICU or hospital stays among the four types of CP (Del Nido,
BCP, Custodiol HTK, and St. Thomas CP), but the meta-analysis was more
oriented towards adult patients. Among the 67 studies, 55 were adult trials.
Additionally, a pairwise meta-analysis of one trial with 101 patients showed
that Custodiol HTK was associated with significantly shorter ICU and hospital
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stay compared to St. Thomas [161]. Summarized data on ICU and hospital
stay for different cardioplegic solutions can be found in Table 1.18.1.

Table 1.18.1. The p-values between different study CP groups in the intensive

care unit and hospital stay after CPB in pediatric patients

ICU length Hospital
Authors Study type n g;plfsg(fi of stay, |length of stay, S;:;lry
Dp-value p-value
Fangetal. | Meta-analysis | 323 | BCPvs 0.25 - 2015
[145] CCP
Mylonas et al. | Meta-analysis | 697 |BCP vs ST 0.002 0.060 2017
[147]
Talwar et al. | Randomized | 100 | DN vs 0.05 0.001 2017-
[156] clinical trial CHTK 2018
Dehaki et al. | Randomized | 40 DN vs 0.02 - 2018
[153] clinical trial CHTK
Tan et al. Meta-analysis | 101 | CHTK vs - - 2022
[161] ST

n — patient number, CP — cardioplegia, BCP — blood CP, CCP — crystalloid CP, CHTK —
Custodiol Histidine-Tryptophan-Ketoglutarate CP, DN — Del Nido CP, ST — St. Thomas CP.
The table is taken from [167].

Low cardiac output syndrome (LCOS). In a retrospective single-centre
study [162] involving 1129 pediatric patients, BCP was compared to
Crystalloid CP. It was shown that BCP has potential advantages in reducing
the incidence of LCOS [162]. Another study comparing Del Nido CP vs St.
Thomas CP [163] found that Del Nido was associated with a lower occurrence
of LCOS compared to patients who received standard myocardial protection
using a modified St. Thomas solution. Additionally, Quilsy and colleagues
[164] investigated the efficiency of Custodiol HTK CP compared to cold BCP
and found that Custodiol HTK was associated with a higher risk of LCOS.
Summarized data on LCOS after CPB are presented in Table 1.18.2.

Table 1.18.2. The p-values between different study CP groups in low cardiac
output syndrome (LCOS) after CPB using different cardioplegic solutions

Authors Study type n Type of CP used | p-value | Study year
Sobieraj et al.[162] | Observational | 1129 BCP vs CCP 0.0017 | 20062012
Caneo et al. [163] | Observational | 500 DN vs ST 0.05 |2015-2019
Qulisy et al. [164] | Observational | 154 | CHTK vs cold BCP | 0.14 |2013-2014

n — patient number, CP — cardioplegia, BCP — blood CP, CCP — crystalloid CP, CHTK —
Custodiol Histidine-Tryptophan-Ketoglutarate CP, DN — Del Nido CP, ST — St. Thomas CP.
The table is taken from [167].
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Resumption of sinus rhythm and postoperative arrhythmias. In a
comparative study [152] between Del Nido CP and BCP, it was found that Del
Nido leads to a faster resumption of spontaneous regular cardiac rhythm (p
< 0.0001). Quilsy and colleagues [164] examined the efficiency of Custodiol
HTK CP in comparison with cold BCP. Custodiol HTK was associated with a
higher occurrence of arrhythmias (20% vs 17%).

1.19. Postoperative outcomes

The largest mortality data is derived from a meta-analysis [147],
which found no difference in 30-day mortality when comparing BCP with
Crystalloid CP. In the latest meta-analysis [164] with 1634 children from 12
studies, outcomes after four types of CP (Del Nido, BCP, Custodiol HTK, and
St. Thomas CP) were compared, and no significant differences in endpoints
were observed among the four types of CP. Floh et al. [165] in a retrospective
study involving 1534 patients comparing Del Nido CP to BCP found similar
mortality rates in both groups.

Left (LV) and right (RV) ventricular functions may also affect postoperative
outcomes. Gholampour et al [153] conducted a study comparing the effects
of Del Nido CP and Custodiol HTK CP on perioperative clinical outcomes in
children with Tetralogy of Fallot. They found no significant differences in LV
ejection fraction (EF) after the surgery. Pérez et al. [148] showed that LV EF
was higher in the Custodiol HTK group compared to cold BCP immediately
after the operation, at 24 hours, and on the first day without inotropic
support. However, an experimental animal study [166] found no difference
in LV EF at 24 hours post-operation or at discharge. The pre-operative RV
function, as measured by fractional area change, was also similar between
BCP and Custodiol HTK. In a single-center [165], retrospective study which
included 1534 patients undergoing CPB, a significant rise in RV dysfunction
was observed in the Del Nido group compared to conventional St. Thomas
CP. Summarized data on LV and RV functions using different cardioplegic
solutions are presented in Table 1.19.1.
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1.20. Literature review summary

In summary, our review identifies differences across clinical studies.
Observed discrepancies between cardioplegic solutions likely reflect their
distinct compositions, as outlined above; however, these differences were not
consistently statistically significant and, when present, were often confined to
small-scale studies.

Postoperative survival, one of the most important indicators of the safety
and clinical suitability of a cardioplegic solution, did not differ across the
solutions reviewed [167]. By contrast, the requirement for inotropic support
after cardiopulmonary bypass was significantly lower in the Del Nido CP
group. Moreover, single-dose administration of Del Nido CP and Custodiol
HTK CP solutions shortened operative interruptions and was associated with
reduced CPB and aortic cross-clamp times, thereby decreasing operative
duration and cumulative ischemic exposure [167]. Lengths of stay in the
intensive care unit and hospital were shorter in some Del Nido CP cohorts,
although other studies reported no differences; thus, these outcomes remain
inconsistent across the literature [167].

However, the reviewed literature also reveals several important gaps:

* Limited systematic comparative analyses. Most available comparative
studies focus on clinical outcomes but do not investigate subcellular
processes such as mitochondrial respiratory efficiency, oxidative stress
regulation, or changes in gene expression during ischemia/reperfusion.

* Unclear mechanistic relationships. It remains uncertain whether
specific components of solutions (e.g., lidocaine, Mg**, histidine)
directly shape the mitochondrial response and cell survival signaling,
or whether these effects are secondary to a more general suppression of
cellular metabolism.

* Clinical insights are not sufficiently based on experimental data.
Many clinical studies rely on indirect markers (e.g., troponin, CK-MB,
inotropic support requirements), which do not allow clear identification
of the causal mechanisms underlying differences in cardioprotective
efficacy.

* Lack of pediatric experimental studies. Although Del Nido and
Custodiol cardioplegic solutions are widely used in pediatric cardiac
surgery, data on their molecular and mitochondrial mechanisms of
action in the immature myocardium remain limited. Also, most studies
are small, single-center, and mixed in methodological quality. This is
noteworthy because immature myocardium differs fundamentally from
mature myocardium in calcium handling and metabolism. In addition,
robust and ethically acceptable direct myocardial sampling is limited in
children.
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Considering these gaps, there is a clear need for new experimental
studies that can provide an objective assessment of the ability of different
cardioplegic solutions to protect the immature heart from I/R injury and
elucidate their underlying mechanisms of action. For these reasons, we
employed well-controlled animal models of the immature heart to determine
the impact of cardioplegic solution composition on mitochondrial function,
gene expression, and cytokine detection.
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2. MATERIALS AND METHODS

The dissertation work includes experimental studies with an immature
animal model. These experiments were designed to evaluate and compare
the cardioprotective properties of three clinically used cardioplegic solutions,
such as Del Nido, Custadiol HTK, and St. Thomas. The main objective was to
assess myocardial perfusion and subcellular responses under I/R conditions;
mitochondrial respiratory function and membrane integrity; differential
modulation of pro- and anti-inflammatory cytokines; and gene expression
related to apoptosis, proliferation, and adaptation to hypoxia. The experiments
were designed to ensure clinical relevance and high reproducibility, allowing
us to detect their effectiveness and suitability in a clinically relevant context.

All animal procedures complied with the European Convention for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (Nos. 49-1883, 49-1884) and the Order of the Director of the State
Food and Veterinary Service of the Republic of Lithuania (No. B1-866). The
experimental protocol was reviewed and approved by the State Food and
Veterinary Service of the Republic of Lithuania (Approval Nr. G2-265).

The number of animals used in the studies was kept as low as possible, and
experimental planning adhered to the 3R principle (Replacement, Reduction,
Refinement). Efforts were made to minimize animal suffering. Analgesia and
anesthesia were used in all procedures. Animals were euthanized humanely
under deep anesthesia according to AVMA Guidelines.

Male Wistar rats, aged 1 month and weighing 90 + 30 g, were obtained from
the Lithuanian University of Health Sciences (LUHS) Veterinary Academy.
The animals were housed in cages with a maximum of five rats per cage
under controlled environmental conditions: a standard 12-hour light / 12-hour
dark cycle at a temperature of 22 + 2 °C, a standard pelleted feed, and free
access to drinking water. Group allocation was randomized, and investigators
performing laboratory assays were blinded to group identity to minimize bias.
The schematic study design is depicted in Fig. 2.1.
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2.1. In vivo induction of cardiac ischemia

The study was performed at the Preclinical Research Laboratory for
Medicinal Products, Institute of Cardiology, Medical Academy, LUHS.
Forty-one male Wistar albino rats were used and handled in accordance with
standard animal-experiment protocols. General anesthesia was induced in a
CO, chamber. After sterile preparation of the thorax, a median sternotomy was
undertaken, the aorta was isolated, and the inferior vena cava was transected.

A cold cardioplegic solution: St. Thomas, Del Nido, or Custodiol HTK,
supplemented with heparin (5 IU/g body weight), was infused via the aorta
using an antegrade perfusion. Each heart was arrested, and venous effluent
was drained through the inferior vena cava. Animals were allocated into four
experimental groups: CON-group (n = 5; metabolic control) without CP, ST-
group (n = 12) with St. Thomas CP, HTK-group (n = 12) with Custodiol
HTK CP, and DN-group (n = 12) with Del Nido CP (n = 12). Cardioplegic
solutions were evaluated at two global ischemia durations, 1 h (moderate)
and 3 h (prolonged), with six experiments per time point in each group. These
intervals were selected to represent clinically relevant cross-clamp durations
observed in pediatric cardiac surgery. All experiments were conducted in
duplicate to ensure reproducibility. A schematic of the workflow is shown in
Fig. 2.1, and the compositions of various CP solutions are shown in Tables
2.1.1-2.1.3.

Table 2.1.1. Components of St. Thomas cardioplegic solution

Component Concentration Purpose
(mmol/L)

Sodium chloride 120 Maintains osmolarity and ionic balance

Potassium chloride 16 Induces diastolic cardiac arrest (membrane
depolarization)

Magnesium chloride 16 Stabilizes cell membranes and inhibits calcium
influx

Calcium chloride 1.2 Maintains myocardial function and contractility

Sodium bicarbonate 10 pH buffer to maintain physiological pH during
ischemia
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Table 2.1.2. Components of Custodiol HTK cardioplegic solution

Concentration

Component (mmol/L) Purpose

Histidine 198 Buffering agent to maintain pH

Tryptophan 2 Membrane stabilizer

Ketoglutarate 1 Substrate for ATP generation, supports metabo-
lism during ischemia

Mannitol 30 Osmotic substance reduces cellular edema and
acts as a free radical scavenger

Sodium chloride 15 Maintains osmotic balance

Potassium chloride 9 Induces diastolic cardiac arrest

Magnesium chloride 4 Stabilizes the cell membrane, antiarrhythmic

Calcium chloride 0.015 Minimal calcium to avoid calcium overload

Table 2.1.3. Components of Del Nido cardioplegic solution

(from Plasma-Lyte A)

Component Concentration Purpose
P (mmol/L) P
Sodium 132 Maintains osmotic balance

Chloride 93 Maintains osmotic balance

(from Plasma-Lyte A)

Potassium 29.3 Induces rapid diastolic arrest (depolarizing

(Plasma-Lyte A + arrest)

added KCI)

Magnesium 10.5 Calcium antagonism; membrane stabilization

(Plasma-Lyte A +

added MgSO,)

Acetate 25.5 Buffer precursor, supporting acid—base balance

(from Plasma-Lyte A)

Gluconate 21.7 Maintains osmotic balance

(from Plasma-Lyte A)

Mannitol 16.9 Osmotic substance reduces cellular edema and
acts as a free radical scavenger

Sodium bicarbonate 12.3 Buffering substance to mitigate acidosis during
ischemia

Lidocaine 0.45 Sodium channel blockade; reduces excitability /

arrhythmias; helps limit Na*/Ca?* loading

The CON-group did not undergo induced myocardial ischemia; hearts
were excised and immediately minced for mitochondrial measurements. For
the Del Nido CP formulation, heparinized autologous rat blood obtained
from the tail was mixed with the solution at a 1:4 ratio (blood:solution).
Cardioplegic solutions served to flush the intracardiac vascular bed, arrest
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the heart, and provide myocardial protection, with venous effluent drained
through the inferior vena cava.

Cardioplegic solutions (St. Thomas and Custodiol HTK) were sourced
from the Department of Cardiac, Thoracic, and Vascular Surgery, LUHS. A
list of additives is found in Tables 2.1.1 and 2.1.2. The Del Nido CP solution
was compounded at the Department of Drug Chemistry, Faculty of Pharmacy,
MA, LUHS. A list of additives is found in Table 2.1.3.

2.2. Isolation of cardiac mitochondria

Following induction of cardiac arrest, hearts were excised and immediately
immersed in ice-cold cardioplegic solution (St. Thomas, Custodiol HTK, and
Del Nido) maintained at 4 °C. Incubation proceeded for 1-3 hours, according
to group assignment, using approximately 10 mL of solution (=2-3x tissue
volume). After 1 h and 3 h intervals of global ischemia, hearts were excised
and immediately transferred to pre-cooled 35-mm glass dishes containing
5 mL of solution for mitochondrial isolation. Residual blood was removed
by rinsing with homogenization medium (HM). Myocardial tissue was then
rapidly minced on ice, and the resulting fragments were transferred into tubes
containing HM for subsequent homogenization.

Mitochondrial respiration (MIR) medium and HM were prepared at
the Preclinical Research Laboratory for Medicinal Products, Institute of
Cardiology, MA, LUHS. A list of additives is found in Table 2.2.1.

Table 2.2.1. Preparation of buffers and reagents

Buffer Composition

Mitochondrial respiration (MIR) buffer Used for Oroboros measurements:
MgClL,-6H,0 3 mmol,
KH,PO, 10 mmol,

EGTA 0.5 mmol,

lactobionic acid 60 mmol,
taurine 20 mmol,

HEPES 20 mmol,

D-sucrose 110 mmol,

BSA (fatty-acid-free) 1 g/L.
pH adjusted to 7.1 at 30 °C.
Homogenization medium (HM) KCI 160 mmol,

NaCl 10 mmol,

Tris-HCI (Tris base) 20 mmol,
EGTA 2 mmol.

pH adjusted to 7.7 at 2 °C.
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2.3. Homogenization and protein quantification

Tissue was homogenized directly in tubes, and the crude homogenate was
subjected to differential centrifugation: 5 min at 1,000 x g followed by 10 min
at 6,800 x g. These fractionation steps yielded a mitochondrial pellet suitable
for assessing respiratory pathways in rat myocardium under the specified
cardioplegic conditions. After the second spin, the mitochondrial pellet was
washed and resuspended in HM (Table 2.2.1). Aliquots (1.5 mL Eppendorf
tubes) were kept on ice until analysis. Protein quantification was performed
using the Bradford assay; membrane permeabilization was employed with
Triton (TX, 0.1%).

Prepared mitochondrial suspensions were diluted with Triton X-100
(TX, 0.1%) at 1:50. For the assay mix, 490 uL TX and 10 pL mitochondrial
suspension were combined and incubated for 5 min at room temperature.
From this mix, 10 pL was dispensed into three wells of a microplate: a fourth
well received TX alone (blank). Bradford dye was added to each well: 190 uLL
Bradford to 10 pL sample (or TX blank), yielding a 1:20 ratio. Absorbance
was recorded according to the Bradford protocol. Protein concentrations were
calculated from a dedicated calibration curve.

2.4. Measurement of mitochondrial respiration
(Oroboros Oxygraph-2Kk)

Mitochondrial oxygen consumption was measured using the Oroboros
Oxygraph-2k® high-resolution respirometer (Oroboros Instruments,
Austria). Assays were performed at 37 °C in 2.0 mL chambers filled with
MIR buffer. The Oxygraph-2k® is a closed, dual-chamber system equipped
with barometric pressure sensing for automated oxygen calibration integ-
rated within DatLab, enabling precise, high-resolution respirometry [168,
169]. Mitochondrial bioenergetics were evaluated by sequential titration of
substrates, uncouplers, and inhibitors to resolve distinct respiratory states.

The Oroboros machine (Fig. 2.4.1) was started, and 2.1 mL MIR (see
Table 2.2.1) was added to each chamber. Complex I-linked substrates were
introduced: 20 pL pyruvate (1 mol) and 4 pL malate (1 mol). Mitochondria
corresponding to ~2 mg protein were then added, and chambers were closed.
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Fig. 2.4.1. Schematic representation of the sample preparation and
measurement using high-resolution respirometry equipment for analysis of
homogenized tissue (Oroboros instrument, Innsbruck, Austria)

Respiratory activity was quantified in freshly isolated mitochondria. The

following titration sequence was employed:

* ADP addition. 8 L ADP (1 mol) was injected to elicit oxidative
phosphorylation (OXPHOS); the oxygen consumption rate in the
phosphorylating state was recorded.

* Cytochrome c test. 5 pL cytochrome c (2.8 mmol) was added, and the
rate was re-measured. Because the outer mitochondrial membrane is
normally impermeable to cytochrome c, an increase in flux indicates
compromised outer-membrane integrity.

* Carboxyatractyloside (CAT) addition. 1 pL CAT (1.5 mmol), an
inhibitor of the adenine nucleotide translocase, was added to assess
leak respiration and inner-membrane coupling/permeability; the
corresponding oxygen consumption rate was recorded.

« FCCP (Carbonyl cyanide p-trifluoromethoxyphenylhydrazone) for
terminal inhibition. 10 uL. FCCP (2 mmol) was titrated to achieve
the maximal capacity of the electron-transport system (uncoupled
respiration).

* Sodium azide addition. 20 pL NaNs (1 mol) was applied to inhibit
Complex IV and confirm mitochondrial respiratory dependence.

An exemplary scheme for titration of the respiration medium with
substrates, inhibitors, and uncouplers is presented in Fig. 2.4.2.
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Fig. 2.4.2. A graphical representation of the respiration rate measurement
experiment conducted using DatLab software (Oroboros instruments)

The bold blue line represents the oxygen concentration in the cuvette
(nmol/mL), and the red line represents the oxygen consumption rate (pmol
O,/(s'mL)). The vertical lines represent the additives: Pyr20 Mal4 — complex
I substrates pyruvate (20 pL, 1 mol) and malate (4 pL, 1 mol), to measure
oxidative phosphorylation respiration, Mit CP3 1h — cardioplegic solution
after 1 h of ischemia to detect mitochondrial (MT) basal respiration, ADP8
— ADP (8 uL, 1 mol) to stimulate phosphorylated respiration (state 3), Cyt5
—Cytochrome ¢ (5 pL, 2 mmol) to verify MT outer membrane integrity, Catl
— carboxyatractyloside (1 pL, 1.5 mmol) to assess leak respiration, FCCP10
— Carbonyl cyanide p-trifluoromethoxyphenylhydrazone (10 pL, 2 mmol)
to measure the uncoupled maximal electron transport capacity, Azide20 —
sodium azide (20 pL, 1 mol) to inhibit Complex IV.

Data were acquired and analyzed in real time with DatLab (Oroboros
Instruments). Derived parameters are presented in Table 2.4.2.

Table 2.4.1. Derived parameters in freshly isolated mitochondria

Parameter Description Units

State 3 respiration | ADP-stimulated O, consumption pmol O,-S""mg"!
State 4 (Leak) Respiration without ADP (non-phosphorylating) |pmol O,-S"-mg"!
RCR Respiratory control ratio (State 3 / state 4) dimensionless
ETS capacity Maximal flux after FCCP pmol O,-S"-mg’!
ADP/O ratio Efficiency of oxidative phosphorylation mol ADP / mol O,

FCCP — Carbonyl cyanide p-trifluoromethoxyphenylhydrazone, ETS — electron-trans-
port-system. All respiration rates were normalized to protein content (mg).

In total, 41 experiments were conducted in immature rats using the
Oroboros platform. Five experiments were performed without the CP (CON-
group). To evaluate moderate and prolonged ischemia, six experiments were
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performed per CP group using: St. Thomas CP (ST-group), Custodiol HTK
CP (HTK-group), and Del Nido CP (DN-group).

2.5. Ex vivo ischemia-reperfusion (I/R) (Langendorff model)

These experiments were carried out at the Laboratory of Membrane
Biophysics, Institute of Cardiology, MA, LUHS. Animals were allocated
to three CP groups (four rats per group): ST-group, HTK-group, and DN-
group. Each group was further subdivided by I/R duration. More detailed
information is shown in Fig. 2.1.

A retrograde Langendorff perfusion model was used [170, 171]. The
following steps for I/R experiments were performed:

Anesthesia and surgical preparation. Rats were euthanized according
to standard animal experimentation protocols. Anesthesia was induced
with ketamine (90 mg/kg) and xylazine (9 mg/kg); loss of the pedal
withdrawal reflex confirmed surgical depth. Heparin (5 IU/g body
weight, s.c.) was administered 10 min before cervical dislocation. After
a midline skin incision at the xiphoid sternum, the anterior chest wall
was reflected, the thymus excised, the pericardium opened, and the
aorta, superior and inferior vena cava were isolated.

Heart excision and cannulation. Immediately after excision, hearts were
placed in a chilled perfusion buffer. The aorta was gently cannulated to
avoid injury to the aortic valve and secured with double 5-0 silk ties.
Hearts were mounted on the system within 5 minutes (Figure 2.5.1)
and perfused continuously for 15 minutes, during which global function
approached physiological levels.

.
l,
]
|

Fig. 2.5.1. A schematic view of the heart perfusion in the Langendorff

experimental setup
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* Perfusion conditions and buffer. Perfusion was delivered in constant-
flow mode with meticulous avoidance of air emboli. The modified
Krebs—Henseleit buffer (in deionized water) contained (in mmol): NaCl
135.0, MgCl, 0.9, NaH PO, 0.33, KCI1 5.4, CaCl, 1.0, glucose 10, and
HEPES 10. The buffer was oxygenated by bubbling with 95% O, and
prepared on site at the Laboratory of Membrane Biophysics.

» Temperature control and flow measurements. Coronary flow was
measured before cardioplegia by collecting effluent volume over 2 min.
The water-jacketed reservoir and perfusate were strictly temperature-
regulated: perfusion at 37 °C (normothermia) with a heat exchanger,
cardioplegic solutions maintained at 4 °C. Following arrest, hearts were
held in a bath at 18-22 °C; temperature was monitored every 15 min to
ensure stability throughout ischemia.

* Cardioplegia protocol. Approximately 10 mL of cold (4 °C) cardioplegic
solution (St. Thomas, Del Nido, or Custodiol HTK) was infused via the
aorta over 2 min. For DN, heparinized autologous rat blood obtained
from the tail was mixed with crystalloid at a 4:1 ratio (solution: blood).
Time to asystole was recorded. Re-dosing intervals were group-specific:
every 30 min for ST, every 90 min for DN, and a single dose for HTK.
At the end of the protocol, the entire LV was harvested and stored at
—80 °C pending analysis.

2.6. Gene expression analysis (qPCR)

To delineate molecular differences among cardioplegic solutions,
quantitative real-time PCR (qPCR) was used to assess transcripts related
to hypoxia, apoptosis, and proliferation in cardiac tissue. HIF-1a (HIF1A)
mediates cellular adaptation to hypoxia highly relevant during cardiac surgery
when perfusion is limited. HIF'/A activates pathways that help cells survive
under stress, like promoting oxygen delivery and metabolism adaptations
[172]. FOS, a component of the AP-1 transcription factor complex, regulates
proliferation, differentiation, and stress responses, supporting myocardial
adaptation to surgical and ischemic stressors [13]. BNIP2 participates in
apoptotic signaling, and its modulation may limit inappropriate cell death and
preserve function during operative I/R [173, 174]. During cardiac surgery,
regulating cell death is crucial to preserving heart function, and the modulation
of BNIP2 could help minimize unwanted cell death.

The following steps for gene expression experiments were performed:

* RNA isolation and reverse transcription. Heart tissues were pulverized

under liquid nitrogen and immediately lysed in TRIzol™ (Invitrogen,
Netherlands). Total RNA was isolated using the PureLink™ RNA Mini
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Kit (Invitrogen, Netherlands) following the manufacturer’s instructions.
RNA concentration and purity were determined using a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, Netherlands). cDNA was
synthesized with the High-Capacity RNA-to-cDNA™ Kit (Applied
Biosystems, USA).

* gPCR and analysis. Gene expression was quantified using TagMan™
Gene Expression assays (Applied Biosystems, USA) per the
manufacturer’s protocol. The following probes/primers were employed:
FOS (Rn02396759 ml), HIF-loo (Rn01472831 ml), BNIP2
(Rn01530716_m1), BCL2 (Rn99999125 ml), BAX (Rn01480161 gl),
and GAPDH (Rn01775763 gl). Expression levels were normalized to
GAPDH, and relative quantification was calculated using the 2*-AACt
method [175].

Each biological sample was run in triplicate. Quality controls included no-
template and no-RT controls in every run.

2.7. Cytokine quantification by Luminex multiplex assay

We quantified pro- and anti-inflammatory cytokines in immature rat
myocardium using a Luminex multiplex platform (Luminex Corporation,
Austin, TX, USA). Freshly excised hearts were promptly processed to
limit protein degradation. Tissues were pulverized under liquid nitrogen
and homogenized; each specimen was weighed and transferred to a 2 mL
microcentrifuge tube. Cell Lysis Buffer was added at 500 uL per 100 mg
tissue to disrupt cellular architecture and release intracellular constituents.
Homogenization was performed with a TissueLyser at 25 Hz for 2 min, an
empirically optimized setting yielding uniform lysates without heat build-up.
Lysates were clarified by centrifugation at 16,000 x g for 10 min at 4 °C, and
the supernatant was collected for analysis. Total protein concentration was
determined using the Bio-Rad™ DC Protein Assay Kit.

Cytokine panels included anti-inflammatory interleukins (IL-4, IL-10), the
adipokine leptin, and pro-inflammatory mediators (TNFa, IL-6), which were
quantified with the Rat Custom ProcartaPlex Mix&Match 5-Plex Kit (Thermo
Fisher Scientific, Austria) according to the manufacturer’s instructions. All
samples were run in duplicate. Data acquisition and concentration calculations
were performed in XPONENT software (Luminex), with values derived from
cytokine-specific standard curves.

52



2.8. Statistical analysis

All statistical analyses in mitochondria studies were performed using
SPSS version 29 (IBM Corp., Armonk, NY, USA). All values are expressed
as median (25-75%) or percentile. Kruskal-Walli’s test for independent
samples was used to compare median values between groups. A probability
value lower than p < 0.05 was considered statistically significant.

The sample size for studies using the Langendorff perfusion method was
determined by evaluating Cohen’s coefficient. The data are expressed as
mean = SD. The normality of the data was evaluated by the Shapiro-Wilk test.

Given the experimental design, including three cardioplegic solutions
(St. Thomas, Custodiol HTK, Del Nido) and three ischemia durations (1, 2,
and 4 hours), multi-factorial analyses were performed. Specifically, two-way
ANOVA was used to assess the main effects of cardioplegic solutions and
ischemia duration, as well as their interaction, on gene expression (HIFla,
FOS, BNIP2, BAX/BCL2) and cytokine concentrations (IL-4, IL-6, IL-10,
leptin, TNF-a). Where appropriate, post hoc comparisons were conducted to
determine differences between groups. The assessment of homogeneity of
variance was performed using Levene’s test. If variances were unequal, this
was noted in the results, and the findings were interpreted with caution.

A p-value lower than 0.05 was considered statistically significant. All
analyses were performed using SPSS v22.0 and visualized using GraphPad
Prism 9 software.
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3. RESULTS

3.1. Effect of myocardial ischemia on mitochondrial respiration

3.1.1. Mitochondrial respiration after 1 hour of myocardial ischemia

The initial phase of the study assessed mitochondrial respiration after one
hour of myocardial ischemia. This ischemic duration was selected to reflect
typical clinical conditions in pediatric cardiac surgery, where the period of
myocardial arrest generally does not exceed one hour. By modelling this time
frame (see Fig. 2.1.), the study aimed to determine how different CP solutions,
such as St. Thomas CP (ST-group), Custodiol HTK CP (HTK-group), and Del
Nido CP (DN-group), influence the preservation of mitochondrial function
under conditions resembling routine surgical practice.

Compared with other CP solutions, the Del Nido CP (DN-group) de-
monstrated superior mitochondrial respiratory performance (Figure 3.1.1.1).
Basal mitochondrial respiration, representing oxygen consumption in the
absence of ADP (non-phosphorylating state) and reflecting the capacity of
mitochondria to maintain essential resting activity, was significantly higher
in the DN-group than in the ST-group.
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Mit CON 1h Mit ST 1h Mit HTK 1h Mit DN 1h

Fig. 3.1.1.1. The median values of mitochondrial respiration rate without
ADRP after 1 hour of ischemia among the study groups

Box and whisker graphs are presented. The box indicates the value from the 25" to the 75
percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. The vertical axis — mitochondrial basal respiration (leak), horizontal axis — the study
groups, Mit — mitochondrial basal respiration, Mit CON — Mit without cardioplegia (CP),
Mit ST — Mit in St. Thomas CP, Mit HTK — Mit in Custodiol HTK CP, Mit DN — Mit in Del
Nido CP. A statistically significant difference was found between the ST and DN groups
(p =0.0006).
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The median values of basal respiration in the DN-group were significantly
higher than those in the ST-group, with values of 27.8 [17.4; 34.6] for the
DN-group compared to 8.5 [7.7; 14.6] for the ST-group (p = 0.006). This
finding suggests that the Del Nido CP solution is more effective in sustaining
baseline mitochondrial function during short-term ischemic exposure (see
Tables 3.1.1.1-3.1.1.3).

Table 3.1.1.1. Median and percentile values of mitochondrial respiration

parameters measured after 1 hour of ischemia in the study groups

Parameters | CON-group ST-group HTK-group DN-group
Mit 20.76 8.48 17.18 27.81%**
[18.97-23.26] [7.73-14.60] [9.98-20.25] [17.34-34.54]
Phos ADP 98.28* 55.51 60.41** 107.18%**
[62.67-180.43] |[25.94-64.17] [54.08-68.29] [87.71-130.32]
CytC 102.78* 57.67 90.72%* 129.71%***
[73.59-218.55] |[38.83-71.36] [75.74-95.21] [106.69-167.28]
FCCP 139.78* 71.10 103.80 173.35%**
[67.24-252.70] |[49.67—84.42] [81.25-149.81] [[145.96-252.84]
Cyt C/ADP 1.15 1.19 1.36 1.28
[1.03—1.24] [1.02-1.42] [1.20-1.66] [1.04-1.42]
ADP/Mit 4.84 6.49 3.58 4.64
[3.22-7.69] [1.61-7.73] [3.04-5.99] [2.35-7.05]

CON-group — no cardioplegia (CP), ST-group — with St. Thomas CP, HTK-group — with
Custodiol HTK CP, DN-group — with Del Nido CP, Mit — mitochondrial basal respirati-
on, FCCP — carbonyl cyanide p-trifluoromethoxyphenylhydrazone for maximal respiration,
ADP/Mit — ratio between ATP-production coupled mitochondrial respiration and basal respi-
ration, Cyt C/ADP — assessment of the condition of the outer mitochondrial membrane via
the Cyt C effect. In square brackets, the value at the 25" and 75" percentiles. * p < 0.05 vs
ST, ** p <0.05 vs DN, *** p <0.001 vs ST; n = 6 for each parameter within each CP group.

Table 3.1.1.2. Calculated p-values for derived median values after 1 hour of
ischemia across CP groups

Parameters [CON vs ST| CON vs HTK |[CON vs DN|ST vs HTK| ST vs DN [HTK vs DN|
Mit 0.054 0.311 0.591 0.307 0.006 0.083
Phos ADP 0.019 0.087 0.578 0.477 0.001 0.011
CytC 0.016 0.350 0.350 0.100 0.001 0.037
FCCP 0.037 0.462 0.393 0.131 0.001 0.075
Cyt C/ADP 0.551 0.067 0.283 0.168 0.594 0.398
ADP/Mit 0.952 0.591 0.858 0.505 0.790 0.689

CON — CON-group (without CP), ST — ST-group with St. Thomas CP, HTK — HTK-group
with Custodiol HTK CP, DN — DN-group with Del Nido CP, Mit — mitochondrial basal respi-
ration, FCCP — carbonylcyanide-p-trifluoromethoxyphenylhydrazone for maximal respira-
tion, ADP/Mit — ratio between ATP-production coupled mitochondrial respiration and basal
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respiration, Cyt C/ADP — assessment of the condition of the outer mitochondrial membrane
via the Cyt C effect. Bolded numbers — detected statistically significant values between the

indicated groups.

Table 3.1.1.3. Determined mean values of mitochondrial respiration
parameters after 1 hour of ischemia in the study groups

Parameters CON-group ST-group HTK-group DN-group
Mit 21+1.11674 12 +3.66738 15+2.16237 27 +4.91585
Phos ADP 113+ 1.89275 | 47+8.35774 60 + 3.07206 111 + 13.57056
CytC 131+ 1.53781 | 55+ 8.80473 86 + 4.94096 140 £ 17.44193
FCCP 153 £8.51964 | 68 +7.16078 | 111+16.62321 | 188 +22.04131
Cyt C/ADP 1.14+0.05457 | 1.22+0.0878 | 1.43+0.10612 | 1.26+0.07982
ADP/Mit 52+1.19884 | 5.2+1.29367 4.2+0.61290 4.8 + 1.09508

CON-group — no cardioplegia (CP), ST-group — with St. Thomas CP, HTK-group — with
Custodiol HTK CP, DN-group — with Del Nido CP, Mit- mitochondrial basal respiration,
FCCP — carbonylcyanide-p-trifluoromethoxyphenylhydrazone for maximal respiration,
ADP/Mit — ratio between ATP-production coupled mitochondrial respiration and basal respi-
ration, Cyt C/ADP — assessment of the condition of the outer mitochondrial membrane via
the Cyt C effect.

A more noticeable difference was found in ADP-stimulated respiration,
which reflects ATP-producing mitochondrial activity (Figure 3.1.1.2). The DN-
group demonstrated the highest ATP-coupled respiration and reached values
comparable to the CON-group, which did not receive CP. In contrast, both
the ST-group and HTK-group exhibited significantly lower ADP-stimulated
respiration. Statistically significant differences were found between the ST-
group and DN-group (55.51 [25.94; 64.17] vs. 107.18 [87.71; 130.32]; p =
0.001) and between the HTK-group and DN-group (60.41 [54.08; 68.29] vs.
107.18 [87.71; 130.32]; p = 0.011). These findings indicate that the Del Nido
CP supports mitochondrial oxidative phosphorylation more effectively than
the other tested CP solutions during the early phase of ischemia. Additionally,
a significant difference was also found between the ST-group and the CON-
group (98.28 [62.67; 180.43] vs. 55.51 [25.94; 64.17]; p = 0.019), suggesting
that St. Thomas CP provided the weakest mitochondrial protection (see Tables
3.1.1.1-3.1.1.3).
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Fig. 3.1.1.2. The median values of mitochondrial ADP-stimulated
respiration rate after 1 hour of ischemia among the study groups

Box and whisker graphs are presented. The box indicates the value from the 25" to the 75
percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. Vertical axis — ADP-ATP-production coupled mitochondrial respiration (Phos ADP),
horizontal axis — the study groups, Mit — mitochondrial basal respiration, Mit CON — Mit
without cardioplegia (CP), Mit ST — Mit in St. Thomas CP, Mit HTK — Mit in Custodiol HTK
CP, Mit DN — Mit in Del Nido CP. A statistically significant difference was found between ST
and DN groups (p = 0.001) and between HTK and DN groups (p = 0.011).

Maximal mitochondrial respiration, assessed by FCCP-induced uncoupling,
followed the same trend (Fig. 3.1.1.3). The DN-group demonstrated
significantly higher maximal oxygen consumption than the ST-group (173.4
[146.0; 252.9] vs. 71.1 [49.7; 84.4]; p = 0.001). A smaller but statistically
significant difference was also observed between the ST-group and the
CON-group (p=0.037) (Table 3.1.1.2). Theseresults suggest that mitochondria
in the DN-group retain greater respiratory reserve capacity and, thus, may be
better positioned for recovery during reperfusion.
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Fig. 3.1.1.3. The median values of mitochondrial maximal respiration
capacity after 1 hour of ischemia among the study groups

Box and whisker graphs are presented. The box indicates the value from the 25" to the 75
percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. The vertical axis — FCCP (carbonyl cyanide p-trifluoromethoxyphenyldrazone) for
maximal respiration (FCCP-ETC), horizontal axis — the study groups, Mit — mitochondrial
basal respiration, Mit CON — Mit without cardioplegia (CP), Mit ST — Mit in St. Thomas CP,
Mit HTK — Mit in Custodiol HTK CP, Mit DN — Mit in Del Nido CP. A statistically signifi-
cant difference was found between the ST and DN groups (p = 0.001) and between the ST
and CON (p = 0.037).

No statistically significant differences were observed among the groups in
the ADP/Mit respiration ratio (Figure 3.1.1.4), which reflects mitochondrial
coupling efficiency, or in the Cyt C/ADP ratio (Figure 3.1.1.5), which
indicates outer mitochondrial membrane permeability. The absence of
group differences in these structural parameters suggests that after one
hour of ischemia, the degree of mitochondrial membrane injury had not yet
progressed substantially. Nonetheless, the functional respiratory data indicate
clear differences in mitochondrial performance between the CP groups (Table
3.1.1.1 and Table 3.1.1.2).
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Fig. 3.1.1.4. The median values of mitochondrial oxidative phosphorylation
efficiency after 1 hour of ischemia among the study groups

Box and whisker graphs are presented. The box indicates the value from the 25" to the 75
percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. The vertical axis — mitochondrial respiration ratio Phos (ADP)/Leak (Mit), horizon-
tal axis — the study groups, Mit — mitochondrial basal respiration, Mit CON — Mit without
cardioplegia (CP), Mit ST — Mit in St. Thomas CP, Mit HTK — Mit in Custodiol HTK CP,
Mit DN — Mit in Del Nido CP. No significant difference was observed between the groups.
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Fig. 3.1.1.5. The median values of mitochondrial oxidative phosphorylation
rate with the addition of cytochrome c after 1 hour of ischemia among the
study groups
Box and whisker graphs are presented. The box indicates the value from the 25" to the 75
percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. The vertical axis — mitochondrial respiration Cytochrome C CytC/Phos (ADP), hori-
zontal axis — the study groups, Mit — mitochondrial basal respiration, Mit CON — Mit without
cardioplegia (CP), Mit ST — Mit in St. Thomas CP, Mit HTK — Mit in Custodiol HTK CP,
Mit DN — Mit in Del Nido CP. No significant difference was observed between the groups.

Figure 3.1.1.6 summarizes all derived parameters measuring mitochondrial
respiration among study groups after 1 hour of ischemia.
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3.1.2. Mitochondrial respiration after three hours of myocardial
ischemia

To reflect more demanding clinical scenarios, the study also examined
mitochondrial respiration after three hours of ischemia. Such prolonged
ischemic intervals may occur during complex congenital cardiac repairs
or in situations involving unanticipated operative challenges. Under these
conditions, myocardial tolerance to ischemia is substantially reduced, and
cardioplegic protection becomes increasingly important.

After three hours of ischemia, differences in mitochondrial respiration
between the CP groups were more pronounced. Basal respiration remained
higher in the Custodiol HTK-group and DN-group compared with the ST-
group, with significant differences between the ST-group and both the HTK-
group (p = 0.003) and the DN-group (p = 0.020). This pattern suggests
that St. Thomas CP is less effective at maintaining essential mitochondrial
respiration during prolonged ischemia (Figures 3.1.2.1-3.1.2.3, and Tables
3.1.2.1-3.1.2.3). The largest between-group differences were observed in
ADP-stimulated respiration. The DN-group preserved significantly higher
ATP-coupled respiration (105.7 [86.2; 154.4] nmol/ml) compared to the ST-
group (24.2 [11.7; 51.7] nmol/mL; p = 0.008). While the HTK-group exhibited
moderately better performance than the ST-group, its values did not reach
those of the DN-group. The absence of a statistically significant difference
between the HTK-group and DN-group suggests that both Custodiol HTK and
Del Nido CP retain mitochondrial ATP-producing capacity during prolonged
ischemia, although the numerical values favour the DN-group.
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Fig. 3.1.2.1. The median values of mitochondrial respiration rate without
ADP after 3 hours of ischemia among the study groups

Box and whisker graphs are presented. The box indicates the value from the 25" to the 75
percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. The vertical axis — mitochondrial basal respiration (leak), horizontal axis — the study
groups, Mit — mitochondrial basal respiration, Mit CON — Mit without cardioplegia (CP),
Mit ST — Mit in St. Thomas CP, Mit HTK — Mit in Custodiol HTK CP, Mit DN — Mit in Del
Nido CP. A statistically significant difference was found between the ST and DN groups
(p = 0.020) and between the ST and HTK (p = 0.003).
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Fig. 3.1.2.2. The median values of mitochondrial ADP-stimulated
respiration rate after 3 hours of ischemia among the study groups

Box and whisker graphs are presented. The box indicates the value from the 25" to the 75
percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. Vertical axis — ADP-ATP-production coupled mitochondrial respiration (Phos ADP),
horizontal axis — the study groups, Mit — mitochondrial basal respiration, Mit CON — Mit
without cardioplegia (CP), Mit ST — Mit in St. Thomas CP, Mit HTK — Mit in Custodiol HTK
CP, Mit DN — Mit in Del Nido CP. A statistically significant difference was found between
the ST and DN groups (p = 0.008) and between the ST and CON (p = 0.015).
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Fig. 3.1.2.3. The median values of mitochondrial maximal respiration
capacity after 3 hours of ischemia among the study groups

Box and whisker graphs are presented. The box indicates the value from the 25" to the 75%
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percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. The vertical axis — FCCP (carbonyl cyanide p-trifluoromethoxyphenyldrazone) for
maximal respiration (FCCP-ETC), horizontal axis — the study groups, Mit — mitochondrial
basal respiration, Mit CON — Mit without cardioplegia (CP), Mit ST — Mit in St. Thomas CP,
Mit HTK — Mit in Custodiol HTK CP, Mit DN — Mit in Del Nido CP. A statistically signifi-
cant difference was found between the ST and DN groups (p = 0.027).

Maximal mitochondrial respiration stimulated by FCCP also showed
higher values in the DN-group compared with the ST-group (p = 0.027).
These findings indicate that Del Nido CP helps to preserve mitochondrial
respiratory reserve capacity during extended ischemic exposure.

Table 3.1.2.1 Derived median and percentile values of mitochondrial
respiration parameters measured after 3 hours of ischemia in study groups

Parameters | CON-group ST-group HTK-group DN-group
Mit, 20.76 11.50 30.79% 24.03*
[18.97-23.26] [9.62-19.60] [20.96-37.68] [21.10-26.65]
Phos ADP 98.28* 24.19 72.84 105.75*
[62.67-180.43] |[11.71-51.65] [47.94-127.77] |[86.18-154.38]
CytC 102.78* 46.50 109.55%* 135.75%*
[73.59-218.55] |[23.33-79.65] [74.48-160.12] |[89.46-188.84]
FCCP 139.78 74.20 127.16 182.44%*
[67.24-252.70] |[38.25-83.15] [39.69-173.65] |[92.58-212.03]
CytC/ADP |1.15% 1.54 1.37 1.18%*
[1.03-1.24] [1.48-2.18] [1.25-1.57] [1.10-1.35]
ADP/Mit 4.84%* 1.26 2.82 5.22%
[3.22-7.69] [1.09-3.87] [1.46-4.38] [3.12-6.32]

CON-group — no cardioplegia (CP), ST-group — with St. Thomas CP, HTK-group — with
Custodiol HTK CP, DN-group — with Del Nido CP, Mit — mitochondrial basal respirati-
on, FCCP — carbonylcyanide-p-trifluoromethoxyphenylhydrazone for maximal respiration,
ADP/Mit — ratio between ATP-production coupled mitochondrial respiration and basal respi-
ration, Cyt C/ADP — assessment of the condition of the outer mitochondrial membrane via
the Cyt C effect. In square brackets, the value at the 25" and 75" percentiles. * p < 0.05 vs
ST, n = 6 for each parameter within each CP group.
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Table 3.1.2.2. Calculated p-values for derived median values after 3 hours of
ischemia across CP groups

Parameters CON vs CON vs CON vs ST vs ST vs HTK vs
ST HTK DN HTK DN DN
Mit 0.244 0.119 0.328 0.003 0.020 0.515
Phos ADP 0.015 0.360 0.967 0.087 0.008 0.329
Cyt C 0.045 0917 0.755 0.035 0.011 0.642
FCCP 0.082 0.466 0.787 0.249 0.027 0.264
Cyt C/ADP 0.003 0.061 0.708 0.201 0.004 0.094
ADP/Mit 0.045 0.151 0.917 0.489 0.035 0.137

CON — CON-group (without CP), ST — ST-group with St. Thomas CP, HTK — HTK-group
with Custodiol HTK CP, DN — DN-group with Del Nido CP, Mit — mitochondrial basal respi-
ration, FCCP — carbonylcyanide-p-trifluoromethoxyphenylhydrazone for maximal respira-
tion, ADP/Mit — ratio between ATP-production coupled mitochondrial respiration and basal
respiration, Cyt C/ADP — assessment of the condition of the outer mitochondrial membrane
via the Cyt C effect. Bolded numbers — detected statistically significant values between the
indicated groups.

Table 3.1.2.3. Determined mean values of mitochondrial respiration
parameters after 3 hours of ischemia in four CP groups

Parameters CON-group ST-group HTK-group DN-group

Mit 21 +1.11674 14 + 2.64664 30+4.401486 23 +1.33585
Phos ADP 113 +31.89275 |30 +9.08557 85+ 17.72653 113 +17.75056
CytC 131 +41.53781 |50 + 12.90476 1154+ 19.35813 | 139 +25.44193
FCCP 153 +£48.51964 |63 + 11.03386 116 +£27.25405 |161 +30.0774
Cyt C/ADP 1.14 +£0.05457 |1.7+0.18722 1.42 +£0.095271 |1.21 +£0.06016
ADP/Mit 52+1.19884 [2.24+0.68423 |3.11+0.849161 |4.8+0.72469

CON-group — no cardioplegia (CP), ST-group — with St. Thomas CP, HTK-group — with
Custodiol HTK CP, DN-group — with Del Nido CP, Mit- mitochondrial basal respiration,
FCCP - carbonylcyanide-p-trifluoromethoxyphenylhydrazone for maximal respiration,
ADP/Mit — ratio between ATP-production coupled mitochondrial respiration and basal respi-
ration, Cyt C/ADP — assessment of the condition of the outer mitochondrial membrane via
the Cyt C effect

Markers of mitochondrial membrane integrity provided additional
insight into ischemic injury at this time point. The Cyt C/ADP ratio, which
increases in response to cytochrome c¢ leakage through a compromised outer
mitochondrial membrane, was highest in the ST-group, indicating more
pronounced membrane disruption. The DN-group showed significantly lower
Cyt C/ADP values (1.2 [1.1; 1.4] vs. 1.6 [1.5; 2.2]; p = 0.004), suggesting
better preservation of mitochondrial membrane integrity. Such preservation is
important because increased membrane permeability facilitates the initiation
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of apoptotic pathways during reperfusion. The ADP/Mit ratio was also
highest in the DN-group and significantly greater than in the ST-group (5.22
[3.12-6.32] vs. 1.26 [1.09-3.87]; p = 0.035). These findings suggest that
mitochondria in the DN-group not only maintain respiratory function but can
also effectively couple respiration to ATP synthesis after prolonged ischemia
(Figures 3.1.2.4, 3.1.2.5, and 3.1.2.6).

p=0.003 T
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p=0.004
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Fig. 3.1.2.4. The median values of mitochondrial oxidative phosphorylation
efficiency after 3 hours of ischemia among the study groups

Box and whisker graphs are presented. The box indicates the value from the 25" to the 75
percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. The vertical axis — mitochondrial respiration Cytochrome C CytC/Phos (ADP), hori-
zontal axis — the study groups: Mit — mitochondrial basal respiration, Mit CON — Mit without
cardioplegia (CP), Mit ST — Mit in St. Thomas CP, Mit HTK — Mit in Custodiol HTK CP, Mit
DN — Mit in Del Nido CP. A statistically significant difference was found between the CON
and ST groups (p = 0.003) and between the DN and ST groups (p = 0.004).
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Fig. 3.1.2.5. The median values of mitochondrial oxidative phosphorylation
rate with the addition of cytochrome c after 3 hours of ischemia among the
study groups

Box and whisker graphs are presented. The box indicates the value from the 25" to the 75
percentile. The line in the middle of the box indicates the median value, with circles — outlier
values. The vertical axis — mitochondrial respiration ratio Phos (ADP)/Leak (Mit), horizontal
axis — the study groups, Mit — mitochondrial basal respiration, Mit CON — Mit without car-
dioplegia (CP), Mit ST — Mit in St. Thomas CP, Mit HTK — Mit in Custodiol HTK CP, Mit
DN — Mit in Del Nido CP. A statistically significant difference was found between the ST and
DN groups (p = 0.035) and between the ST and CON groups (p = 0.045).
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Overall, the results from the prolonged (3 h) ischemia model indicate that
Del Nido CP provides the most stable preservation of mitochondrial function,
as measured by respiratory activity and membrane stability. The Custodiol
HTK CP demonstrates intermediate performance, whereas St. Thomas CP
shows the lowest level of protection.

3.2. Baseline characteristics of male Wistar rats in the Langendorff
perfusion model

A total of 39 male Wistar albino rats were included in the Langendorff
heart perfusion model. The groups did not differ significantly in body
weight or heart weight, with mean values of 90.9 + 12.13 gand 4.7 + 0.63 g,
respectively, confirming that baseline characteristics were well balanced
across the experimental conditions (Table 3.2.1).
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The time to cardiac arrest following administration of the CP differed
among the groups, reflecting distinct pharmacodynamic properties of the
solutions. The longest arrest time was observed in the HTK-group (128.25
+ 24.15 sec), consistent with its known slow distribution and low sodium
content. The ST-group demonstrated intermediate arrest time (108.08 + 18.7
sec), whereas the DN-group achieved the fastest arrest (99.0 + 8.0 sec) (Table
3.2.1). These differences likely reflect the specific ionic composition and
pharmacodynamic properties of each solution.

Baseline coronary flow before ischemia was similar across the groups
(in mL/min: 5.3 + 1.59 for HTK, 5.1 £ 1.63 for ST, and 5.5 = 0.9 for DN),
indicating that the initial perfusion status of hearts was uniform. After
ischemia, all groups had reduced coronary flow, which is expected due to
I/R-induced vascular changes. However, the DN-group showed the most
favorable postischemic coronary flow (5.09 £+ 0.8 ImL/min), suggesting better
preservation of microvascular function (Table 3.2.1).

The time required for restoration of spontaneous heart rhythm after ischemia
also differed among the groups. Hearts perfused with Del Nido CP recovered
significantly faster (124.17 + 30.6 sec) compared with those receiving St.
Thomas CP (151.08 + 46.5 sec) or Custodiol HTK CP (152.91 + 48.8 sec).
These functional outcomes are consistent with the mitochondrial respiration
findings and further support the conclusion that Del Nido CP provides the
most effective overall myocardial protection.

3.3. Gene expression

3.3.1. Impact of CP on cellular susceptibility to apoptotic triggers

Ischemia-reperfusion injury is a major contributor to cardiomyocyte death,
arising predominantly from the abrupt restoration of oxygenated blood to
ischemic tissue. This process leads to excessive production of ROS, activation
of inflammatory cascades, and subsequent initiation of apoptotic and necrotic
pathways, resulting in substantial cellular injury and death [176].

To assess cellular susceptibility to apoptotic signalling under different CP
solutions, the expression of genes coding BCL2 apoptosis regulator (BCL?2)
and BCL2-associated X apoptosis regulator (BAX) was evaluated. The BAX/
BCL?2 expression ratio serves as an established molecular indicator of a cell’s
propensity toward apoptosis: an elevated ratio reflects enhanced vulnerability
to apoptotic stimuli, whereas a reduced ratio suggests greater cellular
resistance and survival potential [177].

In the present study, myocardial tissue treated with Del Nido CP exhibited
an approximately 50% lower BAX/BCL?2 ratio compared with tissue exposed
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to St. Thomas and Custodiol HTK solutions. Although these differences did
not reach statistical significance (Figure 3.3.1.1), they suggest that Del Nido
CP may enhance cellular resistance to apoptosis, thereby offering superior
cardioprotective efficacy relative to ST and HTK formulations.

BAX /BCL2
ratio
e
o-G-0
oo0—0—0
O—-0-O——— O
O—F—— O
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RG— 0
Ko—+0— 0

Fig. 3.3.1.1. The ratio of BAX and BCL2 gene expression in rat
heart tissues at different time intervals
The relative gene expression study of heart tissues treated with cardioplegic solutions sho-
wed that DN has the strongest anti-apoptotic effect, which becomes evident at 2 h. Despite
quantitative differences, these results were not statistically significant: at the 2 h time point

— DN vs. ST (p =0.08) and HTK (p = 0.12), at the 4 h time point — DN vs. ST (p = 0.07) and
HTK (p = 0.09), Student’s t-test was applied (n = 4 for each).

3.3.2. Differential effects of cardioplegic solutions on cellular
processes

To further investigate CP effects on cellular processes in cardiac tissue,
expression of genes coding BCL2 interacting protein (BNIP2), FOS proto-
oncogene (FOS), and hypoxia inducible factor 1 subunit alpha (HIF-1a) was
evaluated (Tables 3.3.2.1-3.3.2.3).
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It is well established that BNIP2 plays a crucial role in skeletal muscle
differentiation[178] and contributes to myosin [I-dependent contractility,
where BNIP2 knockdown has been shown to reduce the recoil velocity of
actin filaments [178].

In the present study, treatment with the Del Nido CP preserved BNIP2
mRNA expression levels, while both St. Thomas CP and Custodiol HTK CP
demonstrated significantly diminished effects (Fig. 3.3.2.1).

Specifically, BNIP?2 transcript levels were reduced to approximately 70%
of those observed in perfused control tissue across all time points (p < 0.05).
The stabilizing effect of DN cardioplegia was evident during the initial two
hours of ischemia but gradually declined thereafter.

Collectively, these findings suggest that Del Nido CP may confer a
protective advantage in maintaining cardiomyocyte contractile function
through the preservation of BNIP2 expression.
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Fig. 3.3.2.1. Results of the real-time PCR study for BNIP2

(A) — ACt values normalized to the reference gene (GAPDH). In all groups, the DN CP
induced the highest gene expression, comparable to the perfusion procedure. The statisti-
cally significant differences were observed after 2 h of incubation. # compared to perfusion
p<0.05, * p<0.005, ** p <0.01, *** p <0.001. Student’s t-test was used. (B) average fold
change values normalized to the perfusion group. In all groups, the DN CP treatment resulted
in similar or upregulated expressions of BNIP2 genes compared to perfused heart tissue.

In addition to BNIP2, the expression of hypoxia-inducible factor HIF-
loo mRNA was also evaluated. HIF-1o is a pivotal transcriptional regulator
mediating cellular adaptation to myocardial ischemia by promoting
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angiogenesis, stimulating the formation of collateral vessels, and inhibiting
cardiomyocyte apoptosis [179].

Previous studies have demonstrated that during I/R injury, HIF-la
mitigates reactive oxygen species (ROS) generation through the upregulation
of glycolytic enzymes and pyruvate dehydrogenase kinase 1 (PDK1), thereby
restricting mitochondrial substrate influx and limiting oxidative stress [180].
Our findings revealed that treatment with the Del Nido CP solution markedly
enhanced HIF-1a mRNA expression (Figure 3.3.2.2).

Statistically significant upregulation was detected at the 1-hour and 2-hour
ischemic time points, although this effect diminished after 4 hours of ischemia.
Compared with the St. Thomas CP and Custodiol HTK CP solutions, Del
Nido CP induced approximately 90% higher relative HIF-1o expression (p <
0.01), providing further evidence of its superior cytoprotective and metabolic
adaptive properties under ischemic conditions.
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Fig. 3.3.2.2. Results of the real-time PCR study for HIF la

(A) — ACt values normalized to the reference gene (GAPDH). In all groups, the DN CP
induced the highest gene expression, comparable to the perfusion procedure. The statisti-
cally significant differences were observed after 2 h of incubation. # compared to perfusion
p<0.05,* p<0.005, ** p<0.01, *** p <0.001. Student’s t-test was used. (B) — average fold
change values normalized to the perfusion group. In all groups, the DN CP treatment resulted
in similar or upregulated expressions of H/F-1a genes compared to perfused heart tissue.

FOS 1s a member of the FOS family of transcription factors that dimerize
with proteins of the JUN family to form the activator protein-1 (AP-1)
complex. This complex regulates a broad spectrum of cellular and biological
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processes, including cell cycle progression, proliferation, differentiation, and
programmed cell death [181].

Our data demonstrate that relative c-FOS mRNA expression remained
significantly higher in the DN-group compared with both the ST-group (p
< 0.05) and HTK-group (p < 0.05). Following exposure to Del Nido CP,
FOS gene expression levels were comparable to those observed in perfused
control tissue at the 1- and 4-hour ischemic time points, whereas a significant
upregulation (p < 0.05) was detected after 2 hours of ischemia. In contrast,
myocardial tissue treated with St. Thomas CP and Custodiol HTK CP
solutions exhibited a significant reduction in FOS mRNA expression relative
to perfused tissue (p < 0.05) (Figure 3.3.2.3).

Collectively, these findings suggest that Del Nido CP sustains transcriptional
activation of the AP-1 pathway, which may contribute to enhanced cellular
stress adaptation and survival signalling during ischemic conditions.
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Fig. 3.3.2.3. Results of the real-time PCR study for FOS

(A) — ACt values normalized to the reference gene (GAPDH). In all groups, the DN CP in-
duced the highest gene expression, comparable to the perfusion procedure. The statistically
significant differences were observed after 2 h of incubation: compared to perfusion p <0.05,
* p <0.005, ** p <0.01, *** p <0.001. Student’s t-test. (B) — average fold change values
normalized to the perfusion group. In all groups, the DN CP treatment resulted in similar or
upregulated expressions of FOS genes compared to perfused heart tissue.

In summary, the gene expression analyses indicate that the Del Nido CP
solution exhibits significantly stronger cardioprotective properties compared
with both St. Thomas CP and Custodiol HTK CP solutions. Moreover, the
expression profiles observed in the DN-treated tissue closely resembled those
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of perfused (non-ischemic) myocardium, further supporting the conclusion
that Del Nido CP provides superior preservation of cellular integrity and
molecular homeostasis under ischemic conditions.

3.3.3. Gene expression response to cardioplegic solutions and
ischemia duration

Analysis of myocardial gene expression revealed significant differences
between cardioplegic solutions, particularly for markers of hypoxia and
cellular stress (Tables 3.3.3.1-3.3.3.4). As shown in Table 3.3.3.1, two-
way ANOVA demonstrated a significant main effect of solution on HIFla
expression at both 1 hour (p = 0.007) and 2 hours (p = 0.015), with post hoc
analysis indicating that the DN-group exhibited significantly lower ACt values
(reflecting higher expression) compared to the ST-group and HTK-group. The
highest HIF'la expression was observed in the DN-group at 2 hours (1.13 +
0.31), while the highest ACt values (indicating the lowest expression) were
noted in the ST-group at 1 hour (2.36 + 0.22). By 4 hours, differences between
groups were less pronounced and not statistically significant (p > 0.05).

Table 3.3.3.1. HIF 1o, ACt by solution and ischemia duration

Solution Time (h) Mean HIFIa (ACt) +SD
ST 1 2.36 0.22
ST 2 2.22 0.22
ST 4 2.29 0.31

HTK 1 2.18 0.11
HTK 2 1.64 0.16
HTK 4 1.84 0.34
DN 1 1.41 0.32
DN 2 1.13 0.31
DN 4 1.52 0.74

Similarly, FOS gene expression (Table 3.3.3.2) differed significantly
between groups at 2 hours, with DN showing the lowest ACt values (highest
expression; —6.93 + 0.86) compared to ST (—4.60 + 0.55; p =0.008) and HTK
(—4.64 £ 0.93; p = 0.024). Although FOS expression was also numerically
higher in DN at 1 hour and at 4 hours (—6.52 £+ 1.17), these differences were
not statistically significant at those points.
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Table 3.3.3.2. FOS ACt by solution and ischemia duration

Solution Time (h) Mean FOS (ACt) +SD
ST 1 -4.59 0.22
ST 2 -4.60 0.55
ST 4 —4.80 0.42

HTK 1 —4.28 0.50
HTK 2 —4.64 0.93
HTK 4 -4.93 1.03
DN 1 -5.38 1.33
DN 2 —6.93 0.86
DN 4 —6.52 1.17

BNIP2 gene expression patterns (Table 3.3.3.3) mirrored these findings,
with significantly higher expression in the DN at both 1 hour (ACt 0.48 +
0.88) and 2 hours (0.37 £ 0.51) compared to ST (1 h: 1.38 +£ 0.21, p <0.001;
2h:1.51+£0.16, p=0.005) and HTK (1 h: 1.47 £0.24, p <0.001). At 2 hours,
the difference between DN and HTK did not reach statistical significance
(p = 0,085), and by 4 hours, no significant group differences were detected.

Table 3.3.3.3. BNIP2 ACt by solution and ischemia duration

Solution Time (h) Mean BNIP2 (ACt) +SD
ST 1 1.38 0.21
ST 2 1.51 0.16
ST 4 1.82 0.54

HTK 1 1.47 0.24
HTK 2 0.96 0.27
HTK 4 1.18 0.56
DN 1 0.48 0.88
DN 2 0.37 0.51
DN 4 0.75 1.10

Finally, the BAX/BCL2 ratio (Table 3.3.3.4), a marker of cellular
susceptibility to apoptosis, tended to be lower in the DN at 2 hours (0.46 +
0.10) and 4 hours (0.65 £ 0.17) relative to ST (2 h: 0.80 = 0.15, 4 h: 0.94 +
0.12) and HTK (2 h: 0.89 £ 0.17, 4 h: 0.94 = 0.14); however, these differences
did not reach statistical significance (all p > 0,05).
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Table 3.3.3.4. BAX/BCL?2 Ratio by solution and ischemia duration

Solution Time (h) Mean BAX/BCL?2 Ratio +SD
ST 1 0.79 0.12
ST 2 0.80 0.15
ST 4 0.94 0.12

HTK 1 0.86 0.13
HTK 2 0.89 0.17
HTK 4 0.94 0.14
DN 1 0.56 0.18
DN 2 0.46 0.10
DN 4 0.65 0.17

3.4. Effects of cardioplegic solution on cytokine expression

Inflammatory cytokines represent key biomarkers in experimental models
of myocardial injury. To assess the cardioprotective efficacy of different
cardioplegic solutions in preserving immature rat myocardium, the pro-
inflammatory mediators TNF-a and IL-6 were quantitatively evaluated.

As demonstrated in Table 3.4.1 and Figure 3.4.1, no statistically
significant intergroup differences were observed (p > 0.05). Nevertheless,
during prolonged ischemia, the Custodiol HTK solution demonstrated
the most pronounced attenuation of the inflammatory response. Further
analysis was performed to evaluate the dynamics of the anti-inflammatory
cytokines IL-4 and IL-10. Although intergroup differences did not reach
statistical significance (Fig. 3.4.1, Table 3.4.1; p > 0.05), a general declining
trend in anti-inflammatory cytokine levels was observed over time across
all cardioplegic groups. Regarding IL-10, concentrations in the DN group
remained comparatively higher after 4 hours of ischemia, whereas the HTK
group demonstrated a more stable profile.
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In contrast, IL-4 expression exhibited similar patterns in the HTK and DN
groups, while the ST group showed an early elevation at 2 hours, followed by
a marked decline at 4 hours of ischemia.

Additionally, the effects of I/R on leptin expression were examined.
Although no statistically significant differences were detected among the
cardioplegic solutions (p > 0.05), leptin levels uniformly decreased after 4
hours of ischemia across all experimental groups (Fig. 3.4.1, Table 3.4.1).

3.5. Cytokine profile across experimental groups

Analysis of cytokine concentrations across cardioplegic solutions and
ischemia durations revealed no significant differences for any measured
marker (Tables 3.5.1-3.5.5).

IL-4 levels are summarized in Table 3.5.1. Two-way ANOVA demonstrated
no significant main effect of solution or ischemia duration, nor interaction
effect, on IL-4 concentration (F (8.48) = 0.81, p = 0.599, partial n* = 0.13).
The highest mean IL-4 was seen in ST at 2 hours (7.36 = 4.48 pg/mL), and the
lowest in DN at 4 hours (2.78 + 2.16 pg/mL).

Table 3.5.1. IL-4 levels by solution and ischemia duration

Solution Time (h) Mean IL-4 (pg/mL) +SD
ST 1 5.82 2.29
ST 2 7.36 4.48
ST 4 4.12 2.96

HTK 1 5.12 532
HTK 2 4.01 1.30
HTK 4 3.51 2.28
DN 1 4.77 2.31
DN 2 3.25 1.95
DN 4 2.78 2.16

Similarly, as shown in Table 3.5.2, IL-6 concentrations did not vary

significantly by solution or ischemia duration (all p > 0.05), with means
ranging from 24.09 + 18.22 pg/mL (ST, 2 h) to 14.53 =£9.29 pg/mL (DN, 4 h),
and Levene’s test indicating homogeneity of variances (p = 0.092).
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Table 3.5.2. IL-6 levels by solution and ischemia duration

Solution Time (h) Mean IL-6 (pg/mL) +SD
ST 1 16.93 7.73
ST 2 24.09 18.22
ST 4 19.38 14.98

HTK 1 15.48 5.94
HTK 2 15.25 7.10
HTK 4 15.79 10.29
DN 1 17.11 9.32
DN 2 16.08 12.09
DN 4 14.53 9.29

For IL-10 (Table 3.5.3), two-way ANOVA again showed no significant
effects of solution, ischemia duration, or their interaction (all p > 0.05), with
mean values from 49.45 + 16.55 pg/mL (ST, 4 h) to 58.41 + 22.41 pg/mL
(DN, 1 h); Levene’s test confirmed variance homogeneity (p = 0.289).

Table 3.5.3. IL-10 levels by solution and ischemia duration

Solution Time (h) Mean IL-10 (pg/mL) +SD
ST 1 52.31 19.22
ST 2 57.34 30.08
ST 4 49.45 16.55

HTK 1 50.32 13.87
HTK 2 54.05 12.71
HTK 4 54.09 19.97
DN 1 58.41 22.41
DN 2 58.25 15.11
DN 4 52.33 13.18

Leptin concentrations (Table 3.5.4.) also did not differ significantly
between solutions or durations (all p > 0.05), with the highest value in ST at
1 hour (25.20 + 6.73 pg/mL) and the lowest in DN at 4 hours (17.37 + 5.33
pg/mL), and Levene’s test supporting homogeneity of variance (p = 0.545).
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Table 3.5.4. Leptin levels by solution and ischemia duration

Solution Time (h) Mean Leptin (pg/mL) + SD
ST 1 25.20 6.73
ST 2 22.83 6.28
ST 4 19.45 6.12

HTK 1 22.56 5.36
HTK 2 18.44 6.66
HTK 4 19.80 7.29
DN 1 23.13 7.26
DN 2 20.23 7.33
DN 4 17.37 5.33

TNF-a levels by CP solution and ischemia duration are presented in
Table 3.5.5. Two-way ANOVA found no significant main effects of solution
or ischemia duration, and no significant interaction, for myocardial TNF-a
levels (all p > 0,05). Mean TNF-a ranged from 6.46 +2.20 pg/mL (ST at 4 h)
to 7.84 = 1.80 pg/mL (HTK at 1 h), with no statistically significant differences
detected. Levene’s test confirmed homogeneity of variances (p = 0.877).

Table 3.5.5. TNF-a levels by solution and ischemia duration

Solution Time (h) Mean TNF-o (pg/mL) + SD
ST 1 7.52 2.17
ST 2 7.28 2.30
ST 4 6.46 2.20

HTK 1 7.84 1.80
HTK 2 7.52 2.56
HTK 4 7.58 2.21
DN 1 7.60 2.27
DN 2 7.57 1.90
DN 4 6.93 2.18

Collectively, these findings suggest that, within the examined parameters,
neither the type of cardioplegic solution nor the duration of ischemia exerted
a statistically significant influence on the myocardial release of 1L-4, IL-6,
IL-10, leptin, or TNF-a following I/R injury.
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4. DISCUSSION

The findings of this study demonstrate that the choice of cardioplegia
solution has a measurable influence on myocardial preservation during
ischemia and I/R injury in the immature myocardium. By evaluating Del
Nido, Custodiol HTK, and St. Thomas CP solutions using functional,
molecular, and mitochondrial outcomes, this study provides additional
insight into the mechanisms through which these solutions protect, or fail to
protect, the developing heart. We demonstrated that Del Nido CP provided
the most effective protection of the immature myocardium during ischemia
and reperfusion, as evidenced by superior preservation of mitochondrial
respiration, maintenance of outer mitochondrial membrane integrity, and
upregulation of adaptive gene expression (HIFIA, FOS, BNIP2). Custodiol
HTK CP conferred an intermediate level of protection, whereas St. Thomas
CP solution was consistently associated with the poorest mitochondrial
and molecular outcomes. Although cytokine and leptin responses did not
differ significantly among groups, trends indicated that Del Nido and HTK
cardioplegia maintained a more balanced inflammatory profile compared to
St. Thomas.

These findings align with a recent report that demonstrated that Del Nido
CP more effectively preserved the ATP-synthase tetramer-to-monomer ratio
during ischemia [182, 206]. In pediatric cohorts, Del Nido has likewise been
associated with superior preservation of ventricular function and attenuation
of myocardial injury across basic-science investigations [183], retrospective
analyses [184], and prospective studies [185].

4.1. Mitochondrial Respiratory Function During Ischemia

It is essential to emphasize the pivotal role of mitochondria in
cardiomyocytes. These organelles are the primary generators of cellular ATP,
accounting for approximately 90% of the heart’s total energy production.
Even subtle structural or functional mitochondrial impairments can lead to
profound disturbances in cardiomyocyte metabolism, calcium homeostasis,
and overall myocardial contractility [186, 187].

One of the key findings of the study is that mitochondrial respiration was
better preserved in the del Nido group at both the 1-hour and 3-hour ischemia
time points. After one hour of ischemia, del Nido performed better than St.
Thomas in maintaining basal, ATP-coupled, and maximal respiration, and
was more effective than Custodiol in several parameters. These differences
became even more evident when ischemia was extended to three hours.
Notably, after prolonged ischemia, mitochondria in the ST-group showed
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significant decreases in ATP production capacity and respiratory reserve, as
well as increased cytochrome C release, indicating compromised membrane
integrity. In contrast, del Nido cardioplegia preserved both mitochondrial
respiratory function and structural stability, as indicated by higher ADP/Mit
ratios and lower Cyt C/ADP values. These mitochondrial findings align with
the known properties of the del Nido CP solution, including its sodium—calcium
balance, lidocaine-mediated membrane stabilization, and reduced excitatory
ion load, which may collectively help limit mitochondrial depolarization and
calcium overload during ischemia.

Custodiol HTK cardioplegia demonstrated an intermediate level of
mitochondrial protection. It preserved basal respiration and ATP-coupled
respiration more effectively than St. Thomas, particularly under prolonged
ischemia, likely reflecting its ability to suppress metabolism and buffer
intracellular pH. However, several mitochondrial parameters still fell short of
the levels maintained in the DN-group. This suggests that, although HTK can
support metabolic quiescence, the immature myocardium may still benefit
more from the combined ionic and membrane-stabilizing effects of del Nido
cardioplegia.

Aninteresting observation was made during the 3-hour ischemia period with
the use of the Custodiol HTK cardioplegic solution. The observed improvement
is most likely attributable to the specific biochemical composition of this
solution. Although HTK is characterized by a low calcium concentration, it
contains magnesium chloride, which is known to attenuate calcium influx
and stabilize cellular membranes. In addition to magnesium chloride, HTK
includes tryptophan, another membrane-stabilizing substrate that contributes
to the preservation of sarcolemmal integrity. These compositional features
distinguish Custodiol from the St. Thomas solution, which has a simpler
formulation, is not hypocalcemic, and contains only magnesium chloride as
its principal stabilizing component.

Furthermore, Custodiol HTK contains ketoglutarate, a key substrate for
ATP generation that supports mitochondrial metabolism under ischemic
conditions. The presence of mannitol, an osmotic agent, helps mitigate
ischemia-induced cellular edema by promoting osmotic balance and reducing
tissue swelling. Considering that ischemic durations exceeding 60 minutes
are known to induce significant cellular edema, the inclusion of mannitol is
likely to contribute to maintaining structural and metabolic stability during
prolonged ischemia.

Importantly, the mitochondrial findings were mirrored in the Langendorft-
perfused heart model. Del Nido CP resulted in the shortest time to cardiac
arrest and the fastest restoration of spontaneous rhythm, as well as the highest

88



post-ischemic coronary flow, indicating better preservation of microvascular
function. This concordance between preserved mitochondrial respiration and
improved global functional recovery strengthens the causal link between
mitochondrial competence and post-ischemic contractile performance. Given
that even subtle impairments in oxidative phosphorylation can compromise
ATP-dependent processes, including SR Ca?* reuptake, cross-bridge cycling,
and membrane transport [186,187], the reduced recovery observed in the
St. Thomas group may reflect an inability of mitochondria to rapidly meet
energetic demands upon reperfusion.

More broadly, mitochondrial dysfunction is increasingly recognized as
a central contributor to cardiovascular disease [188]. Reduced oxidative
phosphorylation capacity, increased reactive oxygen species (ROS) production,
and impaired substrate utilization have been linked to cardiac remodelling
and heart failure progression [189-191]. Disruption of mitochondrial
bioenergetics shifts substrate use toward glycolysis and is associated with
cardiac hypertrophy and progression to heart failure [192—196]. In patients
with coronary artery disease, elevated mitochondrial DNA deletions further
compromise respiratory chain efficiency [197]. Against this background,
strategies that preserve mitochondrial integrity during surgical ischemia may
have implications extending beyond the immediate perioperative period.

4.2. Gene expression responses to cardioplegic solutions

Myocardial gene expression profiling in our experimental model extended
and mechanistically reinforced the mitochondrial findings. Beyond preserving
oxidative phosphorylation, Del Nido cardioplegia induced a transcriptional
pattern consistent with adaptive hypoxic signalling and controlled stress
activation in immature myocardial tissue.

Among the most notable observations was the upregulation of HIF-Ia,
FOS, and BNIP2 transcripts in the Del Nido group compared with St. Thomas
and Custodiol HTK. This coordinated response suggests not merely passive
preservation, but active engagement of endogenous cytoprotective pathways.

The induction of HIF-1a is particularly relevant in the context of immature
myocardium. While neonatal hearts are often described as relatively
glycolysis-dependent [18-20], their oxidative reserve remains limited and
highly vulnerable to sustained ischemia [21,22]. HIF-1a activation promotes
glycolytic flux, enhances glucose uptake, and reduces mitochondrial ROS
generation, thereby facilitating metabolic adaptation during hypoxic stress
[195-197]. Experimental overexpression of HIF-1a has been shown to protect
neonatal cardiomyocytes from I/R injury [199], whereas pharmacological
inhibition reduces glucose utilization and impairs metabolic recovery [200,
201].
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In our model, enhanced HIF-1o expression in the Del Nido group paralleled
superior preservation of mitochondrial coupling and reduced cytochrome c
release. This association suggests that transcriptional activation of hypoxia-
responsive pathways may have supported the maintenance of mitochondrial
integrity, rather than merely reflecting downstream injury. In contrast, the
comparatively attenuated HIF-1o response observed with St. Thomas CP may
indicate insufficient metabolic adaptation under prolonged ischemic stress.

The upregulation of FOS further supports the presence of adaptive
stress signalling. As an immediate early gene and component of the
AP-1 transcriptional complex, c-FOS participates in regulating survival,
proliferation, and stress responses. Experimental deficiency of c-FOS has
been associated with increased infarct size and augmented apoptosis following
myocardial injury [201]. However, the role of FOS is not unidimensional; it
has also been implicated in pathways that may exacerbate injury under certain
conditions, including regulation of miR-27a and apoptosis-inducing factor
translocation during I/R [202].

This apparent duality underscores an important point: the protective value
of FOS likely depends on context, magnitude, and temporal dynamics. In
our study, FOS upregulation occurred alongside improved mitochondrial
respiration and reduced apoptotic markers in the Del Nido group, suggesting
that its activation represented a coordinated adaptive response rather than
maladaptive overactivation. Conversely, the lower FOS expression observed
with St. Thomas CP coincided with greater mitochondrial dysfunction, which
may reflect insufficient activation of stress-response pathways in immature
myocardium.

BNIP2 modulation adds another layer to this transcriptional profile.
Although evidence regarding BNIP2 in cardiac ischemia is less extensive
than for HIF-1a or c-FOS, available data suggest that maintenance of BNIP
family expression contributes to cytoskeletal organization, cell survival, and
preservation of contractile phenotype [202,203]. Furthermore, interactions
between HIF-1o and related BNIP family members (e.g., BNIP3) have been
shown to regulate autophagy and enhance cardiomyoblast survival during
oxygen-glucose deprivation [204]. While BNIP2 is not identical to BNIP3,
its upregulation in our study, together with reduced cytochrome c release,
suggests a potential role in balancing apoptosis and adaptive autophagic
processes.

Importantly, most prior comparisons of cardioplegic solutions have
concentrated on biochemical injury markers or early postoperative functional
outcomes, frequently in adult cohorts [15-17]. Data on transcriptional
responses in immature myocardium remain sparse and methodologically
heterogeneous. Moreover, few studies have directly interrogated hypoxia-
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responsive and apoptosis-modulating genes in the context of specific
cardioplegic formulations. By demonstrating differential modulation of
HIF-1a, FOS, and BNIP2 in an immature heart model, our study contributes
mechanistic insight that complements existing clinical observations.

Notably, the transcriptional profile induced by Del Nido CP was consistent
with previously reported increases in heat-shock protein expression in
pediatric settings [12,198], recognized markers of cellular stress adaptation.
In pediatric populations, blood-based Del Nido cardioplegia has been shown
to induce greater HSP70-1 expression compared with crystalloid regimens
such as St. Thomas or Custodiol HTK [198]. Our findings extend this
observation by showing that Del Nido not only modulates stress proteins but
also activates upstream regulatory pathways linked to hypoxic adaptation and
apoptosis control.

Taken together, the gene expression data suggest that Del Nido cardioplegia
does more than transiently suppress metabolism. It appears to orchestrate
a transcriptional response that enhances metabolic flexibility, stabilizes
mitochondrial function, and modulates apoptotic signalling in immature
myocardium. In contrast, the weaker induction of these adaptive genes in
the St. Thomas group and the intermediate response observed with Custodiol
HTK parallels their comparatively inferior mitochondrial performance.

Nevertheless, caution is warranted in interpreting transcriptional changes
as direct functional determinants. Gene expression does not always translate
proportionally into protein abundance or activity, and temporal dynamics may
differ between ischemia and reperfusion phases. Further studies integrating
proteomic and post-translational analyses would be required to delineate
the precise molecular cascade by which cardioplegic formulations influence
these pathways.

Within the broader debate regarding the optimal cardioplegic strategy
for pediatric cardiac surgery, our findings suggest that the choice of
solution influences not only energetic preservation but also the molecular
programming of stress adaptation in immature myocardium. This integrated
mitochondrial-transcriptional perspective provides a mechanistic framework
that may help explain divergent clinical observations reported in the literature
and highlights the importance of age-specific myocardial biology when
evaluating cardioprotective strategies.

4.3. Cytokine responses to I/R across CP solutions

Although no statistically significant differences were observed between
the groups, the overall trend indicates that both Custodiol HTK CP and del
Nido CP most closely approximate the control-group (representing continuous
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myocardial perfusion without ischemia.) Interestingly, peak values at the
2-hour time point likely reflect an early surge in the inflammatory response
to I/R. These observations align with Gorjipour et al., who, comparing del
Nido with a modified St. Thomas solution, reported no significant intergroup
differences for TNF-a and IL-6, while documenting significant postoperative
increases across cytokines following cardiac surgery [205].

In our dataset, anti-inflammatory cytokines declined over time in all
cardioplegia arms, with the most pronounced decrease observed for IL-
4. By contrast, IL-10 exhibited a comparatively attenuated decline and
remained more closely aligned with CON-group throughout the observation
window. Gorjipour et al. likewise noted a more favorable anti-inflammatory
profile with the modified St. Thomas solution versus del Nido, including
a moderately significant postoperative rise in IL-10; the authors attributed
this to shorter dosing intervals that may limit myocardial rewarming, curb
metabolic demand, and mitigate hypoxia [205].

Cytokine analysis revealed that, in our case, anti-inflammatory cytokines
more accurately reflected the initial changes in the immature myocardium
under ischemic conditions. However, there is no doubt that further and broader
studies are needed to observe more pronounced differences.

Leptin, an adipocyte-derived adipokine, is a key regulator of energy
balance, cellular metabolism, inflammatory/immune signaling, and
cardiovascular homeostasis. Leptin resistance, prevalent in obesity and type
2 diabetes mellitus, denotes attenuated tissue responsiveness to leptin [208].
In the cardiovascular system, this resistance negatively affects the heart’s
stress response, promoting cardiac remodeling through impaired metabolism,
increased fibrosis, vascular dysfunction, and heightened inflammation [208].

Elevated circulating leptin levels have been linked to an increased
cardiovascular risk in humans. However, recent meta-analyses indicate that
some epidemiological studies did not find this association. Studies conducted
on mice deficient leptin or leptin receptors often yield contradictory results,
showing both protective and harmful effects of leptin [209]. Additionally,
mouse models have a significantly different lipoprotein metabolism compared
with humans, which limits the extrapolation of these results to human
physiology [209].

In our cohort, all cardioplegic regimens were associated with reductions
in leptin concentrations following ischemia/reperfusion, with the effect most
evident after prolonged ischemic intervals. This decline may reflect time-
dependent modulation of cardiomyocyte protein networks during recovery.
However, between group differences were not statistically significant,
indicating that under the present conditions no single solution demonstrated
superior leptin modulation.
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It is also worth highlighting two important methodological aspects of
our study that may have directly or indirectly influenced the results. The
first concerns the use of the well-established Langendorff perfusion model
employing a modified Krebs—Henseleit buffer. While this perfusate is widely
accepted for ex-vivo cardiac experimentation, it does not fully replicate
the full immunological and biochemical complexity of blood. Therefore,
a different cytokine response could be expected if autologous blood were
used for reperfusion following ischemia. It is plausible that reperfusion with
autologous blood would yield more pronounced intergroup differences,
particularly in pro-inflammatory markers.

The second aspect relates to the variation in perfusion and ischemia
durations. In this study, we aimed to reproduce clinical conditions of cardiac
surgery as realistically as possible; consequently, we applied different
ischemic intervals in both absolute terms and in an approximate 3:1 ratio
relative to reperfusion. It is plausible that maintaining an identical reperfusion
time across groups might have attenuated the extent of reperfusion injury.
Conversely, a disproportionately short reperfusion period following prolonged
ischemia would likely exacerbate myocardial stress, as insufficient time for
gradual reoxygenation and thermal recovery would prevent the myocardium
from returning to a near-physiological state.

These considerations raise intriguing yet unresolved questions regarding the
optimal balance between ischemia and reperfusion durations in experimental
and clinical settings. Future studies, both in refined animal models and clinical
investigations, will be essential to elucidate these mechanisms and optimize
myocardial protection strategies.

4.4. Mechanistic insights into the superiority of Del Nido CP over
Custodiol HTK and St. Thomas solutions

The superiority of Del Nido CP observed in our study appears to arise
from a convergence of ionic modulation, mitochondrial stabilization, and
transcriptional adaptation rather than from a single compositional attribute.
When interpreted alongside the mitochondrial, gene expression, and cytokine
data, a coherent mechanistic framework emerges. Mechanistically, improved
maintenance of the ATP-synthase supramolecular organization with del Nido
may relate to its capacity to limit pathological Ca?" influx [182]. Consistent
with this, experimental Ca®" loading of mitochondria has been shown to
trigger permeability transition pore (PTP) opening and reduce ATP-synthase
synthesome levels by ~20% [210] the PTP, an inner-membrane channel, is a
key determinant of mitochondrial Ca** handling and matrix pH homeostasis
[210,211]. In our study, del Nido and the low-calcium Custodiol HTK regimen
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outperformed St. Thomas on the relevant endpoints, although Gulsum Karduz
et al. reported inferior functional and cellular protection with Custodiol versus
St. Thomas and del Nido in mature-rat models. The discrepancy likely reflects
age-dependent differences in Ca?" handling and metabolic demand [212].

In addition to calcium homeostasis, Del Nido cardioplegia may exert its
protective effects through modulation of mitochondrial redox balance. The
reduced Ca** overload limits activation of the mitochondrial permeability
transition pore (mPTP), thereby preventing cytochrome c release and
downstream apoptotic signaling.

The presence of oxygen-carrying erythrocytes in the blood component
also facilitates a more gradual reoxygenation profile, attenuating the burst of
ROS typically seen at reperfusion a critical determinant of mitochondrial and
sarcolemmal integrity.

Notwithstanding the shared single-dose delivery paradigm, several features
plausibly account for del Nido’s advantage over Custodiol HTK, particularly
in immature myocardium, which exhibits heightened Ca?*" sensitivity.
Custodiol HTK 1is a low-calcium, low-sodium crystalloid, whereas del
Nido incorporates additional Ca**-modulating elements: magnesium sulfate
(a physiological Ca*" antagonist that dampens L-type Ca®*" current) and
lidocaine, which blocks fast Na* channels and thereby limits reverse-mode
Na*/Ca** exchanger—-mediated Ca** entry [182] Moreover, the crystalloid
base of del Nido is Ca?*-free, further constraining trans sarcolemma Ca** flux
during arrest.

Beyond Ca?* control, the blood component of del Nido confers additional
benefits germane to pediatric hearts with high metabolic rates: provision of
oxygen during ischemia, delivery of metabolic substrates (e.g., glucose) and
micronutrients, and superior buffering capacity via hemoglobin and plasma
proteins, which stabilizes myocardial pH under low flow/ischemic conditions
[150, 207, 213].

Collectively, these compositional and biophysical attributes offer a
coherent rationale for the more favorable mitochondrial and functional
profiles observed with del Nido in immature myocardium. While our
findings demonstrate clear mitochondrial advantages of del Nido in immature
myocardium, clinical validation in pediatric cardiac surgery is required to
confirm translational relevance.

4.5. Integrative perspective

The present study provides an integrated analysis of mitochondrial
respiration, transcriptional adaptation, and inflammatory modulation in
immature myocardium exposed to three cardioplegic strategies. Across these

94



complementary levels of investigation, a consistent pattern emerged: Del
Nido CP conferred the most coherent preservation of cellular homeostasis
during I/R.

At the bioenergetic level, Del Nido preserved oxidative phosphorylation
capacity, respiratory reserve, and mitochondrial coupling efficiency more
effectively than St. Thomas and, to a lesser extent, Custodiol HTK. This
preservation was accompanied by reduced cytochrome c release, indicating
structural stabilization of mitochondrial membranes.

At the molecular level, Del Nido induced a coordinated transcriptional
response characterized by upregulation of HIF-1a, FOS, and BNIP2. These
changes suggest activation of adaptive hypoxic signalling, modulation of
stress responses, and regulation of apoptosis. Importantly, the transcriptional
profile did not indicate uncontrolled injury signalling but rather a regulated
stress-adaptive program consistent with preserved anti-inflammatory markers
and restrained pro-inflammatory activation.

When interpreted alongside mitochondrial preservation, these findings
support the concept that limiting primary mitochondrial injury may attenuate
secondary inflammatory amplification.

Taken together, our data suggest that mitochondrial stability constitutes
the central axis of cardioprotection in immature myocardium. Ionic
modulation, metabolic buffering, and adaptive gene activation appear to
converge on preservation of mitochondrial membrane integrity and oxidative
phosphorylation activity. Rather than acting through isolated mechanisms,
effective CP in the immature heart may require coordinated control of calcium
flux, redox balance, and stress-responsive transcription.

This integrative perspective is particularly relevant in pediatric cardiac
surgery, where myocardial physiology differs fundamentally from that of
the adult heart. Given the ongoing debate regarding the optimal cardioplegic
strategy and the scarcity of subcellular data in immature myocardium, our
findings contribute mechanistic clarity to an area characterized by clinical
heterogeneity and methodological variability.

Although extrapolation from an experimental model must be undertaken
cautiously, the convergence of mitochondrial, molecular, and inflammatory
findings in this study supports the rationale for age-adapted cardioplegic
strategies. Future translational investigations incorporating longer reperfusion
intervals, proteomic analyses, and clinical correlation will be essential to
determine whether these subcellular advantages translate into improved
perioperative and long-term outcomes in pediatric patients.
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CONCLUSIONS

1. Del Nido cardioplegic solution preserved mitochondrial respiratory
function in immature myocardial tissue more effectively than Custodiol
HTK and St. Thomas cardioplegic solutions, demonstrating greater
mitochondrial stability and resistance to ischemic injury.

2. Del Nido cardioplegic solution elicited more favourable gene expression
responses related to hypoxia adaptation, stress regulation, and apoptosis
resistance under ischemia/reperfusion conditions compared with the
Custodiol HTK and St. Thomas cardioplegic solutions, suggesting
enhanced cellular protection at the molecular level.

3. Although cytokine changes were subtle, the patterns observed indicate
that cardioplegic solutions differentially influence inflammatory
responses in the immature myocardium, with Del Nido CP showing a
tendency toward a more balanced inflammatory profile compared with
Custodiol HTK and St. Thomas cardioplegic solutions.
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SUMMARY

Direct head-to-head comparison of cardioplegic solutions in pediatric
surgery is ethically and logistically challenging. Therefore, controlled ex vivo
models, particularly the Langendorft perfusion system, remain indispensable
for dissecting I/R mechanisms under standardized conditions, allowing precise
control of temperature, perfusion parameters, and solution composition while
simultaneously capturing functional, mitochondrial, and molecular endpoints.

The present study provides an integrated evaluation of mitochondrial
respiration, gene expression responses, and inflammatory modulation in
immature myocardium exposed to three cardioplegic strategies. Across
the complementary levels of analysis, Del Nido cardioplegic solution
demonstrated the most consistent preservation of myocardial homeostasis. It
maintained oxidative phosphorylation capacity, limited cytochrome c release,
promoted adaptive transcriptional responses (including HIF-1a, FOS, and
BNIP2), and exhibited trends toward balanced inflammatory signalling.

Custodiol HTK cardioplegic solution provided intermediate protection,
particularly through metabolic suppression and buffering capacity, whereas
St. Thomas cardioplegic solution showed reduced mitochondrial and
molecular resilience, especially during prolonged ischemia.

Collectively, these findings support the concept that mitochondrial
stability constitutes the central determinant of effective myocardial protection
in the immature heart. The data underscore the importance of age-specific
cardioplegic selection and provide mechanistic insight into why Del Nido CP
may confer advantages in pediatric cardiac surgery.
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CLINICAL IMPLICATIONS

The findings of this study have meaningful translational implications.
In pediatric cardiac surgery, where myocardial metabolic vulnerability and
calcium handling differ from adult physiology, cardioplegic composition
plays a critical role in postoperative recovery.

The demonstrated superiority of Del Nido cardioplegic solution in
preserving mitochondrial function and promoting adaptive molecular
responses supports its continued and potentially expanded application,
particularly in procedures involving prolonged ischemic intervals.

Custodiol HTK cardioplegic solution may remain a viable alternative for
prolonged procedures due to its metabolic suppression properties; however,
its mitochondrial preservation appears less robust in immature myocardium.
St. Thomas solution may be less optimal in pediatric settings, where
mitochondrial resilience is paramount.

These findings emphasize the necessity of tailoring cardioplegic strategies
to the myocardial developmental stage rather than extrapolating from adult
data.
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FUTURE DIRECTIONS

Future research should aim to correlate mitochondrial and transcriptional
biomarkers with functional recovery in translational clinical pediatric models
and clinical cohorts.

Integration of molecular markers, such as HIF-la expression profiles
or mitochondrial respiratory indices, into predictive models of myocardial
recovery may enable more individualized cardioplegic strategies.

Long-term in vivo investigations and large-animal or clinical pediatric
studies will be essential to determine whether the subcellular advantages
observed experimentally translate into improved postoperative contractile
function, reduced complications, and enhanced survival.
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SANTRAUKA

IVADAS

Svarbiausias kardioplegijos tikslas yra apsaugoti Sirdj nuo iSeminio mio-
kardo pazeidimo. Miokardo audinio iSemija yra progresuojantis procesas — il-
géjant iSemijos trukmei, lasteliniai ir molekuliniai pokyciai darosi vis ryskes-
ni, o laiku neatkiirus kraujotakos, galiausiai jvyksta lasteliy zutis [1].

Per visg Sirdies chirurgijos istorija buvo sukurta jvairiy miokardo apsaugos
metody. Du daZniausiai naudojami komponentai yra hipotermija ir elektro-
cheminiy gradienty moduliavimas naudojant kardiopleginj tirpalg. Keiciant
elektrocheminius gradientus sukeliamas Sirdies sustojimas, kuris sukuria ne-
judry operacinj laukg ir sumazina Sirdies raumeny lgsteliy energijos sagnaudas.
Visy kardiopleginiy tirpaly tikslas — sustabdyti $irdj ir sumaZzinti iSeminj pa-
zeidimg. Taciau Siuo metu néra bendros nuomonés, kuris tirpalas yra geriau-
sias visoms pacienty grupéms, todél buvo sukurta daugybé skirtingy tirpaly
ir techniky [2].

Sie tirpalai gali bati pladiai suskirstyti j dvi kategorijas — depoliarizuo-
jamuosius arba hiperpoliarizuojamuosius, atsizvelgiant j tai, kaip jie veikia
miokardo lgsteliy membraninj potencialg. Depoliarizuojamosios medziagos
dazniau naudojamos klinikingje praktikoje, sukelia Sirdies sustojima suke-
liant hiperkalemija. Hiperpoliarizuojamosios medziagos yra hiponatremiskos
ir hipokalceminés — jos sukelia Sirdies sustojimg mazindamos natrio ir kalcio
koncentracijg uzlastelinéje erdvéje.

Tiesioginis kardiopleginiy tirpaly palyginimas vaiky chirurgijoje yra etis-
kai ir logistiSkai nejmanomas. Tod¢l izoliuotos Sirdies Langendorff’o perfu-
zijos modeliai, i8lieka auksiniu standartu kontroliuojamai Sirdies iSemiaji bei
perfuzijai / reperfuzijai tirti, leidziantys kontroliuoti tirpalo temperatiira, slégj
ir sudeétj, tuo paciu fiksuojant funkcinius ir bioenergetikos rodmenis.

Masy tyrimo tikslas buvo imituoti kliniking situacijg ir jvertinti trijy skir-
tingy kardiopleginiy tirpaly — Del Nido, Custodiol HTK ir Sv. Tomo — poveikj
Sirdies funkcijai nesubrendusiy ziurkiy iSemijos / reperfuzijos (I/R) modelyje,
naudojant Langendorff’o perfuzijos metoda.

Klinikingje praktikoje naudojami kardiopleginiai tirpalai buvo vertinami
atsizvelgiant j juy kardioprotekcines savybes. Siai analizei atlikti buvo tiriama
geny, susijusiy su lgsteliy ciklu, proliferacija, atsparumu apoptozei ir atsaku
1 hipoksija, raiSka Sirdies audinyje, taip pat buvo matuojami uzdegima skati-
nanciy ir slopinanciy citokiny lygmenys.

HIF-1o genas atlieka pagrinding funkcija — skatina deguonies tiekima,
metabolinj prisitaikymg ir padeda lgsteléms prisitaikyti prie sumazéjusio de-
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guonies kiekio Sirdies chirurgijos metu [12]. FOS genas, esantis AP-1 trans-
kripcijos faktoriaus komplekse, palaiko lasteliy atsakus, pvz., proliferacija ir
i§gyvenamuma chirurginio streso saglygomis [13]. Taiau BNIP2 dalyvauja
apoptozés reguliacijos procesuose ir jo kontrolé gali biti svarbi siekiant su-
mazinti Sirdies Igsteliy netekima bei iSsaugoti Sirdies funkcijg iSeminiy jvykiy
metu [14].

Taip pat miisy tyrimo tikslas buvo jvertinti minéty kardiopleginiy tirpa-
ly poveikj nesubrendusio miokardo mitochondrijy funkcijai. Mitochondrijy
kvépavimo indeksas buvo vertintas membranos skaidulose — palaipsniui buvo
leidziami tam tikri substratai, kurie tiekia elektronus per skirtingas elektrony
pernasos grandinés dalis.

Masy tyrimas atliktas parodo, kaip kiekvienas kardiopleginis tirpalas vei-
kia lastelés sublastelinius kelius ir mitochondrijy bioenergetika tiek iSemijos
salygomis, tiek I/R paZeidimo atveju. Siame tyrime siekéme atskleisti kar-
dioprotekcinius $iy tirpaly veikimo mechanizmus nesubrendusiame miokarde
ir jy reikSme gerinant chirurginius rezultatus.

Darbo tikslas

Tyrimo tikslas buvo jvertinti skirtingy kardiopleginiy tirpaly (Del Nido,
Custodiol HTK, Sv. Tomo) poveikj mitochondrijy kvépavimo funkcijai, geny
ekspresijai ir citokiny atsakui nesubrendusiy ziurkiy Sirdies modelyje.

Tyrimo uzdaviniai

1. Ivertinti ir palyginti Custodiol HTK, Sv. Tomo ir Del Nido kardioplegi-
niy tirpaly poveiki mitochondrijy kvépavimo funkcijai nesubrendusio
miokardo audinyje.

2. Palyginti geny raiskos atsakus j Del Nido, Custodiol HTK ir Sv. Tomo
kardiopleginius tirpalus nesubrendusio miokardo audinyje iSemijos /
reperfuzijos salygomis, taikant Langendorff metoda.

3. Ivertinti skirtumus tarp uzdegimg skatinanciy ir slopinanciy citokiny
moduliacijos nesubrendusio miokardo audinyje, reaguojant j Del Nido,
Custodiol HTK ir Sv. Tomo kardiopleginius tirpalus.

Tyrimo naujumas ir aktualumas

Idealaus kardiopleginio tirpalo paieskos te¢siasi jau daugiau nei deSimtme-
ti. Per §j laikotarpj atlikta daugybé moksliniy tyrimy, siekiant iSanalizuoti
ivairiy kardiopleginiy tirpaly poveikj miokardui. Taciau dauguma $iy tyrimy
daugiausia démesio skyré tradicinés kraujo kardioplegijos ir Custodiol, Del
Nido arba kity kristaloidiniy tirpaly palyginimui ir jy poveikiui Sirdies rau-
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mens lgsteléms. Net ir naujausi 2019-2024 m. publikuoti straipsniai nepatei-
kia galutiniy i§vady, o kai kuriuose pateikiami netgi priestaringi rezultatai.
Tod¢l diskusijos dél optimalaus kardiopleginio tirpalo pasirinkimo islieka
aktualios.

Taip pat svarbu pazymeéti, kad vaiky miokardo fiziologija reikSmingai
skiriasi nuo suaugusiyjy Sirdies raumens. Literatiiroje pateikiami prieStarin-
gi duomenys apie nesubrendusig $irdj: vieni tyrimai rodo didesnj atsparuma
iSemijai [18-20], o kiti — maZesng tolerancijg [21, 22].

Kardiopleginiai tirpalai yra biitini nesubrendusio miokardo apsaugai Sir-
dies operacijy metu, nes jie sukelia laiking Sirdies sustojima, sumazina iSe-
mijos ir reperfuzijos pazeidimus ir padeda iSlaikyti mitochondrijy bei bendra
Sirdies funkcijg. Miokardo apsauga tampa ypac sudétinga ilgai trunkanciy ir
sudétingy operacijy metu arba, naujagimiams kuriy miokardas prie§ operacija
jau yra pazeistas [23]. Tokiais atvejais optimalaus kardiopleginio tirpalo pasi-
rinkimas sukelia daugiau klausimy nei pateikia atsakymy. Eksperimentiniais
tyrimais nustatyta, kad naujagimiy Sirdziai tinkamesné vienos dozés kardio-
plegija [24], taCiau kitais tyrimais, palyginti su daugkartine kardioplegija,
nenustatyta reikSmingy skirtumy [25].

Miisy tyrimas buvo sutelktas j vidulgstelinius nesubrendusiy kardiomio-
city pokycius, nes biitent jie atspindi ankstyviausius pakitimus po kardiople-
ginés intervencijos. Siekiant jvertinti, ar tam tikros kardiopleginés formulés
optimaliai apsaugo nesubrendusio miokardo audinj Sirdies chirurgijos metu,
bitina atlikti tikslinj ikiklinikinj tyrima, kuriame biity nagrinéjami mitochon-
drijy kveépavimo keliai, su kardioprotekcija ir 1gsteliy stresu susij¢ geny eks-
presijos profiliai bei pro- ir antiuzdegiminiy citokiny atsaky spektras.

Si tyrimy kryptis yra itin aktuali, nes tarptautinéje literatiiroje vis dar islie-
ka metodologinis nevienalytiSkumas ir priestaringi rezultatai, todél egzistuoja
reikSmingos Ziniy spragos, susijusios su nesubrendusia Sirdimi. Nauja, iSsa-
mi informacija, gauta tiriant nesubrendusio miokardo audinj naudojant skir-
tingus kardiopleginius tirpalus, biity vertinga tiek tarptautiniu mastu, tiek ir
Lietuvoje. Nors disertacijoje atliktas tyrimas buvo paremtas gyviiny modeliu,
1gytos naujos Zinios galéty biti pritaikytos ir klinikin¢je praktikoje

DARBO METODIKA

Disertaciniame darbe atlikti eksperimentiniai tyrimai, naudojant gyviiny
modelj. Siy eksperimenty tikslas — jvertinti ir palyginti klinikinéje praktikoje
taikomus kardiopleginius tirpalus, atsizvelgiant i jy poveiki nesubrendusio
miokardo perfuzijai, pokycius lgsteliniame ir vidylasteliniame lygyje, mito-
chondrijy kvépavimo funkcijg iSemijos / reperfuzijos saglygomis bei j pro- ir
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antiuzdegiminiy citokiny atsaky skirtumus, siekiant nustatyti jy efektyvuma
ir tinkamuma kliniskai reikSmingame kontekste.

Tyrimai su gyviinais buvo vykdomi laikantis Europos konvencijos dél stu-
buriniy gyviiny apsaugos, naudojamy eksperimentiniais ir kitais moksliniais
tikslais (Nr. 49-1883, 49-1884), bei Valstybinés maisto ir veterinarijos tarny-
bos direktoriaus jsakymo (Nr. B1-866) ,,Dé¢l reikalavimy, taikomy gyviny
laikymui, prieZiiirai ir naudojimui mokslo ir mokymo tikslais, patvirtinimo*.
Tyrimo protokolg patvirtino Lietuvos Respublikos Valstybiné maisto ir vete-
rinarijos tarnyba (Nr. G2-265).

Tyrimuose naudoty gyviiny skai¢ius buvo kiek jmanoma mazesnis, o eks-
perimentinis planavimas atitiko 3R principus (pakeitimas, mazinimas, tobuli-
nimas). Skausmas ir stresas buvo maksimaliai sumazinti taikant anestezijg ir
humaniSkus baigiamuosius kriterijus.

Vieno ménesio Wistar linijos ziurkés patinai, sveriantys 90 + 30 g, buvo
gauti i§ Lietuvos sveikatos moksly universiteto (LSMU) Veterinarijos akade-
mijos (Kaunas, Lietuva). Gyviinai buvo laikomi narvuose, po ne daugiau kaip
penkias ziurkes viename narve, esant standartiniam 12 val. Sviesos / 12 val.
tamsos rezimui ir 22 + 2 °C temperatiroje. Jie buvo Seriami standartinémis
granulémis ir turéjo neribotg prieigg prie geriamojo vandens.

Tyrimy struktira

Kaip pavaizduota 1 pav., $ig disertacijg sudaro skirtingos dalys, apjungian-
¢ios trijy skirtingy kardiopleginiy tirpaly poveikio miokardo mitochondrijy
kvépavimo rodikliams, geny ekspresijai ir uzdegiminiy citokiny raiskai paly-
ginamuosius tyrimus. Toks integruotas poziiiris leidZia viename modelyje ne
tik i§samiai jvertinti fiziologinj skirtingy kardiopleginiy tirpaly poveikj, bet ir
atskleisti molekulinius mechanizmus, lemiancius miokardo apsaugg.
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Tyrimuose naudojant jaunos ziurkés iSeminio miokardo modelj, pirma-
me etape nagrin¢jome, kaip kardiopleginiai tirpalai (Custodiol HTK, Del
Nido arba Sv. Tomo) paveikia mitochondrijy kvépavimo grandinés veiklos
ir oksidacinio fosforilinimo efektyvumg. Antrame etape tyréme geny, susi-
jusiy su hipoksijos atsaku (HIFla), proliferacijos ir apoptozés reguliacijos
(FOS, BNIP2, BCL2/BAX) raiska. TreCiame etape siekéme iSsiaiskinti pro- ir
anti-uzdegiminiy citokiny (IL-4, IL-6, IL-10, TNF-a, leptino) pokyc¢ius I/R
metu.

In vivo Sirdies iSemijos sukélimas

Tyrimas buvo atliktas LSMU Medicinos akademijos (MA) Kardiologijos
instituto Vaistiniy medziagy ikiklinikiniy tyrimy laboratorijoje. Buvo panau-
dota 41 Wistar ziurké. Ziurkés buvo ruodiamos vadovaujantis standartiniais
eksperimentiniy gyviiny protokolais. Anestezija buvo sukeliama naudojant
CO, kamera. Kritines Igsta buvo steriliai paruosta, atlikta viduriné sternoto-
mija. Aorta buvo izoliuota, o apatiné tusc¢ioji vena — perpjauta

I aortg buvo suleista Salto kardiopleginio tirpalo (Custodiol HTK, Del
Nido arba Sv. Tomo), turinéio heparino (5 TV/g kiino svorio). Gyviinai buvo
suskirstyti j keturias grupes (1 pav.): CON-grup¢ — be kardioplegijos (n = 5),
ST-grupé — su Sv. Tomo kardioplegija (n = 12), HTK-grupé — su Custodiol
HTK kardioplegija (n = 12) ir DN-grup¢ — su Del Nido kardioplegija (n = 12).
Kardioploginiai tirpalai buvo vertinami esant dviem skirtingoms iSemijos tru-
kméms (1 val. ir 3 val.) ir kiekvienoje grupéje atlikta po 6 eksperimentus.

Pazymétina, kad CON-grup¢je miokardo iSemija nebuvo taikyta — atvérus
kriitinés lasta Sirdis buvo skubiai iSimta ir supjaustyta smulkiais gabaliukais,
ruoSiant mitochondrijy tyrimui. Del Nido tirpalui buvo naudojamas heparini-
zuotas autologinis ziurkes kraujas, paimtas i$ uodegos ir sumaisytas su tirpalu
santykiu 4:1 (tirpalas:kraujas).

Kardiopleginiai tirpalai buvo naudojami intrakardialinei kraujagysliy sis-
temai iSplauti, Sirdziai sustabdyti ir uztikrinti miokardo apsaugg, o veninis
nutekéjimas buvo nukreipiamas per apating tusc¢igja vena.

Sirdies mitochondriju izoliavimas

Po Sirdies sustabdymo S$irdis buvo iSimama. ISkart po iSémimo, Sirdys
buvo panardintos | kardioplegini tirpalg 4 °C temperattiroje. ISemijos trukmé
buvo 1-3 val., atsizvelgiant j eksperimenting grupe¢, naudojant mazdaug 2—-3
kartus didesnj kardiopleginio tirpalo tarj (apie 10 ml). Pasibaigus 1 ar 3 val.
inkubacijai, Sirdys buvo perkeltos j i§ anksto atSaldytus 35 mm stiklo indelius
(5 ml). Likutinis kraujas buvo paSalintas naudojant homogenizacijos terpe
(HT). Véliau Sirdys buvo supjaustytos mazais gabaliukais, kurie laikyti ant
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ledo, visa procediira buvo atlikta kiek jmanoma greitai. Mazi audinio gabale-
liai perkelti ] mégintuvélj su HT tolesnei homogenizacijai.

Terpés ir reagentai

MIR ir HM tirpalai buvo paruosti LSMU Medicinos akademijos (MA)
Kardiologijos instituto Ikiklinikiniy vaisty tyrimy laboratorijoje. Pridétiniy
medZziagy sarasas pateiktas lentel¢je.

1 lentelé. Tyrimuose naudoty buferiy / terpiy sudétis

Tirpalas ParuosSimas
Mitochondrijy kvépavi- | 200 mL; naudojamas Oroboros matavimams:
mo (MIR) buferis MgCl,-6H,0 — 3 mmol (0,35 g)

KH,PO, — 10 mmol (0,2722 g)

EGTA - 0,5 mmol (0,038 g)

Laktoniné riig§tis — 60 mmol (24 mL atsargy tirpalo)
Taurinas — 20 mmol (0,5004 g)

HEPES — 20 mmol (0,954 g)

D-sacharozé — 110 mmol (7,53 g)

BSA (be riebaly rigsciy) — 1 g/L (0,2 g)
pH sureguliuotas iki 7,1 esant 30 °C
Homogenizacijos terpé | 100 mL:

(HM) KCl - 160 mmol (1,22 g)

NaCl — 10 mmol (58 mg)

Tris—HCI (Tris baz¢) — 20 mmol (242 mg)
EGTA -2 mmol (76 mg)

pH sureguliuotas iki 7,7 esant 2 °C

Baltymy kiekis buvo nustatomas Bradford metodu, o membrany pralaidu-
mui jvertinti naudotas Triton X-100 (0,1%).

Kardiopleginiai tirpalai (Sv. Tomo ir Custodiol HTK) buvo gauti i§ LSMU
Sirdies, kriitinés ir kraujagysliy chirurgijos klinikos. Del Nido tirpalas buvo
paruostas LSMU MA Farmacijos fakulteto Vaisty chemijos katedroje. Jy su-
détys pateiktos lentelése Zemiau.
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2 lentelé. Tyrimuose naudoty kardiopleginiy tirpaly sudétis

Tirpalas Sudétis (mmol/l) Savybés
Custodiol |K9 Triptofanas naudojamas membranos stabilizacijai.
HTK Na 15 Ketogluratas skirtas padidinti energijos gamyba

Mg 4 reperfuzijos metu — ATF pirmtakas.

Ca 0,015 Manitolis lasteliy membrany reguliavimui, osmo-

Ketogluratas 1 liariSkumui, turi diuretines savybes. Naudojant

Tryptofanas 2 manitolj mazéja iSemijos-reperfuzijos sukelti mio-

Histidinas 198 kardo edemos pokyciai.

Manitolis 30 Histidino buferis, palaikantis anaerobing glikolizg
ir geriau palaikantis pH, pooperaciniy elektrolity ir
metabolizmo lygius.

Custodiol HTK yra hiperpolarizuojantis tirpalas,
tokiy budy apsaugo nuo kalcio perkrovos, nes
nedaug kanaly ar jony siurbliy yra aktyvis esant
hiperpoliarizuotam membranos potencialui.

Del Nido | Plasma-Lyte A baze Magnio sulfatas, veikiantis kaip kalcio antagonis-

Manitolis 16,3 tas, kalcio kanalo konkurentas, blokuoja kalcio pa-

Magnio sulfatas 4 tekimo j kardiomiocitus. Natrio bikarbonatas — nau-

Natrio bikarbonatas 13 | dojamas kaip buferis, padeda artinti Ph rodiklj link

Kalio chloridas 13 7,4, taip palaikant glikoliz¢ visos iSemijos metu.

Lidokainas 13 Lidokainas, IB klasés antiaritminis vaistas, veikian-
tis kaip Na* kanaly blokatorius.

Del Nido tirpalo kristaloido ir kraujo santykis yra
4: 1.
Pats kardioplegijos tirpalas yra ekstralgstelinis
tirpalas, sumaiSytas su autologiniu krauju, gautu i§
dirbtinés kraujo apytakos.
Kraujo pridéjimas j tirpalg sumazina iSemijos-re-
perfuzijos pazeidimus, lyginant su visi§kai krista-
loidiniy tirpalu

Sv. Tomo |K 16 Sukelia greita Sirdies sustojimg diastolés metu, dél

NaCl 120 didelio kalio kiekio.

Cal,2 Mazina iSemijos poveikj miokardui. Kardioplegija

Mg 16 reikia kartoti kas 30 min.

NaHCO, 10

Homogenizacija

Homogenizacija atlikta mégintuvélyje. Gautas homogenatas centrifuguo-
tas du kartus: pirma karta — 5 minutes, esant 1000 g, antrg karta — 10 minuciy,
esant 6800 g. Sie etapai leido i$siskirstyti bei tirti mitochondrijy kvépavimo
grandinés kelius, naudojant specifinius kardiopleginius tirpalus ziurkiy Sir-
dies audinyje. Po antrojo centrifugavimo mitochondrijy nuosédos buvo is-
plautos ir suspenduotos homogenizacijos terpéje (HT). Tirpalai buvo surinkti
1 1,5 ml Ependorf’o mégintuvélius ir laikomi ant ledo.
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Eksperimentiné jranga ir Oroboros vertinimo protokolas

Oksidacinio fosforilinimo parametry matavimai izoliuotose Sirdies mito-
chondrijose buvo atlikti naudojant Oxygraph-2k® (Oroboros Instruments®,
Austrija). Matavimai buvo atliekami 37 °C temperatiiroje 2 ml kameroje,
pripildytoje mitochondrijy kvépavimo terpés (MIR). Duomeny surinkimas
ir analizé buvo vykdoma naudojant DatLab programing jranga (Oroboros
Instruments®).

Oxygraph-2k® yra didelés raiSkos, uzdaros dviejy kamery respirometras,
skirtas tiksliai kvépavimo funkcijai matuoti [168, 169]. Prietaisas turi baro-
metrinio slégio jutiklj, kuris automatiSkai atlieka deguonies kalibravimg ir yra
integruotas su DatLab programine jranga. Eksperimento metu mitochondrijy
energijos apykaita buvo iSsamiai jvertinta realiuoju laiku titruojant jvairius
substratus, atjungiklius, inhibitorius ir kitas medziagas.

ISemijos sukélimas ex vivo Sirdyje

Eksperimentai buvo atlikti LSMU Medicinos akademijos (MA) Kardiolo-
gijos instituto Membrany biofizikos laboratorijoje. Gyviinai buvo suskirstyti
tris kardioplegijos grupes (po keturias Ziurkes kiekvienoje grupéje): Sv. Tomo
(ST), Custodiol HTK (HTK) ir Del Nido (DN). Kiekviena grupé buvo papil-
domai suskirstyta pagal iSemijos—reperfuzijos trukme:

1 pogrupis — 1 val. iSemijos + 20 min. reperfuzijos,

2 pogrupis — 2 val. iSemijos + 40 min. reperfuzijos,

3 pogrupis — 4 val. iSemijos + 80 min. reperfuzijos.

Kontrolinés grupés (K-PRF, n = 5) Ziurkéms perfuzija buvo atlickama
30 minuciy nesukeliant miokardo iSemijos.

Tyrimuose naudotas retrogradinis Langendorf’o perfuzijos Sirdies modelis
[170, 171]. Buvo atlikti sekantys I/R eksperimenty etapai:

« Anestezija ir chirurginis paruosimas. Ziurkiy eutanazija atlikta pagal
standartinius eksperimentiniy gyviiny protokolus. Anestezija buvo
sukelta ketaminu (90 mg/kg) ir ksilazinu (9 mg/kg), gilioji anestezija
patvirtinta iSnykus pédos atitraukimo refleksui. Po oda buvo suleista
heparino (5 TV/g kiino svorio) likus 10 minuciy iki kaklo dislokaci-
jos. Oda ipjauta ties kardine atauga. Kriitinés lasta atverta, pasalinta
uzkrii¢io liauka, atvertas perikardas. Izoliuota aorta, virSuting ir apatiné
tusciosios venos

« Sirdies isémimas ir kanuliavimas. Sirdis buvo greitai i$pjauta (i§imta) ir
nedelsiant perkelta j indg su Saltu perfuziniu tirpalu. Aorta buvo atsar-
giai kaniuliuota, siekiant iSvengti aortos voztuvo pazeidimo, ir uzverzta
naudojant dvigubg Silko siiilg (Nr. 5-0). Tyrime naudotas Langendorff
retrogradinis $irdies perfuzijos metodas. Sirdis prijungiama prie Lan-
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gendorff sistemos per 5 minutes. Véliau, 15 minuciy buvo atliekama
Sirdies perfuzija sistemoje, kad atsistatyty beveik fiziologinis funkcinis
lygis.

» Perfuzijos sqlygos ir tirpalai. Perfuzija buvo vykdoma pastovaus
srauto rezimu, stebint, kad j Sirdj nepatekty oro burbulai ir nesukelty
embolijy. Perfuzijai naudotas modifikuotas Krebs-Henseleit tirpalas
(NaCl 135,0 mmolM, MgCl, 0,9 mmolM, NaH, PO, 0,33 mmolM,
KCl 5,4 mmolM, CaCl, 1,0 mmolM, gliukoz¢ 10 mmolM, HEPES
10 mmolM), paruostas dejonizuotajame vandenyje. Tirpalas prisotintas
deguonimi burbuliuojant 95 proc. O,.

» Temperatiros kontrolé ir tirpalo pratekéjimo matavimai. Temperatii-
ros kontrol¢ ir srauto matavimai.Vainikiné kraujotaka matuota pagal
2 minuciy laikotarpiu surinkto perfuzijos skyscio tiirio matavimus. Vi-
sos procediiros metu buvo nuosekliai kontroliuojama perfuzijos tirpalo
ir rezervuaro, apgaubto vandens apvalkalu, temperatiira. Silumokaitis
palaiké normotermijg (+37 °C), o kardiopleginiai tirpalai buvo palaiko-
mi +4 °C temperatiiroje. Po sustabdymo Sirdis buvo laikoma voneléje,
kurios temperatiira sieké¢ 18-22 °C; temperatira buvo stebima ir regis-
truojama kas 15 minuciy, siekiant uZtikrinti stabilumg viso iSemijos lai-
kotarpio metu.

» Kardioplegijos protokolas. Mazdaug 10 ml $alto (+4 °C) kardiopleginio
tirpalo (ST, HTK arba DN) suleista j aorta. Kardiopleginio tirpalo infu-
zija buvo atlieckama 2 minutes. ] DN tirpalg buvo pridéta heparinizuoto
ziurkés kraujo, paimto i§ uodegos, santykiu 4 : 1 (4 dalys kristaloido ir
1 dalis kraujo). Fiksuotas laikas iki asistolijos pradzios. Kardioplegijos
papildomos dozes (kartotine kardioplegija) buvo skiriamos kas 30 min.
ST grupése ir kas 90 min. DN grupése. HTK grupése buvo naudojama
tik vienkartiné doze.

Pasibaigus eksperimentui, visas kairysis skilvelis buvo i§pjautas ir uzsal-
dytas —80 °C temperatiiroje tolesnei analizei.

Realiojo laiko PGR (qPCR)

Geny raiSkos analiz¢ realiojo laiko PGR (qPCR) metodu buvo atlikta no-
rint tiksliau jvertinti kardiopleginiy tirpaly skirtumus ir jvertinti apoptozeés,
hipoksijos ir proliferacijos procesus Sirdies audinio lgstelése. HIF/a genas
yra svarbus Igsteliy atsakui j hipoksija — dazng bukle Sirdies chirurgijos metu,
kai sumazé¢ja kraujo tiekimas. HIF'la aktyvina kelius, padedancius lasteléms
iSgyventi streso metu — skatina deguonies tiekimg ir metabolinj prisitaiky-
ma [172]. FOS genas yra AP-1 transkripcijos faktoriaus komplekso dalis,
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reguliuojantis lasteliy proliferacija, diferenciacijg ir iSgyvenima, ypac esant
stresui [13]. Jo moduliacija padeda Sirdies audiniui reaguoti i chirurginj ir 8-
eminj stresg. BNIP2 genas dalyvauja apoptozes procese [173, 174]. Chirurgi-
nés intervencijos metu apoptozes reguliavimas yra esminis siekiant iSsaugoti
Sirdies funkcija, o BNIP2 moduliavimas gali sumazinti nereikalingg lasteliy
Zutj.

Sirdies audiniai buvo homogenizuoti naudojant skystaji azota, kaip apra-
Syta toliau. Méginiai nedelsiant buvo paveikti lizés TRIzol™ reagentu (/n-
vitrogen, Nyderlandai). Bendroji RNR buvo isskirta naudojant PureLink™
RNA Mini Kit (Invitrogen, Nyderlandai) pagal gamintojo instrukcijag. RNR
koncentracija ir grynumas buvo jvertinti NanoDrop 1000 spektrofotometru
(Thermo Fisher Scientific, Nyderlandai). Atvirkstiné transkripcija atlikta nau-
dojant High-Capacity RNA-to-cDNA™ rinkinj (Applied Biosystems, JAV).
Realiojo laiko qPCR atlikta naudojant TagMan™ Gene Expression metodika
(Applied Biosystems, JAV) pagal gamintojo protokola.

Buvo tiriami: FOS (Rn02396759 ml), HIF-la (Rn01472831 ml),
BNIP2 (Rn01530716_m1), BCL2 (Rn99999125 ml), BAX (Rn01480161 _
gl) ir GAPDH (Rn01775763 gl) genai. Geny raiSkos duomenys normali-
zuoti pagal GAPDH gena ir apskaiciuoti taikant 2-AACT metoda.

Citokinuy nustatymo analizé

Taikytas Luminex® (Luminex Corporation, Austin, TX, JAV) daugialypés
analizés metodas, siekiant kiekybiSkai jvertinti prouzdegiminius ir antiuzde-
giminius citokinus nesubrendusioje Ziurkiy Sirdies audinio terpéje. IS pradziy
Sirdies audiniai buvo surinkti ir nedelsiant paruosti, siekiant sumazinti balty-
my degradacija. Audiniai sumalti ir homogenizuoti naudojant skystajj azota.
Kiekvienas méginys buvo pasvertas ir perkeltas i 2 ml mikrocentrifuginj meé-
gintuvélj. Véliau | kiekvieng 100 mg audinio buvo pridéta 500 ul 1asteliy li-
z¢s buferio, siekiant suardyti lgstelines struktiiras ir i§laisvinti vidulgstelinius
komponentus.

Homogenizacija atlikta naudojant 7issueLyser, veikiancig 25 Hz dazniu
2 minutes — §1 trukmé nustatyta kaip optimali, siekiant gauti vientisg homo-
genatg neperkaitinant méginio. Po homogenizacijos méginiai centrifuguoti
16 000 x g, 10 min. esant 4 °C temperatiirai. Skaidrus supernatantas buvo
perkeliamas j naujg mégintuvelj, o bendras baltymy kiekis nustatytas naudo-
jant Bio-Rad™ DC Protein Assay Kit.

Naudojant Rat Custom ProcartaPlex Mix&Match 5-Plex Kit (Thermo
Fisher Scientific, Austrija) pagal gamintojo protokola kvantifikuoti (jvertinti
kiekybiskai) Sie citokinai:

* Antiuzdegiminiai: interleukinas-4 (IL-4), interleukinas-10 (IL-10);
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* Adipokinas: leptinas;
* Prouzdegiminiai: naviko nekrozés faktorius alfa (TNFa), interleuki-
nas-6 (IL-6).

Meéginiai buvo analizuoti po du kartus. Duomeny analiz¢ atlikta naudojant
Luminex xXPONENT programing jranga, citokiny koncentracijos nustatytos
pagal kiekvienam citokinui sudarytas kalibracines kreives.

Statistiné analizé

Visos statistinés analizés, susijusios su mitochondrijy tyrimu, buvo atlik-
tos naudojant SPSS 29 versija (IBM Corp., Armonk, NY, JAV). Visi duome-
nys pateikiami kaip mediana arba procentiliai (25-75). Grupéms palyginti
taikytas nepriklausomy im¢iy Kruskal-Wallis testas. StatistiSkai reikSminga
buvo laikoma p verté, mazesné nei p < 0,05.

Langendorft’o perfuzijos metodu atlikto tyrimo imties dydis nustatytas
ivertinus Cohen’o d efekta. Duomeny normalumas buvo tikrinamas naudo-
jant Shapiro-Wilk testa.

Remiantis tyrimo dizainu buvo naudoti trys kardiopleginiai tirpalai (Sv.
Tomo, Custodiol HTK, Del Nido) ir trys iSemijos trukmés (1, 2 ir 4 valandos).
Buvo atlikta duomeny daugiafaktoriné analizé. Dviejy veiksniy dispersijos
analizé¢ (ANOVA) buvo taikoma siekiant jvertinti pagrindinius kardioplegi-
niy tirpaly ir iSemijos trukmés poveikius, taip pat jy sgveikg geny ekspresijai
(HIFla, FOS, BNIP2, BAX/BCL?2) ir citokiny koncentracijoms (IL-4, IL-6,
IL-10, leptinas, TNF-a). Buvo atliekamos post hoc palyginimo analizés tarp
grupiy. Dispersijy vienodumas buvo vertinamas naudojant Levene testa.

Statistiskai reikSminga buvo laikoma p verté < 0,05. Visos analizés atlik-
tos naudojant SPSS v22.0 programing jranga, o rezultatai vizualizuoti naudo-
jant GraphPad Prism 9 programa.

REZULTATAI

Mitochondriju kvépavimas

Mitochondrijy kvépavimas buvo vertinamas pra¢jus 1 valandai nuo mio-

kardo iSemijos.

Rezultatai parode, kad po 1 val. iSemijos reikSmingai didesnis mitochon-

drijy aktyvumas buvo stebétas DN grupéje:

1. Lyginant pagrindinj mitochondrijy deguonies suvartojimo greitj tarp
skirtingy kardiopleginiy grupiy, didziausias mitochondrijy suvartojimo
greitis buvo nustatytas DN, o maziausias — ST grupéje:

* DN plg. ST: 27,8 [17,4; 34,6] plg. 8,5 [7,7; 14,6]; p = 0,006.
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2. Idéjus ADP substrato, didziausias mitochondrijy kvépavimas, susij¢s
ATP sinteze, buvo nustatytas DN grupéje, panaSus | CON kontroling
grupe, kurioje kardiopleginis tirpalas nebuvo naudotas. ADP vertés
buvo reikSmingai didesnés DN grupéje, palyginti su ST ir HTK:

» ST plg. DN: 55,51 [25,94; 64,17] plg. 107,18 [87,71; 130,32]; p =

0,001

. HTK plg. DN: 60,41 [54,08; 68,29] plg. 107,18 [87,71; 130,32]; p
=0,011

. CON plg. ST: 98,28 [62,67; 180,43] plg. 55,51 [25,94; 64,17]; p =
0,019

3. Taip pat buvo lygintas mitochondrijy kvépavimas tarp grupiy, idéjus
mitochondrijy oksidacinio fosforilinimo atjungikli. Idéjus FCCP subs-
trato, maksimalus kvépavimas buvo reikSmingai didesnis DN grupé¢je
lyginant su ST-grupe:

* DN plg. ST: 173,4 [146,0; 252,9] plg. 71,1 [49,7; 84,4]; p = 0,001

Tarp grupiy reikSmingo skirtumo nenustatyta pagal su ATP sinteze susiju-

siu ir pagrindiniu kvépavimu santykio (ADP/Mit). Taip pat nebuvo reikSmin-
gy skirtumy vertinant iSorinés mitochondrijy membranos biikle pagal Cyt. C
poveikj (Cyt/Phos [ADP]).

4. Mitochondrijy kvépavimo vertinamas po 3 valandy miokardo iSemijos.
+ Ilgalaikés iSemijos (3 val.) metu Mit, ADP ir FCCP parametrai i§liko

statistiSkai reikSmingi — rodé DN grupés pranasumg. HTK ir DN
grupése mitochondrijy aktyvumas buvo didesnis nei ST, o DN gru-
péje ADP vertés buvo reikSmingai didesnés nei ST grupéje:

* DN plg. ST: 105,7 [86,2; 154,4] plg. 24,2 [11,7; 51,7]; p = 0,008,
nors reik§mingo skirtumo tarp DN ir HTK grupiy nenustatyta. Taip
pat buvo istirtas mitochondrijy membrany vientisumas po 3 val. i§-
emijos skirtingose grupése. Kvépavimo kreivése uzfiksuotas 5 uM
egzogeninio Cyt C poveikis kvépavimui. Didziausias CytC/ADP
santykis buvo stebétas ST grupéje: buvo reikSmingai didesnis, pa-
lyginti su DN:

* ST plg. DN: 1,6 [1,5; 2,2] plg. 1,2 [1,1; 1,4]; p = 0,004, tai rodo
iSorinés mitochondrijy membranos pazeidimg. DN grupéje taip pat
buvo nustatytas didziausias ADP/Mit santykis, kuris buvo reikSmin-
gai didesnis nei ST grupéje:

* DN plg. ST: 5,22 [3,12-6,32] plg. 1,26 [1,09-3,87]; p = 0,035, tai
rodo geriausig mitochondrijy kokybés indeksa.
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Geny raiska

Kardiopleginiy tirpaly poveikis lgsteliy atsparumui apoptoziniams dirgi-
kliams vertinimas

[Semijos ir reperfuzijos (I/R) pazeidimas lemia lasteliy zutj daugiausia dél
staigaus kraujo ir deguonies tiekimo atsikiirimo anksciau hipoksinéms audi-
niy zonoms. Tai lemia pertekling reaktyviyjy deguonies formy (ROS) gamy-
ba ir sukelia uzdegiminj atsaka, galiausiai — reikSmingg lasteliy pazeidima ir
zutj [176].

Siekiant jvertinti lasteliy jautrumg apoptoziniams dirgikliams, Sirdies chi-
rurginiy intervencijy metu taikant skirtingus kardiopleginius (CP) tirpalus,
buvo tiriama geny, koduojan¢iy BCL2 (apoptozés reguliatoriy) ir BAX (su
BCL?2 susijus] apoptozés reguliatoriy), raiSka. BAX/BCL?2 raiskos santykis
gali buiti naudojamas kaip lastelés atsako j apoptozinius dirgiklius indikato-
rius: padidéjes santykis rodo sumazéjusj atsparuma apoptozei. Sie genai yra
glaudZiai susije¢ ir veikia kaip atitinkamai proapoptoziniai ir antiapoptoziniai
reguliatoriai [177].

Rezultatai parodé, kad BAX/BCL2 santykis audiniuose, gydytuose Del
Nido (DN) tirpalu, buvo mazdaug 50 proc. mazesnis nei ST ir HTK grupése,
taciau Sie rezultatai nebuvo statistiSkai reikSmingi. Galima manyti, kad DN
gali skatinti lgsteliy atsparumg apoptoziniams dirgikliams — taip suteikti ge-
resnj kardioprotekcinj efekta, palyginti su ST (Sv. Tomo) ir HTK (Custodiol
HTK) tirpalais.

Kardiopleginiy tirpaluy poveikio lasteliy funkcijoms skirtumai

Norint iSsamiau jvertinti kardiopleginiy tirpaly poveikj Sirdies audinio Igs-
teliy procesams, buvo tiriama geny, koduojanc¢iy BCL?2 sgveikaujantj baltymag
BNIP2, protoonkogeng FOS ir hipoksijos sukeliamajj veiksnj HIF'la, raiSka.

Zinoma, kad BNIP2 yra svarbus griau¢iy raumeny diferenciacijai [178],
taip pat nuo miozino II priklausomam kontraktiliSkumui — BNIP2 geno slopi-
nimas mazina aktino siiily atsiktirimo greitj [178]. Pagal mtisy duomenis, DN
tirpalu paveiktame audinyje iSlaikomas santykinis BN/P2 mRNR kiekis, tuo
tarpu ST ir HTK tirpaly poveikis buvo daug silpnesnis. Jy raiSka sumazéjo
apie 70 proc. (p < 0,05) visose laiko grupése, lyginant su perfuzuotu Sirdies
audiniu. Tac¢iau Sis Del Nido poveikis buvo pastebimas tik per pirmasias 2
valandas ir véliau palaipsniui silpnéjo. Sie duomenys leidzia daryti prielaida,
kad Del Nido gali padéti palaikyti kardiomiocity kontraktiling funkcija.

Papildomai jvertinta HIF'/a mRNR geny raiSka. HIF'l o genas atlieka svar-
big funkcijg prisitaikant prie miokardo iSemijos, skatindamas kolateraliniy
kraujagysliy formavimasi ir slopindamas kardiomiocity zitj [179]. Tyrimai
rodo, kad I/R metu HIF' 1o mazina ROS gamybg skatindamas glikolitiniy fer-
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menty ir piroviato dehidrogenazés kinazés 1 (PDK1) raiska, taip ribodamas
substraty patekimg j mitochondrijas [180]. Miusy tyrimas parodé, kad DN
veiksmingai sukelia H/F' /o mRNR raiska. Reik§mingi poky¢iai buvo stebimi
1 ir 2 val. grupése, taciau po 4 val. Sis poveikis iSnyko. Palyginti su ST ir HTK
grupémis, DN sukélé net 90 proc. didesne HIF'la raiska (p < 0,01), tai dar
kartg pagrindzia kardioprotekcines jo savybes.

FOS priklauso FOS baltymy Seimai, kurie dimerizuojasi su JUN baltymais
ir formuoja AP-1 transkripcijos faktoriaus kompleksa. AP-1 reguliuoja dau-
gybe lasteliniy ir biologiniy procesy, jskaitant lastelés cikla, proliferacijg ir
programuotg lasteliy zatj [181]. Misy rezultatai rodo, kad c-FOS mRNR dy-
dis DN grupgje isliko reikSmingai didesnis, palyginti su ST (p < 0,05) ir HTK
(p <0,05). FOS geny raiska po DN tirpalo poveikio 1 ir 4 val. grupése buvo
panasi j perfuzuoto audinio lygj, o 2 val. grup¢je buvo statistiSkai reikSmingai
didesne (p < 0,05). ST ir HTK grupése, palyginti su perfuzuotu audiniu, FOS
raiSka jose buvo daug mazesné (p < 0,05).

Apibendrinant, geny raiskos rezultatai rodo, kad Del Nido tirpalas sukelia
daug stipresnj kardioprotekcinj poveiki, palyginti su Sv. Tomo ir Custodiol
HTK. Be to, visi Del Nido rezultatai buvo panasiis j perfuzuoto audinio, o tai
dar labiau patvirtina ankstesnes iSvadas.

Kardiopleginiy tirpaly poveikis citokiny raiskai

Gyviiny modeliuose uzdegiminiai citokinai yra vieni i§ pagrindiniy mio-
kardo pazeidimo rodikliy. Siekiant nustatyti, kuris kardiopleginis tirpalas ge-
riau apsaugo nesubrendusj ziurkés miokarda, buvo jvertinta pro-uzdegiminiy
citokiny TNF-a ir IL-6 raiSka, visgi statistiSkai reikSmingy tarpgrupiniy skir-
tumy nenustatyta (p > 0,05). Taciau ilgalaikés iSemijos salygomis uzdegimo
sumazg¢jimas buvo ryskiausias HTK grupéje.

Papildomai buvo vertinti antiuzdegiminiai citokinai IL-4 ir IL-10. Nors
tarp grupiy statistiSkai reikSmingy skirtumy nenustatyta (p > 0,05), akivaizdu,
kad visose kardioplegijos grupése antiuzdegiminiy citokiny skaicius bégant
laikui maz¢jo. Vertinant IL-10, DN grupé¢je jo kiekis iSliko didziausias po
4 val., o HTK grupéje rodikliai buvo stabilesni viso eksperimento metu. IL-4,
HTK ir DN grupiy rezultatai buvo panasiis, o ST grupéje 2 val. laikotarpiu
stebétas padidé¢jimas, taciau po 4 val. nustatytas didesnis maz¢jimas. Verti-
nant leptino koncentracija po iSemijos ir reperfuzijos poveikio, statistiSkai
reikSmingy skirtumy tarp kardiopleginiy tirpaly nenustatyta (p > 0,05). Ta-
Ciau visose grupése leptino kiekis sumazejo 4 val. iSemijos metu.
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ISVADOS

1. Del Nido kardiopleginis tirpalas veiksmingiau nei Custodiol HTK ir
Sv. Tomo kardiopleginiai tirpalai i§saugojo mitochondrijy kvépavimo
funkcijg nesubrendusio miokardo audinyje, parodant didesnj mitochon-
drijy stabilumg ir atsparumg iSeminiams pazaidos procesams.

2. Del Nido kardiopleginis tirpalas sukélé palankesnius geny raiskos po-
kyc¢ius, susijusius su hipoksijos prisitaikymu, Igsteliy streso reguliacija
ir atsparumu apoptozei iSemijos—reperfuzijos salygomis, palyginti su
Custodiol HTK ir Sv. Tomo kardiopleginiais tirpalais.

3. Nors citokiny poky¢iai buvo nedideli, stebétos tendencijos rodo, kad
skirtingi kardiopleginiai tirpalai jvairiai veikia uZdegimines reakcijas
nesubrendusio miokardo audinyje, o Del Nido kardiopleginis tirpalas
pasizyméjo labiau subalansuotu uzdegiminio atsako profiliu.

PRAKTINES REKOMENDACIJOS

Gauti rezultatai rodo, kad miokardo pazeidimai vidulasteliniy lygiu tampa
reikSmingai rySkesni, kai iSemija trunka ilgiau nei dvi valandas. Todél iSe-
mijos trukmés ribojimas iki maziau nei dviejy valandy, ypa¢ naujagimiams,
turintiems nesubrendusig miokardo struktiirg, gali biiti lemiamas veiksnys
siekiant sumazinti negrjztama lasteliy pazeidima.

Tarp tirty kardiopleginiy tirpaly Del Nido kardiopleginis tirpalas uztikri-
no geriausig mitochondrijy kvépavimo funkcijos ir geny raiSkos i§saugojima
nesubrendusiame Ziurkiy miokarde. Sie duomenys patvirtina, kad Del Nido
kardiopleginis tirpalas yra tinkamesnis pasirinkimas vaiky Sirdies chirurgi-
joje, kur ypac svarbi veiksminga miokardo apsauga vidulasteliniy lygmeniu,
siekiant sumazinti iSemijos ir reperfuzijos pazeidimg ir iSsaugoti ilgalaike Sir-
dies funkcija.
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PADEKA

Si disertacija néra vien tik mano sunkaus darbo rezultatas. Nuo pat pir-
mosios doktorantiros dienos mane supo zmonés, kurie moke, kelé 18Siikius,
palaiké ir drasino nepasiduoti. Visi §io darbo eksperimentai, publikacijos ir
pasiekimai yra ne tik mano, bet ir §iy zmoniy pastangy, pagalbos bei jtakos
vaisius.

Pirmiausia noréciau padéekoti prof. dr. R. Beneciui uz moksling idéjg ir
suteiktg galimybe pradéti doktorantiiros studijas.

Taip pat nuoSirdziai dékoju prof. E. Stankeviciui, kuris tapo mano dokto-
ranttiros vadovu ir lydéjo mane didZigja Sio kelio dalj. Kartu dirbome penke-
rius metus: ieSkojome sprendimy, atlikome eksperimentus, jveikéme sunku-
mus, ir visg tg laikg profesorius buvo Salia. Jo déka susipazinau su Vaistiniy
medziagy ikiklinikiniy tyrimy laboratorija, todél esu labai dékingas ir visam
Sios laboratorijos personalui uz suteikta pagalba bei bendradarbiavima.

Kita mano mokslinio darbo dalis vyko Kardiologijos institute, Molekuli-
nés kardiologijos laboratorijoje. Uz didele pagalbg ir bendradarbiavimg nuo-
Sirdziai dékoju Rimantui Trainiui ir Dovydui Gec¢iui.

Taip pat noréciau padékoti visiems Sirdies chirurgams, kurie jvairiais ba-
dais prisid¢jo prie bendry darbo rezultaty. Ypatinga padéka skiriu skyriaus
vadovui prof. dr. P. JakuSkai uz konsultacijas ir suteikta galimybe¢ darbo metu
atlikti sudétingus eksperimentus su gyvinais.

Nuosirdziai dékoju ir savo recenzentams. Doc. A. Budrikiui dékoju uz di-
sertacijos chirurginés dalies korekcijas ir vertingas diskusijas. Taip pat labai
dékoju dr. Reginai Macianskienei uz nuodugnia disertacijos analizg¢ ir gilias
mokslines jzvalgas bei korekcijas.

Ypatinga padéka norédiau isreiksti Sirdies, kraujagysliy ir kratinés chirur-
gijos klinikos slaugytojoms, kurios visos doktorantiiros metu palaiké mane ir
neleido pasiduoti. Didelis acit Liucijai uZ pagalbg sprendZiant kompiuteri-
nius klausimus ir uz nuosirdy moralinj palaikyma.

Taip pat dékoju prof. dr. S. Kinduriui ir prof. dr. E. Sirvinskui uz padrasi-
nimus ir pagalba jauno mokslininko kelyje.

Atskirai noréciau labai nuosirdziai padékoti prof. dr. E. Rumbinaitei, kuri
visg doktorantiiros laikotarpj man labai padéjo, beveik kiekviename Zingsnyje
konsultavo, koregavo ir drasino eiti pirmyn.

Galiausiai nuoSirdziai dékoju doc. dr. T. Lenkuciui uZ ypatinga profesing
pagalba bei vertingas ir jJdomias pastabas.
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