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Abstract: In the last few years, the use of anesthetic drugs has been related to effects other than those
initially related to their fundamental effect, hypnosis. Halogenated anesthetics, mainly sevoflurane,
have been used as a therapeutic tool in patients undergoing cardiac surgery, thanks to the beneficial
effect of the cardiac protection they generate. This effect has been described in several research studies.
The mechanism by which they produce this effect has been associated with the effects generated
by anesthetic preconditioning and postconditioning. The mechanisms by which these effects are
induced are directly related to the modulation of oxidative stress and the cellular damage generated
by the ischemia/reperfusion procedure through the overexpression of different enzymes, most of
them included in the Reperfusion Injury Salvage Kinase (RISK) and the Survivor Activating Factor
Enhancement (SAFE) pathways. Mitochondria is the final target of the different routes of pre- and
post-anesthetic conditioning, and it is preserved from the damage generated in moments of lack
of oxygen and after the recovery of the normal oxygen concentration. The final consequence of
this effect has been related to better cardiac function in this type of patient, with less myocardial
damage, less need for inotropic drugs to achieve normal myocardial function, and a shorter hospital
stay in intensive care units. The mechanisms through which mitochondrial homeostasis is main-
tained and its relationship with the clinical effect are the basis of our review. From a translational
perspective, we provide information regarding mitochondrial physiology and physiopathology in
cardiac failure and the role of halogenated anesthetics in modulating oxidative stress and inducing
myocardial conditioning.

Keywords: mitochondria; sevoflurane; anesthesia; preconditioning; postconditioning; cardiac surgery;
heart failure

1. Introduction

The association between the impact of some anesthetics on cells and target proteins
within cells is a subject of intensive research. Thus, efforts are being made to understand
some of the initially unintended effects of anesthetics [1]. Such is the case of the cardio-
protective effects of halogenated hypnotics. Unlike intravenous hypnotics, halogenated
agents exert beneficial effects in patients with heart valve and coronary diseases undergo-
ing surgery [2,3]. The clinical effect of halogenated agents is referred to as anesthetic pre-
and postconditioning. During cardiac surgery, halogenated hypnotics reduce myocardial
injury resulting from the attenuation of coronary blood flow and ischemia/reperfusion.
As a result, the use of inotropic drugs for heart failure during the postoperative period
decreases [4].
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The effects of inhalational anesthetics on the cardiomyocyte are mediated by the
activation of a group of enzymatic cascades. The anesthetic activates pathway signaling
via the membrane and induces a response that reduces oxidative stress. Thus, cellular
homeostasis is maintained through the preservation of the mitochondrial membrane and
the stabilization of ion channels within the membrane. As a result, these events prevent
organelle swelling and subsequent cell apoptosis [5].

The effect of halogenated anesthetics on myocardial conditioning is mediated through
membrane receptors, which trigger the overexpression of different enzymes included in
pathways such as the Reperfusion Injury Salvage Kinase (RISK) and the Survivor Activating
Factor Enhancement (SAFE) pathways [4–12], with other mediators such as protein kinase
G (PKG) and Nitric Oxide (NO) to achieve their final objective of cardioprotection [13–16],
based on keeping the myocardium stable thanks to the preservation of mitochondrial
function [17,18]. The beneficial effect of inhaled hypnotics has been the main objective in
many research studies that have demonstrated their benefit regarding the time of drug
exposure [19–26].

The role of mitochondria in these processes seems fundamental, as has been exposed
in several publications. An exhaustive analysis of the current evidence supporting the
central role of mitochondria in anesthetic myocardial conditioning was the main objective
of developing this review paper [3,4,17,18]

2. Mitochondria Biology

Mitochondria were first identified in 1856 by the Swiss physiologist Rudolph Albert
von Kölliker [27], who observed granular structures in muscle tissue cells. Later, in 1890,
Richard Altmann, a German pathologist and histologist, was the first to describe them
as “elementary organisms” with an intracellular location and determined that they were
structures responsible for vital cellular functions [28]. However, their name was not coined
until 1898 by the German zoologist Carl Benda, who named them “mitochondria” derived
from the fusion of “mitos”, thread, and “chondros”, grain, which recalls their shape [29].

Mitochondria are an intracellular organelle located in the cytoplasm of most eukary-
otic cells (see Figure 1). Structurally, the mitochondria are delimited by two phospholipid
membrane bilayers: the inner mitochondria membrane (IMM) and the outer mitochondria
membrane (OMM), with an intermembrane space (IMS) between them housing the cy-
tochrome C, identified as part of the electron transport chain [30]. The OMM is composed of
phospholipids such as phosphatidylcholine (PC), phosphatidylinositol (PI), sphingomyelin
(SM), cholesterol (chol), and proteins, and its main function is to allow the transport of mate-
rial between the cell cytoplasm and mitochondria. The IMM is composed of phospholipids
such as phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiolipin (CL),
similar to the bacterial membrane and proteins [31]. The lipid distribution within the IMM
and OMM is not aleatory and modulates the fluidity and membrane permeability [32]. The
IMM shows a rough surface due to its high protein/lipid ratio, a ratio of 75:25, compared to
the OMM and other biological membranes, and the OMM shows a smooth enriched lipid
surface with very elevated fluidity [33]. The IMM phospholipid composition is related to
mitochondria bioenergetic processes such as the modulation of cristae morphology, mito-
chondrial fusion and fission, supercomplex formation, and metabolite transport, among
others [34]. The phospholipid cardiolipin (CL) is the most abundant phospholipid in the
IMM, showing 15–20% of the total mitochondrial phospholipids. CL is synthesized by
the mitochondria itself and plays an essential role in several fundamental mitochondrial
processes, such as the formation and stability of the enzyme supercomplex (complexes
I-IV) of the electron-transporting respiratory chain, dynamic control of the mitochondria,
mitochondrial biogenesis, and protein import [35]. CL biosynthesis alteration has been
associated with mitochondrial dysfunction in several pathological diseases, including heart
failure [36]. This IMM houses an enzymatic supercomplex consisting of four protein com-
plexes (complexes I–IV), the ATPase complex, the adenine nucleotide transporter (ANT),
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and many substrates such as pyruvate, a key substrate for the energetic production of
mitochondria and glucose synthesis.
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adenosine triphosphate (ATP). Pyruvate generated in the cytosol by glycolysis (metabolic pathway 
by oxidation of glucose for cellular energy) enters the mitochondria and generates cellular energy 
or remains in the cytosol, being converted to lactate-by-lactate dehydrogenase (LDH) enzyme, if 
mitochondrial metabolism is inhibited. If pyruvate goes into mitochondria, it is converted to acetyl 
coenzyme A (CoA) by the pyruvate dehydrogenase (PDH) enzyme, the main regulator of 
oxidative metabolism. PDH can be inhibited by the enzyme pyruvate dehydrogenase kinase 
(PDK) or activated by increased mitochondrial calcium. Acetyl Co A generates energy through the 
Krebs cycle, and electron donors, such as Reduced Nicotin Adenine Dinucleotide (NADH) and 
Flavin Adenine Dinucleotide (FAD), pass into the electron transport chain to reduce molecular 
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Figure 1. Mitochondrial morphology and oxidative phosphorylation: The outer (OMM) and inner
mitochondrial membrane (IMM) are separated by an intermembrane space (IM) into which hydrogen
ion (H+) is pumped during electron transport. The mitochondrial matrix (MM) is within the IMM and
contains mitochondrial DNA (mtDNA). In the mitochondrial cristae reside the four megacomplexes
of the electron transport chain (complex I, II, III, and IV) and ATP synthase enzyme, where adenosine
diphosphate (ADP) and inorganic phosphate (iP) bind to produce adenosine triphosphate (ATP).
Pyruvate generated in the cytosol by glycolysis (metabolic pathway by oxidation of glucose for
cellular energy) enters the mitochondria and generates cellular energy or remains in the cytosol,
being converted to lactate-by-lactate dehydrogenase (LDH) enzyme, if mitochondrial metabolism
is inhibited. If pyruvate goes into mitochondria, it is converted to acetyl coenzyme A (CoA) by
the pyruvate dehydrogenase (PDH) enzyme, the main regulator of oxidative metabolism. PDH
can be inhibited by the enzyme pyruvate dehydrogenase kinase (PDK) or activated by increased
mitochondrial calcium. Acetyl Co A generates energy through the Krebs cycle, and electron donors,
such as Reduced Nicotin Adenine Dinucleotide (NADH) and Flavin Adenine Dinucleotide (FAD),
pass into the electron transport chain to reduce molecular oxygen. This electron flow generates the
chemosmotic hydrogen ion gradient that supports the ATP synthesis process. In addition, the electron
flow generates reactive oxygen species (ROS), such as superoxide anion (O2

−), which are converted
into hydrogen peroxide molecules (H2O2) by superoxide dismutase 2 (SOD2).

The IMM is where the electron exchanges of the respiratory chain take place and
plays an important role in ATP synthesis processes. Finally, at the structural level, the
mitochondria have an internal space called the mitochondrial matrix (MM) where a large
number of enzymes participating in a wide variety of cellular metabolic processes are
housed, such as the urea cycle, the Krebs cycle, or the β-oxidation of fatty acids, and
favors the exchange of metabolites between the cell cytoplasm and the MM. In addition,
13 proteins that form part of the respiratory chain are located in the MM and are encoded
by the mitochondrial genetic material itself, also housed in the MM, which makes the
mitochondria unique compared with the rest of the cellular organelles. Mitochondrial
DNA (mtDNA) is reminiscent of the prokaryotic genome from which it originates and is a
circular double-stranded DNA molecule [37].
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These four compartments that form the mitochondria are interdependent, and their
function is perfectly coordinated to maintain cellular energy metabolism. This interde-
pendence and coordination are observed, for example, in the functionality of a small and
well-conserved protein located in the OMM, called the voltage-dependent anion-selective
channel (VDAC) or mitochondrial porin, whose main function is to facilitate and regulate
the flow of metabolites between the cell cytoplasm and the mitochondrial spaces [38].

At the functional level, the mitochondria are the organelle responsible for the oxidation
of the products of fat, protein, and carbohydrate metabolism and their transformation into
CO2 and H2O by transforming oxidative energy into chemical energy through the action of
key enzymes of the respiratory chain such as NADH-dehydrogenase or NADH-ubiquinone
oxidoreductase (complex I), succinate dehydrogenase (complex II), cytochrome bc1 or
ubiquinone-cytochrome c oxidoreductase (complex III), and cytochrome c oxidase (complex
IV). During the oxidative process, reducing molecules, such as NADH and FADH2, are
generated and give up electrons to the enzymatic respiratory complexes that are transported
from one oxidizing complex to the adjacent reducing complex with a higher redox potential,
releasing in this process protons (H+) that are transferred to complex IV, as a final electron
acceptor, catalyzing the oxidation of oxygen molecules to form H2O [39]. Throughout this
process, an accumulation of H+ is generated in the IMS, and a release of energy, supplied
indirectly to the ATP synthase protein FoF1 (complex V), pumps the H+ back into the MM,
stabilizing the electrochemical gradient and producing 95% of the adenosine triphosphate
(adenosine triphosphate: ATP) that the cell needs [40].

This chain of coupling that occurs in the mitochondria between oxidation processes
and ATP formation is called oxidative phosphorylation (OxPho), a process that ensures
coordination between cellular ATP needs and substrate consumption; it is fundamental for
the maintenance of the physiology of various organs and tissues [41].

Another fundamental function of mitochondria is the generation of reactive oxygen
species (ROS). In general terms, all oxygen-derived molecules that can live independently
are identified as ROS; if they also possess one or more unpaired electrons in their orbitals,
they are identified as free radicals. It has been shown that in eukaryotic cells, 80% of
the O2 generated comes from the mitochondria at the respiratory chain level [42]. The
generation of ROS by mitochondria depends exponentially on the membrane potential,
i.e., when this is high, there is a reduction in the flow of electrons through the respiratory
chain, which favors incomplete oxygen reductions and the consequent generation of
ROS. Under physiological conditions, the detrimental effects of ROS are counteracted
by antioxidant systems. Excessive production of ROS, or, in other words, a decrease in
antioxidant capacity, leads to a situation of oxidative stress, which induces irreversible
modifications in biological molecules and, as a consequence, the generation of irreversible
tissue damage and deregulation of the processes of apoptosis and programmed cell death.
The cell itself possesses antioxidant systems capable of directly eliminating ROS, such
as the enzyme superoxide dismutase (SOD), glutathione peroxidase (Gpx), catalase, and
thioredoxin reductase.

3. Mitochondrial Metabolism: Heart Function and Cardiac Failure

The healthy heart can adapt efficiently to the metabolic needs of each moment using
different energy substrates such as fatty acids, lactate, ketone bodies, glucose, or amino
acids, depending on the need for ATP supply. To achieve this metabolic flexibility, car-
diac cells present a complex network of interrelated metabolic pathways, all capable of
modifying and adapting to the physiological conditions of the moment [43].

Cardiac function is intimately linked to the metabolism of cardiac cells, and it has been
shown that variations in cellular metabolism can lead to morphological and functional
alterations in the heart [44,45].

The heart is an organ with a high energy demand, both for contraction and relaxation,
and its function depends on the ATP supply capacity of the mitochondria included in the
cardiac cells. It is for this reason that these organelles are present in high concentration
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in the cardiomyocytes, constituting approximately 20–40% of cell volume [46]. The ATP
reserve of the heart is limited, and a reduction in ATP concentration is directly associated
with oxidative stress, inflammation, and dysregulation of Ca+2 metabolism, leading to
cardiac failure [47,48].

The main source of ATP supply in cardiac cells is the OxPho, which provides 95%
of cardiomyocytes’ ATP requirements mainly through energy metabolism of substrates
such as fatty acids (50%), pyruvate, ketone, and amino acids. The remaining 5% of ATP is
generated through glycolysis [49,50].

To briefly summarize each of the energy substrates involved in the metabolism of the
healthy heart, we can first mention fatty acids. After being absorbed by cardiac cells, fatty
acids are esterified in the cell cytoplasm, forming acyl-CoA, which must be transformed
into long-chain acyl-carnitine to be transported into the mitochondria [51]. Once in the
mitochondria, this compound is again transformed into acyl-CoA, producing NADH and
FADH2, which, through the electron transport chain, generate ATP from ADP. Fatty acids
are very cost-effective substrates from an energetic point of view but less so in terms of
efficiency due to the high oxygen consumption they require.

Glucose is another important energy substrate for a healthy heart. Glucose enters the
cell cytoplasm through GLUT1 and GLUT4 transporters located in the plasma membrane
of cardiomyocytes. Cytoplasmic glucose is transformed to pyruvate through glycolysis
with the participation of lactate, this being one of the most efficient processes in ATP
production in cardiomyocytes. Pyruvate enters the mitochondria through the mitochondrial
pyruvate transporter and is transformed into acetyl-CoA, mainly through the action of the
enzyme pyruvate dehydrogenase for ATP generation, and into oxaloacetate through the
action of the enzyme pyruvate carboxylase for its contribution to the anaplerosis of Krebs
cycle intermediates.

Lactate, taken up by cardiac cells through the monocarboxylic anion transporter MCT4,
is converted to pyruvate by the enzyme lactate dehydrogenase, following a metabolic
process similar to that of pyruvate derived from glycolysis. The role of lactate in the energy
metabolism of the heart has been analyzed, and this energy substrate has been identified
as its main source of pyruvate, as well as being related to signaling functions and carbon
supply to the Krebs cycle [52–54].

Ketone bodies are another critical energy substrate for the heart [55], being easily
metabolized by the heart if high ketone levels are present and are more efficient in ATP
production than fatty acids. They are produced in the liver from acetyl-CoA. The main
ketone body present in the heart is β-hydroxybutyrate (βOHB) in its oxidized form. The
enzyme β-hydroxybutyrate dehydrogenase 1 (BDH1) is responsible for its oxidation once
transported to the mitochondria, triggering a series of reactions that result in the synthesis
of acetyl-CoA as input to the Krebs cycle for the final production of ATP [56].

Finally, the energetic metabolism of amino acids, a potential source of ATP production
in the heart [57], generates acetyl-CoA inside the mitochondria that will be incorporated
into the Krebs cycle for ATP synthesis, or succinyl-CoA for the anaplerosis of this cycle.
The percentage of ATP generated by amino acid metabolism is very small, but they are very
important in cardiac signaling pathways such as the insulin and mTOR pathways [58,59].

In summary, the healthy heart is an organ with high metabolic flexibility, with fatty
acids being the most used substrate for ATP production, followed by lactate, ketone bodies,
glucose, and, finally, amino acids.

Cardiac failure (CF) occurs as a consequence of hypertension, ischemic heart disease,
valvular disease, and/or idiopathic cardiomyopathy [60]. In this pathological stage, mito-
chondria are unable to provide the energy production demanded by a hypertrophied heart
due to several mechanisms associated with mitochondrial functionality failure, such as
the following.
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3.1. Energy Metabolism Pathways in Heart Failure

It has been widely demonstrated that the energy metabolism of the heart undergoes
drastic changes when cardiac damage occurs, reducing both its metabolic flexibility [61,62]
and its energy supply, with a reduction of up to 30% in the capacity for ATP synthesis when
cardiac damage is in the terminal phase [63,64]. This reduction in ATP synthesis capacity
is fundamentally due to the functional deterioration of the mitochondria included in the
cardiac cells, associated with different processes.

3.2. Depletion of the ATP Reserve

There are published studies that have observed a direct association between cardiac
damage and reduced myocardial ATP availability [65].

The mechanisms leading to ATP depletion are multiple; however, they all involve
mitochondrial metabolism and regulation. Myocardial energy shortage not only directly
compromises the relaxation and contraction of cardiac muscle fibers but also other critical
ATP-dependent processes such as ion transport, including Ca+2 and biosynthesis of cellular
components [66].

Under normal, non-pathological conditions, cellular ATP is synthesized mainly by
the mitochondria through oxidative phosphorylation involving the electron transport
chain located in the IMM of the mitochondria [67]. The heart contains relatively low
ATP levels due to intense ATP consumption and rapid turnover [68]. Mitochondrial
creatinine kinase is involved in the control of respiratory chain activity and the integration
of high-energy phosphate metabolism and gives rise to phosphocreatine, which plays a
key role in the maintenance of ATP content in the myocardium [69]. This enzyme can
be present in its highly reactive octameric form or its less active dimeric form, with a
dynamic equilibrium between the two under physiological conditions [70]. However, in
heart disease, the balance between the two forms shifts towards the less active dimeric form,
which impairs both respiratory control and ATP synthesis, generating a decompensation
in cardiac ATP consumption. In addition, it has been shown that cardiac failure induces
damage in the oxidative phosphorylation process, with a consequent reduction in cardiac
ATP synthesis [71].

The adult heart obtains 50–70% of its energy through the β-oxidation of fatty acids in
the mitochondria of cardiac cells [72]. Depending on nutrient availability, the myocardium
can dynamically switch from the preferential use of lipids to glucose as an energy resource
to maintain stable ATP production. In cardiomyocytes, this substrate selection flexibility
is regulated by insulin signaling [73]. However, during heart failure, insulin signaling is
downregulated or disrupted, which in turn leads to loss of metabolic flexibility.

As a result, cardiac ATP is progressively depleted, as the reduction in fatty acid
oxidation is not compensated by an increase in glucose oxidation as an alternative energy
source [74].

3.3. Oxidative Stress

Myocardial redox regulation is altered in the pathological processes derived from
heart failure, leading to elevated production of both oxidative and reduced oxidative
stress [75,76]. Furthermore, it has been demonstrated that there is a direct relationship
between circulating levels of ROS and poor prognosis of cardiovascular damage [77] since
high mitochondrial ROS production induces damage to mitochondrial DNA and defects in
the electron transport chain, resulting in induction and cell death. It is important to note
that the oxidative damage induced in essential mitochondrial phospholipids, such as the
CL, results in both membrane surface charge density and physical property changes that
impact transmembrane ion channels and ion pumps, modifying the pH and chemiosmotic
gradients required for the ATP production [78]. On the other hand, Montaigne et al.
evaluated the effects of myocardial contractile dysfunction derived from cardiac disease in
the mitochondrial morphology and bioenergetic metabolism, and they observed a direct
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correlation between myocardial dysfunction and changes in mitochondrial morphology
associated with impaired complex I, II, and III activity and increased oxidative stress [79].

Another important impairment at the mitochondrial level due to continuous exposure
to free radicals and ROS generated in cardiac damage processes is caused by the integrity of
mitochondrial DNA (mtDNA), leading to mitochondrial dysfunction [80]. These free radi-
cals generate a large number of lesions in the mtDNA, including oxidized bases and single
or double DNA strand breaks, with mutagenic or cytotoxic effects due to mismatching of
bases, which generates mutations and subsequent blockages of the mtDNA replication
and transcription processes, leading to great genomic instability. Repair mechanisms exist
in the mitochondria themselves to repair these damages [81]; however, the frequency or
accumulation of these lesions due to continued injury leads to mitochondrial dysfunc-
tion [82], deficiencies in the respiratory chain, accumulation of morphologically abnormal
mitochondria [83], and an increased rate of cellular apoptosis [84]. These mtDNA damages
have also been shown to affect the proper flaring of mitochondrial supercomplexes, leading
to reduced ATP production and bioenergetic impairment [85].

3.4. Failure in Ca2+ Regulation Metabolism

A failure in mitochondrial Ca2+ metabolism is closely related to cardiac dysfunc-
tion [86]. Recent studies have shown that an insufficient Ca2+ supplying the mitochondria
of cardiac cells causes dysfunction of enzymes involved in energy metabolism, and on
the other hand, it has been observed that Ca2+ overload inside the mitochondria activates
pathways of induction of apoptosis and cell death [87].

3.5. Induction of Cell Apoptosis

The loss of mitochondria functionality triggers the process of apoptosis in cardiomy-
ocytes due to irreversible cellular damage generated in the electron transfer chain, ATP
depletion, and increased oxidative stress [88].

The cardiac damage produced during the myocardial conditioning process is related
to death by apoptosis of cardiac muscle cells by producing, among other processes, an
increase in mitochondrial permeability and an increase in the release of cytochrome C into
the cell cytoplasm, which triggers a series of irreversible events leading to apoptosis [89].

4. Clinical Effects of Anesthetic-Induced Myocardial Conditioning: The Role of
the Mitochondria

The role of anesthetics and their interaction with cell structures have been a subject
of research during the last century. A multiplicity of studies have been conducted to
assess the potential beneficial effects of intravenous and halogenated hypnotics on the
cardiomyocyte [2–6,90]. Several research studies use sevoflurane as a halogenated drug,
although some studies have also been published seeking a similar effect with isoflurane
and desflurane with similar results [91,92].

Ischemic pre- and postconditioning is crucial for understanding the impact of halo-
genated agents on the heart. These two phenomena were observed in animals exposed
to short, intermittent myocardial ischemic periods. In these studies, repetitive short coro-
nary occlusion was performed to activate cardioprotective mechanisms, which attenuated
myocardial injury in subsequent longer ischemic periods. Additionally, subsequent pro-
gressive reperfusion of ischemic areas reduced cardiac ischemia/reperfusion injury. Waltier
was one of the first authors to demonstrate that this technique was effective in reducing
myocardial injury [6]. However, inducing episodes of ischemia entails some risks for the
patient. Thus, when the duration of ischemia is extended, its therapeutic effects disappear,
thereby causing cell injury and death in these areas (myocardial infarction). When the
beneficial pre- and postconditioning effects of limited ischemia were confirmed, researchers
investigated whether these effects could be induced pharmacologically. It is the so-called
pharmacological pre/postconditioning by which halogenated agents exert similar effects
as brief ischemia/reperfusion but without its associated risks [93].
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In anesthesiology, these cardioprotective mechanisms have been found to be in-
duced by halogenated agents, which partially share the mechanism of action of ischemic
pre/postconditioning [5].

During cardiac surgery procedures, researchers have analyzed whether exposure
to halogenated drugs confers any beneficial effects compared to intravenous drugs. The
mechanism by which halogenated anesthetics induce the cardioprotective effect is related to
a pool of enzymatic signaling that maintains the mitochondrial respiratory chain function,
essential to energy production, through the preservation of the ATP generation as well
as the reduction of oxidative damage. On the other hand, the use of propofol has been
related to many disorders in the mitochondrial respiratory chain caused by the entry of
different types of long-chain fatty acids. This effect has been observed in some studies
carried out in animals, and they observed ventricular dysfunction due to alteration of the
mitochondrial respiratory chain [94]. Additionally, propofol is a potential mitochondrial
toxin that interferes with multiple mitochondrial signal pathways, including the respiratory
chain. Propofol infusion syndrome, for example, mimics mitochondrial myopathies, and
it is caused by the altered entry of long-chain fatty acids, impaired fatty acid oxidation,
and failure of the respiratory chain in complex II [95,96]. Sevoflurane achieves the effect
of reducing demands on the mitochondrial respiratory chain, which could be one of the
fundamental keys to myocardial conditioning and, therefore, the volatile anesthetic-induced
cardiac protection. However, molecular mechanisms, clinical aspects, the interactions
with non-volatile agents, and the deprivation of the supply of oxygen and nutrients to
cardiomyocytes at the beginning of acute myocardial ischemia produce damage in this
type of cell that has a negative effect on their mitochondrial function and ATP production.
Hanley et al. demonstrated that volatile anesthetics per se inhibit mitochondrial respiratory
complex I at high concentrations [97]. Riess et al. found that sevoflurane attenuated
mitochondrial respiration in a dose-dependent manner [98].

Effect of Ischemia/Reperfusion on the Mitochondria, Oxidative Stress

Several impairments are associated with the anaerobic situation, which induces intra-
cellular acidosis due to the accumulation of protons (H+), activates the transmembrane ex-
change of Na+/H+, produces an overload of intracellular Na+, and activates the Na+/Ca2+

exchange channel to correct the intracellular hypernatremia; however, it increases the cal-
cium concentration in the mitochondria. All these procedures, together with the opening of
the mitochondrial permeability transition pore (MPTP) [99–102], aggravate the detrimental
effects induced by myocardial ischemia, leading to cellular apoptosis.

On the other hand, reperfusion leads to an increase in intracellular and mitochondrial
Ca2+ produced by an instability of the cell membrane, which is added to that induced by ox-
idative stress in the sarcoplasmic reticulum due to alteration of the plasma membrane [103].
In myocardial reperfusion, the availability of oxygen and nutrients allows mitochondrial
energization, a process which, however, by increasing mitochondrial calcium, and together
with the rapid correction of pH, induces the opening of the MPTP, finally resulting in the
process of cell death. Many of the factors responsible for reperfusion myocardial injury,
such as mitochondrial calcium overload, oxidative stress, ATP depletion, and rapid pH
correction, converge on MPTP, making it a critical factor. MPTP is a large non-selective
channel that, when opened in reperfusion, allows ions and solutes up to 1,5 kDa to cross
the IMM, causing mitochondrial inflammation, depolarization of the mitochondrial mem-
brane, oxidation–phosphorylation decoupling, ATP depletion, and cell death [102–106].
The behavior of MPTP is completely different in the ischemia period compared to that
of reperfusion; the MPTP only opens in the first minutes of reperfusion. Therefore, it is
important to keep in mind that any treatment attempt to reduce the damage produced
during an ischemic event and its reperfusion will have as one of the possible targets the
action on this membrane pore. The opening at the time of reperfusion can also be indirectly
inhibited by improving cellular bioenergetics and limiting oxidative stress, thus increasing
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the levels of creatine and phosphocreatine and consequently increasing the availability of
ATP, which has been shown in mice overexpressing creatine [107].

In addition to MPTP-induced cell death, other mitochondria-dependent cell death
pathways have been shown to contribute to cardiomyocyte death during acute myocardial
ischemia/reperfusion injury.

5. From Troponin to Mitochondria in Anesthesia: Far Away in Clinical Setting, So
Close in Cellular Mechanism

The clinical effects and mechanisms by which these effects are exerted have been
extensively described in the literature. According to the literature, preconditioning induced
by volatile anesthetics reduces myocardial injury, as measured by plasma Troponin I
concentrations; lowers muscle/brain concentrations of creatine kinase; reduces levels of
brain natriuretic peptide; attenuates free radical production; improves cardiac output,
thereby requiring lower inotropic support after cardiac surgery; and shortens intensive
care unit stay [2–4].

Cason et al. documented that exposure to isoflurane before ischemia induces anes-
thetic preconditioning [108]. This beneficial effect on the myocardium has been consis-
tently observed in multiple studies. The evidence available also confirms the association
between the dose and duration of the administration of these agents and their cardiopro-
tective effects [109]. As a result of a memory effect, cardioprotective effects persist when
administration is discontinued [2,90]. Intensive research has been conducted to better
understand the mechanisms of action of myocardial conditioning when the anesthetic is
administered during and after cardiac surgery [4]. The effector mechanisms of anesthetic
pre/postconditioning share multiple pathways, all involving the protection of the mito-
chondria [110]. This protection is exerted through the modulation of oxidative stress, the
reduction of inflammatory mediators, and the accumulation of intracellular calcium [111].

The main signaling pathways that lead to myocardial protection by maintaining
mitochondrial stability are ATP-dependent potassium channels, oxygen-reactive species,
apoptosis cascade, NO, and intracellular calcium overload, to name a few. These pathways
mediate the protection of mitochondrial structure through their action on the mitochondrial
membrane [112].

mKATP and sarcolemmal (sKATP) channels have been suggested to mediate car-
dioprotection through the hyperpolarization of the sarcolemma and depolarization of
the internal mitochondrial membrane through the activation of intracellular signaling
cascades [113–115]. The activation of mKATP channels attenuates the entry of mitochon-
drial Ca2+ via the Ca2+ uniporter. When activated, sKATP channels reduce the voltage-
dependent Ca2+ current and limit the duration of cardiac action potential [116,117]. These
events reduce Ca2+ entry into the sarcoplasm and mitochondria, thereby preventing injury
and death induced by Ca2+ overload.

Numerous studies demonstrate that sevoflurane and other halogenated agents protect
the myocardium from I/R injury. This protection is mediated by mitochondrial ATP-
sensitive K receptors. As a result, the opening of mKATP channels favors potassium
entry, reduces mitochondrial calcium overload, and favors the production of oxygen-
reactive species and the activation of multiple kinases and molecular cardiac protection
cascades [118,119].

Shinji Kohro et al. confirmed that volatile anesthetics activate mKATP channels [120].
This process may contribute to cardiac protection mediated by these agents. Zaugg et al.
used autofluorescence live-cell imaging microscopy and a simulated model of ischemia. The
authors observed that volatile anesthetics mediate cardiomyocyte protection by selectively
priming mKATP channels through multiple triggering protein kinase C-coupled signaling
pathways [121].

Following the administration of the halogenated agent, myocardial cell surface recep-
tors trigger an intracellular signal mediated by other messengers (G protein) and activate
adrenergic receptor-mediated signaling pathways [122]. These signaling pathways transmit
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the stimulus from these receptors to phospholipases C and D, thereby initiating inositol
triphosphate (IP3) and diacylglycerol (DAG) synthesis. The latter releases Ca2+ from the
reticulum and increases NO production via endothelial NO synthase [123]. This cascade
of events results in the activation of protein kinase G and the different protein kinase C
isoforms (PKC). PKC links cytoplasmatic and mitochondrial signaling, which influences
ROS production and the opening of the mPTP and mKATP channels [124,125].

Among all signaling kinases involved in cardiovascular functions, PKC and the PKCε
subgroup form a crucial pathway associated with the mKATP channel and cardiac pro-
tection. Wang et al. observed that the delayed cardioprotective effect of preconditioning
increases when PKCε phosphorylation increases [126]. Similar effects were reported by
Kaneda et al. and Weber et al., who confirmed the key role of the PKCε/mKATP signaling
pathway in cardioprotection and the preconditioning effect of volatile anesthetics [127,128].
Preliminary results of experiments in isolated mouse heart mitochondria confirm these
results, and they also demonstrated that mitochondrial matrix swelling induced by sevoflu-
rane was not blocked by the selective PKCε inhibitor peptide εV1-2. This suggests a
direct effect of sevoflurane on mKATP channels rather than via the activation of adjacent
PKCε [129].

Maintaining mitochondrial matrix volume (MMV) in non-phosphorylating conditions
after ischemia is important for cardioprotection induced by the opening of the mKATP
channel, just as demonstrated by Riess et al. [98]. This was the first study to provide
evidence that sevoflurane prevents MMV contraction during ischemia, an effect mediated
by the opening of the mKATP channel. A recent study demonstrated that sevoflurane
causes an increase in MMV, an effect that can be blocked by 5-HD. This finding suggests
that MMV increase is mediated by the opening of the mKATP channel [113].

This event leads to downstream activation of mediators, such as tyrosine kinase,
and the stimulation of mitogen-activated tyrosine kinases (MAPKs). These events induce
translocation into the cell nucleus to activate specific genes that activate the
following effectors:

• ATP-dependent potassium channels of the mitochondria and sarcoplasm (early pre-
conditioning);

• Synthesis of the cytoprotective protein (late preconditioning).

The RISK and SAFE pathways are major molecular postconditioning mechanisms
that converge on the mitochondrial permeability transition pore (mPTP), the final effector.
Hausenloy and Yellon refer to caspase-linked anti-apoptotic pathways as RISK (Reperfusion
Injury Salvage Kinase). Pharmacological activation in early reperfusion stages limits
reperfusion injury. This enzymatic pathway is composed of phosphatidylinositol 3-kinases
(IP3 K/Akt) and the extracellular signal-regulated kinases 1 and 2 (MEK/ERK1/2). The
SAFE pathway includes the activation of the tumor necrosis factor-alpha (TNFα) and signal
transducer and activator of transcription-3 (STAT-3).

The IP3 K/Akt and MEK/ERK1/2 pathway and glycogen synthase kinase 3 beta (GSK-
3β) mediate the cardioprotective effect of halogenated hypnotics on the mitochondrial
permeability transition pore (mPTP) [17].

Impaired mPTP function could be induced by pathological conditions, including
Ca2+ overload and oxidative stress induced by ischemia or chronic heart failure. The
opening of mPTP results in mitochondrial dysfunction, causing lipid peroxidation, ATP
hydrolysis, mitochondrial matrix swelling, and, ultimately, cell death [130]. Inhibition of
the opening of the mPTP pathway has been associated with preconditioning induced by
volatile anesthetics. Pravdic et al. documented that isoflurane-induced preconditioning
delays mPTP opening in conditions of oxidative stress in adult mouse cardiomyocytes [106].
A similar preconditioning effect induced by isoflurane was confirmed in a more recent
study by Sepac et al. [131].



Antioxidants 2023, 12, 1819 11 of 18

6. New Line of Research

Intensive research has been conducted on the effects of administering the volatile anes-
thetic isoflurane before myocardial ischemia. Thus, there is solid evidence of a reduction in
myocardial injury, as measured based on troponin I concentrations, improved myocardial
function, shorter ICU stay, and a decrease in morbidity and mortality, as compared to
propofol [2–5].

Our research group has investigated the cardioprotective effects of halogenated agents
and their effector mechanisms for 15 years. Our initial studies showed that the intraopera-
tive administration of sevoflurane vs. propofol and their sustained administration during
the postoperative period enhanced the beneficial pre/postconditioning effects induced
intraoperatively by halogenated agents [3,4]. The use of inotropics and troponin blood
concentrations was also found to decrease [3,4]. Our second study, a clinical trial in patients
undergoing myocardial revascularization surgery, was aimed at assessing the enzymatic
mechanisms by which sustained intra/postoperative administration of the halogenated
agent exerted beneficial effects [88]. Patients were allocated into three groups: the first group
received sevoflurane during the intra and postoperative period (SS group); the second used
sevoflurane during the intraoperative period and propofol for postoperative sedation (SP
group); and the third group received propofol during the intra and postoperative period
(PP group). The results showed that the cardioprotective effects of sevoflurane are induced
by the overexpression of the enzymes that regulate pharmacological pre/postconditioning.
This effect reduced myocardial injury in the intra and postoperative sevoflurane group
(lower troponin I concentrations in plasma). This event is primarily associated with the
increase in the enzymes involved in the RISK and SAFE (Akt/ERK 1⁄2/STAT5) pathways,
which reduce levels of cell apoptosis markers (caspases) [132]. Nitric oxide (NO) and iNOS
are mediators of the activation of SAFE pathways.

NO connects the molecular and the mitochondrial mechanism of cytosol, thereby
protecting the ATP-dependent K channel via the PKC-epsilon channel. This event causes
iNO modulation, which reduces oxidative stress in the mitochondria. The correlation
between the release of reactive oxygen species (ROS) and the effect on the reduction of
mitochondrial protection induced by the halogenated agenda has already been suggested
in previous studies. We also identified the action of bradykinin receptors as effectors of
the limitation of oxidative injury at the cellular level and as a component involved in
myocardial conditioning mechanisms via their action on the mitochondria.

We concluded that the clinical effect, which manifests in the reduction of the release of
myocardial enzymes into the circulation, which was generated following cardiomyocyte
apoptosis, was attenuated by the effect of anesthetics (primarily) on the mitochondria via
different signaling pathways.

Transcriptional gene modulation mechanisms are essential to understanding the re-
duction of mitochondrial injury in pharmacological conditioning. For this reason, our
latest works are focused on the initial mechanisms that control these changes and the role
of small RNA, especially miRNAs, in halogenated-induced cardioprotection. A range
of enzymes involved in the development of halogenated-induced cardioprotection has
been associated with their expression via gene modulation, including Akt, ERK 1⁄2, and
STAT proteins. These enzymes are involved in the SAFE and RISK pathways, which are
effectors of mitochondrial stability. Therefore, the modulators and encoding genes of these
enzymatic groups must be involved in preconditioning. miRNAs are small RNAs (19 to
25 nucleotides) that regulate protein expression through gene-specific binding and post-
transcriptional mechanisms. These mechanisms either induce or inhibit the synthesis of
the enzymes involved in myocardial conditioning related to mitochondrial protection and
myocardial protection and remodeling. There is extensive literature on the role of miRNAs
in multiple physiological or pathological cardiac processes. Gidlof et al. measured miRNAs
in plasma samples of 424 patients with suspicion of acute coronary syndrome treated in a
unit of cardiology. The authors found that miRNA expression levels were associated with
impaired systolic function and a higher risk for mortality or cardiac failure [133]. Our group
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conducted a pilot study to identify the miRNAs that mediate the cardioprotective effect of
halogenated anesthetics in patients at high risk for coronary ischemia. For this purpose, we
investigated the potential association between the expression of a group of miRNAs and the
cardioprotective effect of anesthesia-induced pre/post-conditioning. Initial encouraging
results were obtained in a small group of patients, as an association was observed between
the expression of some miRNAs (as measured by NGS) and the mitochondrial effect of
halogenated anesthetics. The preliminary results of two different ongoing studies carried
out by our research group show that preserving mitochondrial structure and function is
essential to myocardial protection. The studies demonstrate that pre/post-conditioning
effects are induced via different enzymatic pathways. Hence, there is a direct correlation
between the overexpression of a group of miRNAs and small RNAs and anesthetic-induced
pre/post-conditioning effects [90].

Our last experiment, whose methodology was recently published, was focused on
cardiomyocyte cell lines. The results obtained are consistent with the clinic. Thus, the
transfection of specific miRNAs involved in pre/post-conditioning modulates gene expres-
sion, thereby causing an exponential overexpression of small RNAs involved in myocardial
conditioning [134].

7. Conclusions

The mitochondria play a major role in myocardial conditioning induced by halo-
genated anesthetics. Although cardiomyocyte protection is not exclusively induced by
the mitochondria, the mitochondria stabilize as a result of the enzymatic cascades that
modulate cell preservation pathways and variations in non-encoding Ras, which prevents
cardiomyocyte apoptosis. Future advances in understanding the role of mitochondria
in anesthetic-induced effects will pave the way to developing anesthetics that provide
enhanced clinical benefits.
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protein kinase mediates preconditioning in cardiomyocytes by regulating activity and trafficking of sarcolemmal ATP-sensitive
K+ channels. J. Cell Physiol. 2007, 210, 224–236. [CrossRef]

19. De Hert, S.G.; Longrois, D.; Yang, H.; Fleisher, L.A. Does the use of a volatile anesthetic regimen attenuate the incidence of cardiac
events after vascular surgery? Acta Anaesthesiol. Belg. 2008, 59, 19–25.

20. De Hert, S.G.; Van der Linden, P.J.; Cromheecke, S.; Meeus, R.; Nelis, A.; Van Reeth, V.; ten Broecke, P.W.; De Blier, I.G.; Stockman,
B.A.; Rodrigus, I.E. Cardioprotective properties of sevoflurane in patients undergoing coronary surgery with cardiopulmonary
bypass are related to the modalities of its administration. Anesthesiology 2004, 101, 299–310. [CrossRef]

21. De Hert, S.; Vlasselaers, D.; Barbe, R.; Ory, J.P.; Dekegel, D.; Donnadonni, R.; Demeere, J.L.; Mulier, J.; Wouters, P. A comparison of
volatile and non-volatile agents for cardioprotection during on-pump coronary surgery. Anaesthesia 2009, 6, 953–960. [CrossRef]
[PubMed]

22. Conzen, P.F.; Fischer, S.; Detter, C.; Peter, K. Sevoflurane provides greater protection of the myocardium than propofol in patients
undergoing off-pump coronary artery bypass surgery. Anaesthesiology 2003, 99, 826–833. [CrossRef] [PubMed]

23. Hellström, J.; Öwall, A.; Martling, C.R.; Sackey, P.V. Inhaled isoflurane sedation during therapeutic hypothermia after cardiac
arrest: A case series. Crit. Care Med. 2014, 42, e161–e166. [CrossRef] [PubMed]

24. Krannich, A.; Leithner, C.; Engels, M.; Nee, J.; Petzinka, V.; Schröder, T.; Jörres, A.; Kruse, J.; Storm, C. Isoflurane Sedation on the
ICU in Cardiac Arrest Patients Treated with Targeted Temperature Management: An Observational Propensity-Matched Study.
Crit. Care Med. 2017, 45, e384–e390. [CrossRef] [PubMed]

25. Soro, M.; Gallego, L.; Silva, V.; Ballester, M.T.; Lloréns, J.; Alvarino, A.; García-Perez, M.L.; Pastor, E.; Aguilar, G.; Martí, F.J.; et al.
Cardioprotective effect of sevoflurane and propofol during anaesthesia and the postoperative period in coronary bypass graft
surgery: A double-blind randomised study. Eur. J. Anaesthesiol. 2012, 29, 561–569. [CrossRef]

26. Hellström, J.; Owall, A.; Bergström, J.; Sackey, P.V. Cardiac outcome after sevoflurane versus propofol sedation following coronary
bypass surgery: A pilot study. Acta Anaesthesiol. Scand. 2011, 55, 460–467. [CrossRef]

27. Margulis, L. Origin of Eukaryotic Cells. In Evidence and Research Implications for a Theory of the Origin and Evolution of Microbial,
Plant, and Animal Cells on the Precambrian Earth; XXII u. 349 S., 89 Abb., 49 Table Z Allg Mikrobiol; Yale University Press: New
Haven, CT, USA, 1970; Volume 13, p. 186. [CrossRef]

https://doi.org/10.2174/0929867325666180926161427
https://doi.org/10.1097/00000542-198810000-00016
https://doi.org/10.1093/bja/aeg205
https://doi.org/10.1093/bja/aeg206
https://doi.org/10.1213/01.ANE.0000153483.61170.0C
https://doi.org/10.1097/00000542-200403000-00005
https://doi.org/10.1093/bja/aev451
https://doi.org/10.1093/bja/aew267
https://doi.org/10.1177/0310057X0903700402
https://www.ncbi.nlm.nih.gov/pubmed/19681408
https://doi.org/10.1111/anae.12975
https://www.ncbi.nlm.nih.gov/pubmed/25764404
https://doi.org/10.1097/00000542-200307000-00023
https://doi.org/10.1093/bja/aei022
https://www.ncbi.nlm.nih.gov/pubmed/15542537
https://doi.org/10.1152/ajpheart.2001.280.2.H649
https://doi.org/10.1002/jcp.20862
https://doi.org/10.1097/00000542-200408000-00009
https://doi.org/10.1111/j.1365-2044.2009.06008.x
https://www.ncbi.nlm.nih.gov/pubmed/19686479
https://doi.org/10.1097/00000542-200310000-00013
https://www.ncbi.nlm.nih.gov/pubmed/14508313
https://doi.org/10.1097/CCM.0b013e3182a643d7
https://www.ncbi.nlm.nih.gov/pubmed/24145840
https://doi.org/10.1097/CCM.0000000000002185
https://www.ncbi.nlm.nih.gov/pubmed/27941501
https://doi.org/10.1097/EJA.0b013e3283560aea
https://doi.org/10.1111/j.1399-6576.2011.02405.x
https://doi.org/10.1002/jobm.19730130220


Antioxidants 2023, 12, 1819 14 of 18

28. Margulis, L.; Bermudes, D. Symbiosis as a mechanism of evolution: Status of cell symbiosis theory. Symbiosis 1985, 1, 101–124.
29. Benda, C. Mitochondria. Arch. Anat. Physiol. 1898, 393–398.
30. Gvozdjáková, A. (Ed.) Mitochondrial Physiology. In Mitochondrial Medicine; Springer: Dordrecht, The Netherlands, 2008.

[CrossRef]
31. Horvath, S.E.; Daum, G. Lipids of mitochondria. Prog. Lipid Res. 2013, 52, 590–614. [CrossRef]
32. Dowhan, W. Molecular basis for membrane phospholipid diversity: Why are there so many lipids? Annu. Rev. Biochem. 1997, 66,

199–232. [CrossRef]
33. Schenkel, L.C.; Bakovic, M. Formation and regulation of mitochondrial membranes. Int. J. Cell Biol. 2014, 2014, 709828. [CrossRef]

[PubMed]
34. Funai, K.; Summers, S.A.; Rutter, J. Reign in the membrane: How common lipids govern mitochondrial function. Curr. Opin. Cell

Biol. 2020, 63, 162–173. [CrossRef] [PubMed]
35. Jiang, Z.; Shen, T.; Huynh, H.; Fang, X.; Han, Z.; Ouyang, K. Cardiolipin Regulates Mitochondrial Ultrastructure and Function in

Mammalian Cells. Genes 2022, 13, 1889. [CrossRef] [PubMed]
36. Paradies, G.; Paradies, V.; Ruggiero, F.M.; Petrosillo, G. Role of Cardiolipin in Mitochondrial Function and Dynamics in Health

and Disease: Molecular and Pharmacological Aspects. Cells 2019, 8, 728. [CrossRef]
37. Rackham, O.; Shearwood, A.M.; Mercer, T.R.; Davies, S.M.; Mattick, J.S.; Filipovska, A. Long noncoding RNAs are generated

from the mitochondrial genome and regulated by nuclear-encoded proteins. RNA 2011, 17, 2085–2093. [CrossRef]
38. Colombini, M. VDAC structure, selectivity, and dynamics. Biochim. Biophys. Acta 2012, 1818, 1457–1465. [CrossRef]
39. Vercellino, I.; Sazanov, L.A. The assembly, regulation and function of the mitochondrial respiratory chain. Nat. Rev. Mol. Cell Biol.

2022, 23, 141–161. [CrossRef]
40. Wallace, D.C.; Fan, W.; Procaccio, V. Mitochondrial energetics and therapeutics. Annu. Rev. Pathol. 2010, 5, 297–348. [CrossRef]
41. Rambani, V.; Hromnikova, D.; Gasperikova, D.; Skopkova, M. Mitochondria and mitochondrial disorders: An overview update.

Endocr. Regul. 2022, 56, 232–248. [CrossRef]
42. Wittenberg, B.A.; Wittenberg, J.B. Transport of oxygen in muscle. Annu. Rev. Physiol. 1989, 51, 857–878. [CrossRef]
43. Saddik, M.; Lopaschuk, G.D. Myocardial triglyceride turnover and contribution to energy substrate utilization in isolated working

rat hearts. J. Biol. Chem. 1991, 266, 8162–8170. [CrossRef] [PubMed]
44. Karwi, Q.G.; Uddin, G.M.; Ho, K.L.; Lopaschuk, G.D. Loss of Metabolic Flexibility in the Failing Heart. Front. Cardiovasc. Med.

2018, 5, 68. [CrossRef]
45. Razeghi, P.; Young, M.E.; Alcorn, J.L.; Moravec, C.S.; Frazier, O.H.; Taegtmeyer, H. Metabolic gene expression in fetal and failing

human heart. Circulation 2001, 104, 2923–2931. [CrossRef] [PubMed]
46. Marín-García, J.; Goldenthal, M.J. The mitochondrial organelle and the heart. Rev. Esp. Cardiol. 2002, 55, 1293–1310. (In Spanish)

[CrossRef] [PubMed]
47. Ingwall, J.S.; Weiss, R.G. Is the failing heart energy starved? On using chemical energy to support cardiac function. Circ. Res.

2004, 95, 135–145. [CrossRef]
48. Neubauer, S. The failing heart-an engine out of fuel. N. Engl. J. Med. 2007, 356, 1140–1151. [CrossRef]
49. Wang, X.; Huang, Y.; Zhang, K.; Chen, F.; Nie, T.; Zhao, Y.; He, F.; Ni, J. Changes of energy metabolism in failing heart and its

regulation by SIRT3. Heart Fail Rev. 2023, 28, 977–992. [CrossRef]
50. Wisneski, J.A.; Stanley, W.C.; Neese, R.A.; Gertz, E.W. Effects of acute hyperglycemia on myocardial glycolytic activity in humans.

J. Clin. Invest. 1990, 85, 1648–1656. [CrossRef]
51. Murthy, M.S.; Pande, S.V. Malonyl-CoA binding site and the overt carnitine palmitoyltransferase activity reside on the opposite

sides of the outer mitochondrial membrane. Proc. Natl. Acad. Sci. USA 1987, 84, 378–382. [CrossRef]
52. Hui, S.; Ghergurovich, J.M.; Morscher, R.J.; Jang, C.; Teng, X.; Lu, W.; Esparza, L.A.; Reya, T.; Zhan, L.; Yanxiang Guo, J.; et al.

Glucose feeds the TCA cycle via circulating lactate. Nature 2017, 551, 115–118. [CrossRef]
53. Dai, C.; Li, Q.; May, H.I.; Li, C.; Zhang, G.; Sharma, G.; Sherry, A.D.; Malloy, C.R.; Khemtong, C.; Zhang, Y.; et al. Lactate

Dehydrogenase A Governs Cardiac Hypertrophic Growth in Response to Hemodynamic Stress. Cell Rep. 2020, 32, 108087.
[CrossRef] [PubMed]

54. Chen, Y.J.; Mahieu, N.G.; Huang, X.; Singh, M.; Crawford, P.A.; Johnson, S.L.; Gross, R.W.; Schaefer, J.; Patti, G.J. Lactate
metabolism is associated with mammalian mitochondria. Nat. Chem. Biol. 2016, 12, 937–943. [CrossRef]

55. Cotter, D.G.; Schugar, R.C.; Crawford, P.A. Ketone body metabolism and cardiovascular disease. Am. J. Physiol. Heart Circ. Physiol.
2013, 304, H1060–H1076. [CrossRef] [PubMed]

56. Ho, K.L.; Karwi, Q.G.; Wagg, C.; Zhang, L.; Vo, K.; Altamimi, T.; Uddin, G.M.; Ussher, J.R.; Lopaschuk, G.D. Ketones can become
the major fuel source for the heart but do not increase cardiac efficiency. Cardiovasc. Res. 2021, 117, 1178–1187. [CrossRef]
[PubMed]

57. Fillmore, N.; Wagg, C.S.; Zhang, L.; Fukushima, A.; Lopaschuk, G.D. Cardiac branched-chain amino acid oxidation is reduced
during insulin resistance in the heart. Am. J. Physiol. Endocrinol. Metab. 2018, 315, E1046–E1052. [CrossRef]

58. Murashige, D.; Jang, C.; Neinast, M.; Edwards, J.J.; Cowan, A.; Hyman, M.C.; Rabinowitz, J.D.; Frankel, D.S.; Arany, Z.
Comprehensive quantification of fuel use by the failing and nonfailing human heart. Science 2020, 370, 364–368. [CrossRef]

https://doi.org/10.1007/978-1-4020-6714-3_1
https://doi.org/10.1016/j.plipres.2013.07.002
https://doi.org/10.1146/annurev.biochem.66.1.199
https://doi.org/10.1155/2014/709828
https://www.ncbi.nlm.nih.gov/pubmed/24578708
https://doi.org/10.1016/j.ceb.2020.01.006
https://www.ncbi.nlm.nih.gov/pubmed/32106003
https://doi.org/10.3390/genes13101889
https://www.ncbi.nlm.nih.gov/pubmed/36292774
https://doi.org/10.3390/cells8070728
https://doi.org/10.1261/rna.029405.111
https://doi.org/10.1016/j.bbamem.2011.12.026
https://doi.org/10.1038/s41580-021-00415-0
https://doi.org/10.1146/annurev.pathol.4.110807.092314
https://doi.org/10.2478/enr-2022-0025
https://doi.org/10.1146/annurev.ph.51.030189.004233
https://doi.org/10.1016/S0021-9258(18)92956-X
https://www.ncbi.nlm.nih.gov/pubmed/1902472
https://doi.org/10.3389/fcvm.2018.00068
https://doi.org/10.1161/hc4901.100526
https://www.ncbi.nlm.nih.gov/pubmed/11739307
https://doi.org/10.1016/S0300-8932(02)76802-4
https://www.ncbi.nlm.nih.gov/pubmed/12459079
https://doi.org/10.1161/01.RES.0000137170.41939.d9
https://doi.org/10.1056/NEJMra063052
https://doi.org/10.1007/s10741-023-10295-5
https://doi.org/10.1172/JCI114616
https://doi.org/10.1073/pnas.84.2.378
https://doi.org/10.1038/nature24057
https://doi.org/10.1016/j.celrep.2020.108087
https://www.ncbi.nlm.nih.gov/pubmed/32877669
https://doi.org/10.1038/nchembio.2172
https://doi.org/10.1152/ajpheart.00646.2012
https://www.ncbi.nlm.nih.gov/pubmed/23396451
https://doi.org/10.1093/cvr/cvaa143
https://www.ncbi.nlm.nih.gov/pubmed/32402081
https://doi.org/10.1152/ajpendo.00097.2018
https://doi.org/10.1126/science.abc8861


Antioxidants 2023, 12, 1819 15 of 18

59. Wang, T.J.; Larson, M.G.; Vasan, R.S.; Cheng, S.; Rhee, E.P.; McCabe, E.; Lewis, G.D.; Fox, C.S.; Jacques, P.F.; Fernandez, C.; et al.
Metabolite profiles and the risk of developing diabetes. Nat. Med. 2011, 17, 448–453. [CrossRef]

60. Rosamond, W.; Flegal, K.; Furie, K.; Go, A.; Greenlund, K.; Haase, N.; Hailpern, S.M.; Ho, M.; Howard, V.; Kissela, B.; et al.
American Heart Association Statistics Committee and Stroke Statistics Subcommittee. Heart disease and stroke statistics-2008
update: A report from the American Heart Association Statistics Committee and Stroke Statistics Subcommittee. Circulation 2008,
117, e25–e146; Erratum in Circulation 2010, 122, e10. [CrossRef]

61. Jüllig, M.; Hickey, A.J.; Chai, C.C.; Skea, G.L.; Middleditch, M.J.; Costa, S.; Choong, S.Y.; Philips, A.R.; Cooper, G.J. Is the failing
heart out of fuel or a worn engine running rich? A study of mitochondria in old spontaneously hypertensive rats. Proteomics 2008,
8, 2556–2572. [CrossRef]

62. Nickel, A.; Löffler, J.; Maack, C. Myocardial energetics in heart failure. Basic Res. Cardiol. 2013, 108, 358. [CrossRef]
63. Bottomley, P.A.; Panjrath, G.S.; Lai, S.; Hirsch, G.A.; Wu, K.; Najjar, S.S.; Steinberg, A.; Gerstenblith, G.; Weiss, R.G. Metabolic

rates of ATP transfer through creatine kinase (CK Flux) predict clinical heart failure events and death. Sci. Transl. Med. 2013,
5, 215re3. [CrossRef] [PubMed]

64. Lygate, C.A.; Neubauer, S. Metabolic flux as a predictor of heart failure prognosis. Circ Res. 2014, 114, 1228–1230. [CrossRef]
[PubMed]

65. Doenst, T.; Nguyen, T.D.; Abel, E.D. Cardiac metabolism in heart failure: Implications beyond ATP production. Circ. Res. 2013,
113, 709–724. [CrossRef]

66. Neubauer, S.; Horn, M.; Cramer, M.; Harre, K.; Newell, J.B.; Peters, W.; Pabst, T.; Ertl, G.; Hahn, D.; Ingwall, J.S.; et al. Myocardial
phosphocreatine-to-ATP ratio is a predictor of mortality in patients with dilated cardiomyopathy. Circulation 1997, 96, 2190–2196.
[CrossRef] [PubMed]

67. Saraste, M. Oxidative phosphorylation at the fin de siècle. Science 1999, 283, 1488–1493. [CrossRef]
68. Balaban, R.S.; Kantor, H.L.; Katz, L.A.; Briggs, R.W. Relation between work and phosphate metabolite in the in vivo paced

mammalian heart. Science 1986, 232, 1121–1123. [CrossRef]
69. Jacobus, W.E. Respiratory control and the integration of heart high-energy phosphate metabolism by mitochondrial creatine

kinase. Annu. Rev. Physiol. 1985, 47, 707–725. [CrossRef]
70. Soboll, S.; Brdiczka, D.; Jahnke, D.; Schmidt, A.; Schlattner, U.; Wendt, S.; Wyss, M.; Wallimann, T. Octamer-dimer transitions of

mitochondrial creatine kinase in heart disease. J. Mol. Cell Cardiol. 1999, 31, 857–866. [CrossRef]
71. Ashrafian, H. Cardiac energetics in congestive heart failure. Circulation 2002, 105, e44–e45. [CrossRef]
72. Zhang, L.; Keung, W.; Samokhvalov, V.; Wang, W.; Lopaschuk, G.D. Role of fatty acid uptake and fatty acid beta-oxidation in

mediating insulin resistance in heart and skeletal muscle. Biochim. Biophys. Acta 2010, 1801, 1–22. [CrossRef]
73. Stanley, W.C. Rationale for a metabolic approach in diabetic coronary patients. Coron. Artery Dis. 2005, 16 (Suppl. S1), S11–S15.

[CrossRef] [PubMed]
74. Neglia, D.; De Caterina, A.; Marraccini, P.; Natali, A.; Ciardetti, M.; Vecoli, C.; Gastaldelli, A.; Ciociaro, D.; Pellegrini, P.;

Testa, R.; et al. Impaired myocardial metabolic reserve and substrate selection flexibility during stress in patients with idiopathic
dilated cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, H3270–H3278. [CrossRef] [PubMed]

75. Shanmugam, G.; Wang, D.; Gounder, S.S.; Fernandes, J.; Litovsky, S.H.; Whitehead, K.; Radhakrishnan, R.K.; Franklin, S.; Hoidal,
J.R.; Kensler, T.W.; et al. Reductive Stress Causes Pathological Cardiac Remodeling and Diastolic Dysfunction. Antioxid. Redox
Signal. 2020, 32, 1293–1312. [CrossRef] [PubMed]

76. Akhmedov, A.T.; Rybin, V.; Marín-García, J. Mitochondrial oxidative metabolism and uncoupling proteins in the failing heart.
Heart Fail. Rev. 2015, 20, 227–249. [CrossRef] [PubMed]

77. Sugamura, K.; Keaney, J.F. Reactive oxygen species in cardiovascular disease. Free Radic. Biol. Med. 2011, 51, 978–992. [CrossRef]
[PubMed]

78. Mancuso, D.J.; Sims, H.F.; Yang, K.; Kiebish, M.A.; Su, X.; Jenkins, C.M.; Guan, S.; Moon, S.H.; Pietka, T.; Nassir, F.; et al. Genetic
ablation of calcium-independent phospholipase A2gamma prevents obesity and insulin resistance during high fat feeding by
mitochondrial uncoupling and increased adipocyte fatty acid oxidation. J. Biol. Chem. 2010, 285, 36495–36510. [CrossRef]

79. Federico, M.; De la Fuente, S.; Palomeque, J.; Sheu, S.S. The role of mitochondria in metabolic disease: A special emphasis on
heart dysfunction. J. Physiol. 2021, 599, 3477–3493. [CrossRef]

80. Pinto, M.; Moraes, C.T. Mechanisms linking mtDNA damage and aging. Free Radic. Biol. Med. 2015, 85, 250–258. [CrossRef]
81. Rong, Z.; Tu, P.; Xu, P.; Sun, Y.; Yu, F.; Tu, N.; Guo, L.; Yang, Y. The Mitochondrial Response to DNA Damage. Front. Cell Dev. Biol.

2021, 9, 669379. [CrossRef]
82. Sverdlov, A.L.; Elezaby, A.; Qin, F.; Behring, J.B.; Luptak, I.; Calamaras, T.D.; Siwik, D.A.; Miller, E.J.; Liesa, M.; Shirihai,

O.S.; et al. Mitochondrial Reactive Oxygen Species Mediate Cardiac Structural, Functional, and Mitochondrial Consequences of
Diet-Induced Metabolic Heart Disease. J. Am. Heart Assoc. 2016, 5, e002555. [CrossRef]

83. Boengler, K.; Kosiol, M.; Mayr, M.; Schulz, R.; Rohrbach, S. Mitochondria and ageing: Role in heart, skeletal muscle and adipose
tissue. J. Cachexia Sarcopenia Muscle 2017, 8, 349–369. [CrossRef]

84. Mongelli, A.; Mengozzi, A.; Geiger, M.; Gorica, E.; Mohammed, S.A.; Paneni, F.; Ruschitzka, F.; Costantino, S. Mitochondrial
epigenetics in aging and cardiovascular diseases. Front. Cardiovasc. Med. 2023, 10, 1204483. [CrossRef] [PubMed]

https://doi.org/10.1038/nm.2307
https://doi.org/10.1161/CIRCULATIONAHA.107.187998
https://doi.org/10.1002/pmic.200700977
https://doi.org/10.1007/s00395-013-0358-9
https://doi.org/10.1126/scitranslmed.3007328
https://www.ncbi.nlm.nih.gov/pubmed/24337482
https://doi.org/10.1161/CIRCRESAHA.114.303551
https://www.ncbi.nlm.nih.gov/pubmed/24723654
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1161/01.CIR.96.7.2190
https://www.ncbi.nlm.nih.gov/pubmed/9337189
https://doi.org/10.1126/science.283.5407.1488
https://doi.org/10.1126/science.3704638
https://doi.org/10.1146/annurev.ph.47.030185.003423
https://doi.org/10.1006/jmcc.1998.0925
https://doi.org/10.1161/circ.105.6.e44
https://doi.org/10.1016/j.bbalip.2009.09.014
https://doi.org/10.1097/00019501-200511001-00003
https://www.ncbi.nlm.nih.gov/pubmed/16340398
https://doi.org/10.1152/ajpheart.00887.2007
https://www.ncbi.nlm.nih.gov/pubmed/17921325
https://doi.org/10.1089/ars.2019.7808
https://www.ncbi.nlm.nih.gov/pubmed/32064894
https://doi.org/10.1007/s10741-014-9457-4
https://www.ncbi.nlm.nih.gov/pubmed/25192828
https://doi.org/10.1016/j.freeradbiomed.2011.05.004
https://www.ncbi.nlm.nih.gov/pubmed/21627987
https://doi.org/10.1074/jbc.M110.115766
https://doi.org/10.1113/JP279376
https://doi.org/10.1016/j.freeradbiomed.2015.05.005
https://doi.org/10.3389/fcell.2021.669379
https://doi.org/10.1161/JAHA.115.002555
https://doi.org/10.1002/jcsm.12178
https://doi.org/10.3389/fcvm.2023.1204483
https://www.ncbi.nlm.nih.gov/pubmed/37522089


Antioxidants 2023, 12, 1819 16 of 18

85. Elorza, A.A.; Soffia, J.P. mtDNA Heteroplasmy at the Core of Aging-Associated Heart Failure. An Integrative View of OXPHOS
and Mitochondrial Life Cycle in Cardiac Mitochondrial Physiology. Front. Cell Dev. Biol. 2021, 9, 625020. [CrossRef] [PubMed]

86. O’Rourke, B.; Ashok, D.; Liu, T. Mitochondrial Ca2+ in heart failure: Not enough or too much? J. Mol. Cell Cardiol. 2021, 151,
126–134. [CrossRef]

87. Bauer, T.M.; Murphy, E. Role of Mitochondrial Calcium and the Permeability Transition Pore in Regulating Cell Death. Circ. Res.
2020, 126, 280–293. [CrossRef] [PubMed]

88. Green, D.R.; Reed, J.C. Mitochondria and apoptosis. Science 1998, 281, 1309–1312. [CrossRef]
89. Fliss, H.; Gattinger, D. Apoptosis in ischemic and reperfused rat myocardium. Circ. Res. 1996, 79, 949–956. [CrossRef]
90. Orriach, J.L.G.; Belmonte, J.J.E.; Aliaga, M.R.; Fernandez, A.R.; Capitan, M.J.; Muñoz, G.Q.; Ponferrada, A.R.; Torres, J.A.;

Santiago-Fernandez, C.; Gonzalez, E.M.; et al. NGS of microRNAs Involved in Cardioprotection Induced by Sevoflurane
Compared to Propofol in Myocardial Revascularization Surgery: The ACDHUVV-16 Clinical Trial. Curr. Med. Chem. 2021, 28,
4074–4086. [CrossRef]

91. Kehl, F.; Krolikowski, J.G.; Mraovic, B.; Pagel, P.S.; Warltier, D.C.; Kersten, J.R. Is isoflurane-induced preconditioning dose related?
Anesthesiology 2002, 96, 675–680. [CrossRef]

92. Redel, A.; Stumpner, J.; Tischer-Zeitz, T.; Lange, M.; Smul, T.M.; Lotz, C.; Roewer, N.; Kehl, F. Comparison of isoflurane-,
sevoflurane-, and desflurane-induced pre- and postconditioning against myocardial infarction in mice In Vivo. Exp. Biol. Med.
2009, 234, 1186–1191. [CrossRef] [PubMed]

93. Murry, C.E.; Jennings, R.B.; Reimer, K.A. Preconditioning with ischemia: A delay of lethal cell injury in ischemic myocardium.
Circulation 1986, 74, 1124–1136. [CrossRef]

94. Smul, T.M.; Stumpner, J.; Blomeyer, C.; Lotz, C.; Redel, A.; Lange, M.; Roewer, N.; Kehl, F. Propofol inhibits desflurane-induced
preconditioning in rabbits. J. Cardiothorac. Vasc. Anesth. 2011, 25, 276–281. [CrossRef]

95. Wolf, A.; Weir, P.; Segar, P.; Stone, J.; Shield, J. Impaired fatty acid oxidation in propofol infusion syndrome. Lancet 2001, 357,
606–607. [CrossRef]

96. Aarts, R.; van der Hee, I.; Dekker, J.; de Jong, H.; Langemeijer, A. Bast The widely used anesthetic agent propofol can replace
alpha-tocopherol as an antioxidant. FEBS Lett. 1995, 357, 83–85. [CrossRef]

97. Hanley, P.J.; Ray, J.; Brandt, U.; Daut, J. Halothane, isoflurane and sevoflurane inhibit NADH: Ubiquinone oxidoreductase
(complex I) of cardiac mitochondria. J. Physiol. 2002, 544 Pt 3, 687–693. [CrossRef]

98. Riess, M.L.; Eells, J.T.; Kevin, L.G.; Camara, A.K.; Henry, M.M.; Stowe, D.F. Attenuation of mitochondrial respiration by
sevoflurane in isolated cardiac mitochondria is mediated in part by reactive oxygen species. Anesthesiology 2004, 100, 498–505.
[CrossRef] [PubMed]

99. Kohro, S.; Hogan, Q.H.; Nakae, Y.; Yamakage, M.; Bosnjak, Z.J. Anesthetic effects on mitochondrial ATP-sensitive K channel.
Anesthesiology 2001, 95, 1435–1440. [CrossRef] [PubMed]

100. Andrews, D.T.; Royse, C.; Royse, A.G. The mitochondrial permeability transition pore and its role in anaesthesia-triggered cellular
protection during ischaemia-reperfusion injury. Anaesth. Intensive Care 2012, 40, 46–70. [CrossRef] [PubMed]

101. Waldmeier, P.C.; Feldtrauer, J.-J.; Qian, T.; Lemasters, J.J. Inhibition of the mitochondrial permeability transition by the nonim-
munosuppressive cyclosporin derivative NIM811. Mol. Pharmacol. 2002, 62, 22–29. [CrossRef] [PubMed]

102. Clarke, S.J.; McStay, G.P.; Halestrap, A.P. Sanglifehrin A acts as a potent inhibitor of the mitochondrial permeability transition
and reperfusion injury of the heart by binding to cyclophilin-D at a different site from cyclosporin A. J. Biol. Chem. 2002, 277,
34793–34799. [CrossRef]

103. Halestrap, A.P.; Davidson, A.M. Inhibition of Ca2+-induced large-amplitude swelling of liver and heart mitochondria by cy-
closporin is probably caused by the inhibitor binding to mitochondrial-matrix peptidyl-prolyl cis-trans isomerase and preventing
it interacting with the adenine nucleotide translocase. Biochem. J. 1990, 268, 153–160. [PubMed]

104. Imberti, R.; Nieminen, A.L.; Herman, B.; Lemasters, J.J. Mitochondrial and glycolytic dysfunction in lethal injury to hepatocytes
by t-butylhydroperoxide: Protection by fructose, cyclosporin A and trifluoperazine. J. Pharmacol. Exp. Ther. 1993, 265, 392–400.

105. Walter, L.; Nogueira, V.; Leverve, X.; Heitz, M.P.; Bernardi, P.; Fontaine, E. Three classes of ubiquinone analogs regulate the
mitochondrial permeability transition pore through a common site. J. Biol. Chem. 2000, 275, 29521–29527. [CrossRef] [PubMed]

106. Pravdic, D.; Sedlic, F.; Mio, Y.; Vladic, N.; Bienengraeber, M.; Bosnjak, Z.J. Anesthetic-induced preconditioning delays opening of
mitochondrial permeability transition pore via protein Kinase C-epsilon-mediated pathway. Anesthesiology 2009, 111, 267–274.
[CrossRef] [PubMed]

107. Abramov, A.Y.; Duchen, M.R. Mechanisms underlying the loss of mitochondrial membrane potential in glutamate excitotoxicity.
Biochim. Biophys. Acta 2008, 1777, 953–964. [CrossRef]

108. Cason, B.A.; Gamperl, A.K.; Slocum, R.E.; Hickey, R.F. Anesthetic induced preconditioning: Previous administration of isoflurane
decreases myocardial infarct size in rabbits. Anesthesiology 1997, 87, 1182–1190. [CrossRef]

109. Ballester, M.; Llorens, J.; Garcia-de-la-Asuncion, J.; Perez-Griera, J.; Tebar, E.; Martinez-Leon, J.; Belda, J.; Juez, M. Myocardial
oxidative stress protection by sevoflurane vs. propofol: A randomised controlled study in patients undergoing off-pump coronary
artery bypass graft surgery. Eur. J. Anaesthesiol. 2011, 28, 874–881. [CrossRef]

https://doi.org/10.3389/fcell.2021.625020
https://www.ncbi.nlm.nih.gov/pubmed/33692999
https://doi.org/10.1016/j.yjmcc.2020.11.014
https://doi.org/10.1161/CIRCRESAHA.119.316306
https://www.ncbi.nlm.nih.gov/pubmed/31944918
https://doi.org/10.1126/science.281.5381.1309
https://doi.org/10.1161/01.RES.79.5.949
https://doi.org/10.2174/0929867327999201001202607
https://doi.org/10.1097/00000542-200203000-00025
https://doi.org/10.3181/0902-RM-58
https://www.ncbi.nlm.nih.gov/pubmed/19596824
https://doi.org/10.1161/01.CIR.74.5.1124
https://doi.org/10.1053/j.jvca.2010.07.018
https://doi.org/10.1016/S0140-6736(00)04064-2
https://doi.org/10.1016/0014-5793(94)01337-Z
https://doi.org/10.1113/jphysiol.2002.025015
https://doi.org/10.1097/00000542-200403000-00007
https://www.ncbi.nlm.nih.gov/pubmed/15108961
https://doi.org/10.1097/00000542-200112000-00024
https://www.ncbi.nlm.nih.gov/pubmed/11748403
https://doi.org/10.1177/0310057X1204000106
https://www.ncbi.nlm.nih.gov/pubmed/22313063
https://doi.org/10.1124/mol.62.1.22
https://www.ncbi.nlm.nih.gov/pubmed/12065751
https://doi.org/10.1074/jbc.M202191200
https://www.ncbi.nlm.nih.gov/pubmed/2160810
https://doi.org/10.1074/jbc.M004128200
https://www.ncbi.nlm.nih.gov/pubmed/10889201
https://doi.org/10.1097/ALN.0b013e3181a91957
https://www.ncbi.nlm.nih.gov/pubmed/19568162
https://doi.org/10.1016/j.bbabio.2008.04.017
https://doi.org/10.1097/00000542-199711000-00023
https://doi.org/10.1097/EJA.0b013e32834bea2a


Antioxidants 2023, 12, 1819 17 of 18

110. Binder, A.; Ali, A.; Chawla, R.; Aziz, H.A.; Abbate, A.; Jovin, I.S. Myocardial protection from ischemia-reperfusion injury post
coronary revascularization. Expert. Rev. Cardiovasc. Ther. 2015, 13, 1045–1057. [CrossRef]

111. Guerrero-Orriach, J.L.; Carmona-Luque, M.D.; Gonzalez-Alvarez, L. Heart Failure after Cardiac Surgery: The Role of Halogenated
Agents, Myocardial Conditioning and Oxidative Stress. Int. J. Mol. Sci. 2022, 23, 1360. [CrossRef]

112. Cohen, M.V.; Downey, J.M. Signaling pathways and mechanisms of protection in pre- and postconditioning: Historical perspective
and lessons for the future. Br. J. Pharmacol. 2015, 172, 1913–1932. [CrossRef]

113. Lv, Y.; Cheng, L.; Peng, F. Compositions and Functions of Mitochondria-Associated Endoplasmic Reticulum Membranes and
Their Contribution to Cardioprotection by Exercise Preconditioning. Front. Physiol. 2022, 13, 910452. [CrossRef]

114. Rodriguez Capitán, M.J.; Escalona Belmonte, J.J.; Guerrero Orriach, J.L.; Ramirez Fernandez, A.; Ramirez Aliaga, M.; Toledo
Medina, C.; Malo Manso, A.; Rubio Navarro, M.; Cruz Mañas, J. Cardiac Pre and Post Conditioning with Halogenated. J. Heart
Health 2015, 1, 2.

115. O’Gara, B.P.; Beydoun, N.Y.; Mueller, A.; Kumaresan, A.; Shaefi, S. Anesthetic Preferences for Cardiac Anesthesia: A Survey of
the Society of Cardiovascular Anesthesiologists. Anesth. Analg. 2023, 136, 51–59. [CrossRef]

116. Garlid, K.D.; Dos Santos, P.; Xie, Z.J.; Costa, A.D.; Paucek, P. Mitochondrial potassium transport: The role of the mitochondrial
ATP-sensitive K(+) channels in cardiac function and cardioprotection. Biochim. Biophys. Acta 2003, 1606, 1–21. [CrossRef]
[PubMed]

117. Chen, S.; Lotz, C.; Roewer, N.; Broscheit, J.A. Comparison of volatile anesthetic-induced preconditioning in cardiac and cerebral
system: Molecular mechanisms and clinical aspects. Eur. J. Med. Res. 2018, 23, 10. [CrossRef]

118. Agarwal, B.; Stowe, D.F.; Dash, R.K.; Bosnjak, Z.J.; Camara, A.K. Mitochondrial targets for volatile anesthetics against cardiac
ischemia-reperfusion injury. Front. Physiol. 2014, 5, 341. [CrossRef]

119. Lotz, C.; Herrmann, J.; Notz, Q.; Meybohm, P.; Kehl, F. Mitochondria and Pharmacologic Cardiac Conditioning-At the Heart of
Ischemic Injury. Int. J. Mol. Sci. 2021, 22, 3224. [CrossRef]

120. Kohro, S.; Hogan, Q.H.; Warltier, D.C.; Bosnjak, Z.J. Protein Kinase C Inhibitors Produce Mitochondrial Flavoprotein Oxidation in
Cardiac Myocytes. Anesth. Analg. 2004, 99, 1316–1322. [CrossRef] [PubMed]

121. Redel, A.; Lange, M.; Jazbutyte, V.; Lotz, C.; Smul, T.M.; Roewer, N.; Kehl, F. Activation of mitochondrial large-conductance
calcium-activated K+ channels via protein kinase A mediates desflurane-induced preconditioning. Anesth Analg. 2008, 106,
384–391. [CrossRef]

122. Lange, M.; Redel, A.; Smul, T.M.; Lotz, C.; Nefzger, T.; Stumpner, J.; Blomeyer, C.; Gao, F.; Roewer, N.; Kehl, F. Desflurane-induced
preconditioning has a threshold that is lowered by repetitive application and is mediated by beta 2-adrenergic receptors. J.
Cardiothorac. Vasc. Anesth. 2009, 23, 607–613. [CrossRef]

123. Redel, A.; Stumpner, J.; Smul, T.M.; Lange, M.; Jazbutyte, V.; Ridyard, D.G.; Roewer, N.; Kehl, F. Endothelial nitric oxide synthase
mediates the first and inducible nitric oxide synthase mediates the second window of desflurane-induced preconditioning. J.
Cardiothorac. Vasc. Anesth. 2013, 27, 494–501. [CrossRef] [PubMed]

124. Heusch, G. Myocardial ischaemia-reperfusion injury and cardioprotection in perspective. Nat. Rev. Cardiol. 2020, 17, 773–789.
[CrossRef] [PubMed]

125. Baines, C.P.; Song, C.X.; Zheng, Y.T.; Wang, G.W.; Zhang, J.; Wang, O.L.; Guo, Y.; Bolli, R.; Cardwell, E.M.; Ping, P. Protein
kinase Cepsilon interacts with and inhibits the permeability transition pore in cardiac mitochondria. Circ. Res. 2003, 92, 873–880.
[CrossRef]

126. Wang, C.; Hu, S.M.; Xie, H.; Qiao, S.G.; Liu, H.; Liu, C.F. Role of mitochondrial ATPsensitive potassium channels-mediated PKC-ε
in delayed protection against myocardial ischemia/reperfusion injury in isolated hearts of sevoflurane-preconditioned rats. Br. J.
Med. Biol. Res. 2015, 48, 528–536. [CrossRef] [PubMed]

127. Kaneda, K.; Miyamae, M.; Sugioka, S.; Okusa, C.; Inamura, Y.; Domae, N.; Kotani, J.; Figueredo, V.M. Sevoflurane enhances
ethanol-induced cardiac preconditioning through modulation of protein kinase C, mitochondrial KATP channels, and nitric oxide
synthase, in guinea pig hearts. Anesth. Analg. 2008, 106, 9–16. [CrossRef]

128. Weber, N.C.; Toma, O.; Damla, H.; Wolter, J.I.; Schlack, W.; Preckel, B. Upstream signaling of protein kinase C-epsilon in
xenon-induced pharmacological preconditioning. Implication of mitochondrial adenosine triphosphate dependent potassium
channels and phosphatidylinositoldependent kinase-1. Eur. J. Pharmacol. 2006, 539, 1–9. [CrossRef]

129. Bernardi, P.; Di Lisa, F. The mitochondrial permeability transition pore: Molecular nature and role as a target in cardioprotection.
J. Mol. Cell Cardiol. 2015, 78, 100–106. [CrossRef]

130. Pezoa, M.J. El poro de transición de permeabilidad mitocondrial (PTPm) como blanco de estrategias cardioprotectoras en daño
por isquemia-reperfusión miocárdica: Rol de los anestésicos inhalatorios. Reve. Chil. Anest. 2012, 41, 128–134.

131. Sepac, A.; Sedlic, F.; Si-Tayeb, K.; Lough, J.; Duncan, S.A.; Bienengraeber, M.; Park, F.; Kim, J.; Bosnjak, Z.J. Isoflurane precondi-
tioning elicits competent endogenous mechanisms of protection from oxidative stress in cardiomyocytes derived from human
embryonic stem cells. Anesthesiology 2010, 113, 906–916. [CrossRef]

132. Guerrero Orriach, J.L.; Galán Ortega, M.; Ramirez Fernandez, A.; Ramirez Aliaga, M.; Moreno Cortes, M.I.; Ariza Villanueva, D.;
Florez Vela, A.; Alcaide Torres, J.; Santiago Fernandez, C.; Matute Gonzalez, E.; et al. Cardioprotective efficacy of sevoflurane vs.
propofol during induction and/or maintenance in patients undergoing coronary artery revascularization surgery without pump:
A randomized trial. Int. J. Cardiol. 2017, 243, 73–80. [CrossRef]

https://doi.org/10.1586/14779072.2015.1070669
https://doi.org/10.3390/ijms23031360
https://doi.org/10.1111/bph.12903
https://doi.org/10.3389/fphys.2022.910452
https://doi.org/10.1213/ANE.0000000000006147
https://doi.org/10.1016/S0005-2728(03)00109-9
https://www.ncbi.nlm.nih.gov/pubmed/14507424
https://doi.org/10.1186/s40001-018-0308-y
https://doi.org/10.3389/fphys.2014.00341
https://doi.org/10.3390/ijms22063224
https://doi.org/10.1213/01.ANE.0000135636.45389.E6
https://www.ncbi.nlm.nih.gov/pubmed/15502023
https://doi.org/10.1213/ane.0b013e318160650f
https://doi.org/10.1053/j.jvca.2009.01.016
https://doi.org/10.1053/j.jvca.2012.04.015
https://www.ncbi.nlm.nih.gov/pubmed/22683156
https://doi.org/10.1038/s41569-020-0403-y
https://www.ncbi.nlm.nih.gov/pubmed/32620851
https://doi.org/10.1161/01.RES.0000069215.36389.8D
https://doi.org/10.1590/1414-431x20143876
https://www.ncbi.nlm.nih.gov/pubmed/25831209
https://doi.org/10.1213/01.ane.0000297298.93627.36
https://doi.org/10.1016/j.ejphar.2006.03.054
https://doi.org/10.1016/j.yjmcc.2014.09.023
https://doi.org/10.1097/ALN.0b013e3181eff6b7
https://doi.org/10.1016/j.ijcard.2017.04.105


Antioxidants 2023, 12, 1819 18 of 18

133. Gidlöf, O.; Andersson, P.; van der Pals, J.; Götberg, M.; Erlinge, D. Cardiospecific microRNA plasma levels correlate with troponin
and cardiac function in patients with ST elevation myocardial infarction, are selectively dependent on renal elimination, and can
be detected in urine samples. Cardiology 2011, 118, 217–226. [CrossRef] [PubMed]

134. Carmona-Luque, M.D.; Gonzalez-Alvarez, L.; Guerrero Orriach, J.L. Identification of miRNAs as Biomarkers of Cardiac Protection
in Non-Genetically Modified Primary Human Cardiomyocytes Exposed to Halogenated Hypnotics in an In Vitro Model of
Transfection and Ischemia/Reperfusion: A New Model in Translational Anesthesia. Life 2022, 13, 64. [CrossRef] [PubMed]

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

https://doi.org/10.1159/000328869
https://www.ncbi.nlm.nih.gov/pubmed/21701171
https://doi.org/10.3390/life13010064
https://www.ncbi.nlm.nih.gov/pubmed/36676014

	Introduction 
	Mitochondria Biology 
	Mitochondrial Metabolism: Heart Function and Cardiac Failure 
	Energy Metabolism Pathways in Heart Failure 
	Depletion of the ATP Reserve 
	Oxidative Stress 
	Failure in Ca2+ Regulation Metabolism 
	Induction of Cell Apoptosis 

	Clinical Effects of Anesthetic-Induced Myocardial Conditioning: The Role of the Mitochondria 
	From Troponin to Mitochondria in Anesthesia: Far Away in Clinical Setting, So Close in Cellular Mechanism 
	New Line of Research 
	Conclusions 
	References

