1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Mol Cell Biochem. Author manuscript; available in PMC 2022 February 01.

Published in final edited form as:
Mol Cell Biochem. 2021 February ; 476(2): 1165-1178. doi:10.1007/s11010-020-03980-8.

Fetal cardiomyocyte phenotype, ketone body metabolism, and
mitochondrial dysfunction in the pathology of atrial fibrillation

Sean M. Brown, B.S.1, Nicholas K. Larsen, B.S.1, Finosh G. Thankam, Ph.D.2, Devendra K
Agrawal, Ph.D.2*
1Creighton University School of Medicine, Omaha NE 68178

2Department of Translational Research, Western University of Health Sciences, Pomona,
California 91766

Abstract

Atrial fibrillation (AF) is the most common cardiac arrhythmia diagnosed in clinical practice.
Even though hypertension, congestive heart failure, pulmonary disease, and coronary artery
disease are the potential risk factors for AF, the underlying molecular pathology is largely
unknown. The reversion of the mature cardiomyocytes to fetal phenotype, impaired ketone body
metabolism, mitochondrial dysfunction and the cellular effect of reactive oxygen species (ROS)
are the major underlying biochemical events associated with the molecular pathology of AF. On
this background, the present manuscript sheds light into these biochemical events in regard to the
metabolic derangements in cardiomyocyte leading to AF; especially with respect to structural,
contractile, and electrophysiological properties. In addition, the article critically reviews the
current understanding, potential demerits, and translational strategies in the management of AF.

Article Summary:

In this critical review, we discussed critical molecular and cellular events, including fetal
metabolic phenotype of glycolytic metabolism over fatty acid metabolism, involvement of ketone
body metabolism, mitochondrial dysfunction and the cellular effect of reactive oxygen species
(ROS) in the underlying biochemical events associated with the molecular pathology of atrial
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fibrillation, especially with respect to structural, contractile, and electrophysiological properties. In
addition, the article critically reviews the current understanding, potential demerits, and
translational strategies in the management of AF.
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Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia diagnosed in clinical practice
and represents a substantial financial burden [1]. AF is characterized by the
electrocardiographic (ECG) features consisting of an “irregularly irregular,” non-repetitive
R-R interval and non-distinct P waves. Hypertension, congestive heart failure, pulmonary
disease, and coronary artery disease are the potential risk factors for AF. Patients are often
asymptomatic; however, they may present with symptoms of shortness of breath, heart
palpitations, angina, and fatigue. Untreated AF results in reduced cardiac output and
thromboembolic events, such as stroke and atrial appendage thrombus formation [2-4].
Initial management consists of strategies that control the rate and/or rhythm including -
blockers, calcium channel blockers, or antiarrhythmic drugs. In addition, due to the
increased risk of thrombus, anti-coagulation is often used. For patients with persistent or
refractory AF, radiofrequency catheter ablation has shown higher efficacy rates when
compared to antiarrhythmic drugs [5]. Epidemiologically, AF is increasing in the general
population, with an additional increase of prevalence in men and with increasing age [6-8].
Generally, the pathophysiology of AF consists of three stages: initiation of the arrhythmia,
maintenance of the arrhythmia, and progression of the disease to longer lasting forms [9,
10].

The management of atrial fibrillation depends on the clinical history and evaluation of
individual patient and may require either the restoration of normal sinus rhythm or control
ventricular rate. The rate and rhythm control can be managed by pharmacological therapies,
invasive electrophysiologic interventions, including electrical cardioversion (for rhythm
control), catheter-based ablation, and surgery [11]. In the pharmacological therapies, beta
blockers or non-dihydropyridine calcium channel blockers are more effective than digoxin to
control ventricular rate in patients with paroxysmal, persistent, or permanent atrial
fibrillation, whereas amiodarone is the most effective drugs to control abnormal rhythm.
Anticoagulants, including both vitamin K antagonist (warfarin) and non-vitamin K
antagonists (dabigatran, rivaroxaban and apixaban), and a combination of aspirin and
clopidogrel are used in patients with atrial fibrillation and a risk for stroke [11].

Despite the availability of various treatment strategies, the exact molecular mechanisms
underlying AF pathology are yet to be identified. Several potential biomarkers have been
identified in recurrent AF. These biomarkers include damage associated molecular patterns,
heat shock proteins, inflammatory cytokines, non-inflammatory markers, markers of
inflammatory cell activity, and markers of collagen deposition and metabolism [12].
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However, abnormalities in cardiomyocyte metabolism have been suspected to play a critical
role [13].

In order to understand the potential pathologic characteristic in cardiomyocyte, it is
important to understand normal cardiomyocyte metabolism. Depending on the physiological
situation, the human heart relies on diverse energy substrates for the production of adenosine
triphosphate (ATP). Generally, mature cardiomyocytes are adaptable to synthesize ATP from
many substrates based on abundance, though cardiomyocytes predominantly utilize fatty
acids as substrates [14]. In addition to the abundancy of various substrates, the type of
cardiomyocyte metabolism depends on transcriptional regulation and post-translational
modification of the crucial proteins in metabolic pathways. However, the cardiomyocyte
function is altered due to the pathological nature of AF leading to altered structural,
contractile, and electrophysiological properties of cardiomyocytes.

Harada et al. identified four metabolic changes through recent proteomic and metabolic
studies that include reversion to the fetal phenotype, increased ketone body metabolism, 5’
AMP-activated protein kinase (AMPK) activation, and mitochondrial dysfunction and
reactive oxygen species (ROS) production [13]. In this manuscript we critically reviewed
how reversion of fetal phenotype, increased ketone body metabolism, and mitochondrial
dysfunction and reactive oxygen species affect cardiomyocyte metabolism leading to AF.
Specifically, how cardiomyocytes are altered with respect to structural, contractile, and
electrophysiological properties. Understanding how cardiomyocyte metabolism is altered
during AF may lead to identifying novel therapeutic targets to develop treatment approaches.

Fetal Phenotype

During cardiac development, cardiomyocytes undergo varying metabolic energy demands
that are characteristic to a specific stage in development [15]. While proliferating
cardiomyocytes primarily utilize glycolysis for energy demands, the differentiated
cardiomyocytes depend primarily on oxidative metabolism [16-18]. In specific stages of AF,
differentiated cardiomyocytes switch back to the fetal phenotype of increased glycolytic
metabolism and decreased oxidative metabolism [14, 19]. This section addresses the
metabolic similarities between the fetal cardiomyocyte metabolic phenotype and the
metabolic phenotype that arises from the pathophysiology due to atrial fibrillation.

Normal Cardiomyocyte Metabolic Phenotype Progression

The process of cardiogenesis requires cardiomyocyte proliferation, and the mechanism of
fetal cardiomyocyte proliferation has been shown to be different from the metabolism of
differentiated, mature cardiomyocytes. Even in the presence of adequate levels of oxygen,
proliferating cardiomyocytes utilize an energy metabolism characterized by higher rates of
glycolysis and lactate production. This phenotype may be particularly useful for the
biosynthesis of cellular amino acids, lipids, nucleotides, and other macromolecules, all of
which are important for distribution to daughter cells during mitosis [16]. Cellular growth
and proliferation elicit a lower rate of fatty acid f-oxidation and increased rate of lipid
synthesis, primarily from glucose-derived carbon [20, 21]. The proliferation of
hematopoietic cells is characterized by increased metabolic flux through glycolysis and
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lactate production, in addition to a decrease in oxygen consumption, which is indicative of a
switch from oxidative metabolism to anaerobic metabolism [22]. Also, this metabolic
phenotype during cellular proliferation is consistent with the expression of various enzymes
that promotes glycolysis and represses fatty acid p-oxidation [21, 22].

For the proper transition from embryonic stem cells to differentiated cardiomyocytes,
increase in energy demand channels a switch from glycolytic metabolism to mitochondrial
oxidative phosphorylation [17, 18, 23]. The Warburg effect explains that while the
mitochondrial oxidative phosphorylation maximizes ATP production, the glycolytic
metabolism functions under circumstances when O is either present or scarce [16].
Mitochondrial maturation, within the context of cellular proliferation and differentiation,
provides insight into circumstances that lead to the transition of glycolytic metabolism to
mitochondrial oxidative phosphorylation.

Generally, the pluripotent embryonic cells and undifferentiated stem cells are characterized
by small/immature mitochondria. However, in differentiated cells, the mitochondria are
characterized by the initiation of oxidative phosphorylation, supported by increased
mitochondrial membrane potential, oxygen consumption, and ATP production [17, 18]. In
addition, there is a downregulation of glycolytic enzymes coupled with the upregulation of
the enzymes involved in the electron transport chain and citric acid cycle. As energy
substrate metabolism switches from glycolytic to oxidative phase, there is a loss of
pluripotency. However, under hypoxic conditions, embryonic stem cells remain in a
proliferative and pluripotent state, suggesting the switch from glycolytic to oxidative
metabolism drives the differentiation of embryonic stem cells into mature cardiomyocytes
[17, 24, 25]. Furthermore, this suggests that the level of expression of genes involved in
glycolytic and oxidative phosphorylation (including their regulators) is important in
determining metabolic phenotype during cardiac development.

Metabolic Change to Fetal Phenotype in AF

Cardiomyocyte development mainly utilizes glycolytic metabolism as an energy source, and
switches to rely on fatty acid oxidation following the differentiation of cardiomyocytes.
Interestingly, since glucose metabolism is more energy efficient, cardiomyocytes undergoing
pathological stress switch to the fetal phenotype for metabolic needs (Figure 1) [15]. Such
metabolic switch is observed under specific stages of AF. For instance, during a
transcriptomic study, patients with permanent AF displayed increased gene expression
resembling the fetal metabolic phenotype (glycolytic-related gene expression) compared to
patients in sinus rhythm [19].

Structural Remodeling Due to Metabolic Switch in AF

Normal cardiomyocytes in the post-natal period undergo low levels of renewal [26]. Upon
encountering growth stimuli, the responses elicited by cardiomyocytes consists of
hypertrophy, but not proliferation. Cardiomyocyte hypertrophy occurs in response to
increased workload, either pressure and/or volume overload, in order to normalize
cardiomyocyte wall stress. It has been shown that when an adult heart hypertrophies, it
reverts back to the fetal phenotype of energy metabolism. This reversion consists of
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increased glycolytic activity and decreased fatty-acid oxidation [27-30]. Cellular
hypertrophy along with inflammation, atrial dilation, and fibrosis contributes to AF [31]. In
addition, these cellular conditions that initiate AF worsen the severity of AF, showing their
critical effect throughout the pathogenesis of AF [32]. In order to appropriately understand
the metabolic aspects of the structural changes associated with AF, it is important to identify
the actual physiological stages (initiation, maintenance, or progression) associated with the
fetal metabolic phenotype. Also, it is critical to establish the associations between the fetal
phenotype and specific clinical situations associated with AF. For example, the activity of a
glycolytic enzyme (1,6 bisphosphate aldolase) increases during permanent AF [33]. It is
possible that the fetal metabolic phenotype is associated with certain stages of AF (either/
both physiologically or clinically) and not others, which is important for understanding the
pathophysiology of the disease and for possible treatments.

This review explores how transcriptional regulation of hypoxia-inducible factors (HIF-1)a.,
peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1a,, peroxisome
proliferator-activated receptors (PPAR)a, and PPAR~y/8 are involved in glycolytic and fatty
acid metabolism, as well as their potential to contribute to AF metabolic pathophysiology.

Transcriptional Regulation/Pathways Involved in Cardiac Metabolic Phenotype: HIF-1la

Pathway

Hypoxia-inducible factors (HIFs) are involved in numerous cellular processes, including
energy substrate metabolism. HIF-1a regulates the expression of genes involved in a shift
that favors the instigation and maintenance of anaerobic glycolysis [34-38]. Therefore,
HIF-1a is very important for regulating the metabolic phenotype of the fetal heart, which
exists in a low-oxygen environment. HIF-1a is also important for metabolic regulation in an
immediate newborn heart, which is very dependent on glycolysis for generating ATP (Table
1) [39, 40]. HIF-1a maintains and promotes glycolysis by upregulating lactate
dehydrogenase (LDH)-A, which converts pyruvate to lactate. Furthermore, HIF-1a
upregulates pyruvate dehydrogenase kinase (PDK)-1, which restricts the oxidation of
pyruvate and keeps it available to be converted into lactate by LDH-A [41]. In short, the
regulations and activation imparted by HIF-1a on its target genes show its potential
importance on regulating phenotypic metabolic progression from a fetal phenotype
(glycolytic) to the postnatal phenotype (oxidative) [13].

Transcriptional Regulation/Pathways Involved in Cardiac Metabolic Phenotype: PGC-1a/

PPARa axis

Peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1a and peroxisome
proliferator-activated receptors (PPAR)a are transcriptional regulators for fatty acid
metabolism, especially in tissues that rely on fatty acid metabolism, such as the heart,
kidney, liver, and skeletal muscle [42, 43]. The heart is a tissue with a high mitochondrial
density, and therefore has a higher oxidative capacity. PGC-1a has been found to be
expressed in tissues with higher amounts of mitochondria and oxidative capacity [44-46]. It
has been described as the master regulator of mitochondrial biogenesis and is significant in
coordinating and driving energy metabolism, fatty acid oxidation, gluconeogenesis, glucose
transport, glycogenolysis, peroxisomal remodeling, oxidative phosphorylation and
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angiogenesis [47-49]. PPARa expression has been shown to be limited to tissues with
higher rate of fatty acid oxidation, such as the heart. The function of PPARa is to enhance
fatty acid uptake, p-oxidation, and ketogenesis [50, 51]. Upon formation of a heterodimer
with retinoid X receptor (RXR), PPARa regulates the expression of genes involved in fatty
acid activation, mitochondrial fatty acid uptake, and fatty acid oxidation. The upregulation
of PPARa increases cardiac fatty acid B-oxidation, and its downregulation leads to a
decrease in cardiac fatty acid oxidation [52, 53]. PPARa acts by binding to PPAR response
elements (PPRESs), which are present in the promotor regions of the affected genes. The
binding of PGC-1a to the PPARa/RXR heterodimer as a coactivator facilitates the
transcriptional regulation [54, 55]. In the heart, PPARa upregulates the transcription of acyl-
CoA oxidase, carnitine palmitoyl-transferase 1, carnitine palmitoyl-transferase 2, long-chain
acyl-CoA synthetase and medium-chain acyl-CoA dehydrogenase [56]. These transcription
factors are crucial for the progression of metabolic phenotype as PPARa and PGC-1a
expression increase during the neonatal period, (which requires maximal mitochondrial
oxidative capacity) [44, 57, 58].

PGC-1a upregulates the expression of PPAR-a and PPAR-y/6. Multiple gene and proteins
are associated with both PPAR-a and PPAR-y/8. Key genes/proteins involved in fatty acid
oxidation are shown in Figure 2. Both PPAR-a and PPAR-y/6 are altered in both the
transcriptomics and proteomics profiles in the atrial tissue of AF patients. The exact role of
individual protein/gene in their contribution to the phenotype of AF has not yet been well
delineated. However, many of the proteins and genes downstream of PPAR-a and PPAR-y/6
could serve as potential biomarkers for the disease pathogenesis and progression in AF.

In vivo, hypoxic conditions are accompanied by a downregulation in genes associated with
fatty acid metabolism, including PPARa., malonyl-CoA decarboxylase, and mast cell
protease 1 (mCPT1) [59]. In addition, HIF-1a decreases the DNA-binding activity of the
PPARa/RXR heterodimer (Figure 3) [59-64] suggesting a dynamic/reciprocal relationship
between PPARa and HIF-1a and their respective targets. This reciprocal, interactive
relationship promotes the progression from glycolytic metabolism to fatty acid metabolism
during cardiomyocyte metabolism, as well as the decrease in fatty acid metabolism and
increase in glycolytic metabolism as seen in cardiac hypertrophy and hypoxic conditions.

Transcriptional Regulation/Pathways Involved in Cardiac Metabolic Phenotype: PGC-la/

PPARB/S

PGC-1a is also a coactivator for PPARPB/S, which is another isoform of PPAR that is present
in cardiac muscle. Similar to PPARa, PPARP/S has also been shown to upregulate fatty acid
metabolism and increase the rate of myocardial fatty acid utilization [65-67]. There seems
to be some redundancy in this regulation, as both pathways upregulate the expression of
fatty acyl-CoA synthase, mCPTL1, long chain acyl CoA dehydrogenase and medium chain
acyl-CoA dehydrogenase [65, 68, 69]. However, in comparison to PPARa, PPARB/S
instigates an increased expression of genes related to myocardial glucose metabolism. In
addition, cardiac specific overexpression of PPARB/S increases the rate of myocardial
glucose oxidation [70]. Moreover, PPARB/6 regulates the expression of PPARa and
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PGC-1a and contributes to the hypoxia-induced downregulation of CPT1 expression in
cardiomyocytes [60].

Contractile Remodeling Due to Metabolic Switch in AF

The cardiac hypertrophy that occurs in AF results in numerous cellular changes, including
alterations in gene expression. In AF patients, there appears to be a myofilament isoform-
switch from alpha-myosin heavy chain (a-MHC) to beta-myosin heavy chain (B-MHC) in
atrial tissues [71]. This switch is representative of an embryonic phenotype with the purpose
of improving the local metabolic economy. a-MHC, the predominant isoform in adult
cardiomyocytes, requires more ATP expenditure and oxygen consumption in order to
produce a higher-velocity muscle movement in comparison to f-MHC, which is the
predominant isoform in embryonic hearts. In patients with permanent AF, atrial tissue shows
an increased expression of beta-chain tropomyosin, which is a slow-contracting myofilament
with low energy consumption, in addition to increased expression of myosin light-chain
embryonic atrial muscle isoform. [33]. The decrease in oxygen consumption that occurs in
switching to the B-MHC is similar to the decreased oxygen consumption in glycolytic
metabolism compared to fatty acid oxidation.

Electrophysiological Remodeling Due to Metabolic Switch in AF

The conduction system in the heart expresses important electrophysiological proteins in a
developmental manner [72]. However, there is no current evidence suggesting the expression
pattern of electrophysiological proteins in AF is linked to more energy efficient methods of
metabolism, or that compares it to the pattern of expression of electrophysiological proteins
during specific developmental stages of cardiomyocytes. However, the reversion to a fetal
metabolic phenotype is characterized by a process of dedifferentiation, which includes
mitochondrial changes. Just as mitochondria-driven cardiomyocyte energetics strongly affect
the regulation of ion channels, the patterns of ionic current impact mitochondrial function
[73-79]. It is possible that ionic alterations induce mitochondrial changes that are
reminiscent of the fetal metabolic phenotype. Further research is warranted to determine
whether a relationship exists between the expression of electrophysiological proteins in AF
and energy efficient methods of metabolism or protein expression in the fetal phenotype of
cardiomyocyte development.

Ketone Bodies

Ketone bodies serve as energy substrates in both normal and pathophysiological states, such
as AF. The information regarding the relationship between ketone body metabolism and the
structural, contractile, and electrophysiological changes found in the metabolism AF tissues
are limited. Ketone bodies are synthesized in the liver from acetyl-CoA that is mainly
derived from fatty acid oxidation. During physiological states of limited carbohydrates and a
surplus of fatty acid availability, ketone bodies are transported to extrahepatic tissues for
terminal oxidation [80-82]. The major ketone bodies include acetoacetate, p-
hydroxybutyrate, and acetone and the physiological states that normally utilize ketone body
oxidation include the neonatal period, starvation, post-exercise, and adherence to low-
carbohydrate diets [80, 83, 84]. In terms of metabolic processes, hepatic ketogenesis is
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involved in fatty acid p-oxidation, the tricarboxylic acid (TCA) cycle, and gluconeogenesis.
In addition to energy metabolism, ketone bodies serve as substrates to lipogenic and sterol
biosynthesis in multiple tissues, including the liver, lactating mammary glands, and the
developing brain [85-87].

Structural Remodeling in AF Related to Ketone Bodies

Studies monitoring the levels of metabolic proteins in AF showed a differential expression of
3-oxoacid transferase, a key mitochondrial enzyme utilized in ketolytic energy production
[88]. In addition, the findings found an increase in levels of p-hydroxybutyrate and
ketogenic amino acids (such as tyrosine and glycine), both of which form acetoacetate and
fumarate during catabolism. Furthermore, fumarate levels were elevated in cases of
persistent AF, indicating a potential involvement of ketone bodies in persistent AF [88]. It is
important to note that ketone bodies contain a higher inherent energy than glucose sources,
and data suggests that ketone bodies may present a negative feedback on glucose

metabolism in AF [88, 89]. Therefore, it is important to recognize the relationship between
ketone body metabolism and glucose metabolism throughout the progression of AF.

Ketone body levels are elevated in patients with dilated and hypertrophic cardiomyopathies
[90]. Similarly, hypertrophied and failing hearts showed reduced levels of fatty acid
oxidation and upregulation of ketone body oxidation. Interestingly, the ketone bodies and
fatty acids are competitive substrates for the normal human heart. It is hypothesized that
reduced levels of fatty acids are responsible for the decreased oxidation in most
cardiomyopathies including AF. The increased ketone body oxidation occurs due to
enhanced delivery of ketone bodies to the failing heart, in addition to increased ketone body
synthesis [91-94]. Moreover, the evidence from metabolite profiling and labeled substrate
profiling support the shift to utilizing ketone bodies as an alternate fuel source [95].

Contractile Remodeling in AF Related to Ketone Bodies

Despite the evidence suggesting that ketone bodies exerts negative feedback on glucose
metabolism in AF, an upregulation of glycolytic enzymes during persistent AF via
anaplerosis as a mechanism has been proven [96]. This mechanism, which occurs under
normoxic conditions, replaces TCA cycle intermediates by carboxylating pyruvate to
oxaloacetate and malate. The anaplerotic reaction is particularly important during prolonged
periods of ketone body oxidation, when the Krebs cycle is disrupted due to sequestration of
CoA. This sequestration of ACoA inhibits the energy production necessary to sustain normal
cardiac function, showing how the metabolic changes in persistent AF contributes to a self-
perpetuating state [97].

Electrophysiological Remodeling in AF Related to Ketone Bodies

Patients with AF undergoing cardiac surgery display increased levels of myocardial -
hydroxybutyrate and CoA transferase in comparison to control patients [88]. Even though
myocardial ketone body utilization has not yet been associated with cardiomyocytes, it has
been shown to affect excitability in murine substantia nigra pars reticulata. It has been
reported that B-hydroxybutyrate reduced the firing of GABAergic neurons by opening Karp
channels localized to the substantia nigra pars reticulata [98]. It is possible that ketone
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bodies may affect excitability in the heart, which could contribute to an arrhythmia. Related
to cardiomyocytes, L-B-hydroxybutyrate is measured in myocardial extracts, although it
does not circulate and likely results from the hydrolysis of L-B-hydroxybutyrate-CoA, a -
oxidation intermediate [99-102]. However, hepatic ketogenesis only produces D-f-
hydroxybutyrate, which is the only form compatible as a substrate for oxidation. There is
limited research regarding the effect of ketone bodies on the electrophysiological properties
of myocardial metabolism, as well as how that may relate to AF. Further research is
warranted regarding the potential pathophysiological implications of the L-p-
hydroxybutyrate and D-p-hydroxybutyrate stereoisomers on myocardial metabolism in AF
[103].

Mitochondrial Dysfunction and ROS Generation

Reactive Oxygen Species (ROS) are reactive and highly unstable molecules containing
oxygen that are mostly generated via the mitochondrial electron transport chain (ETC) and
oxidative phosphorylation. ROS function as an intermediate in the catalysis of reactions
involving metal and to eliminate foreign microbes in the body by the immune system in a
process called oxidative/respiratory burst. However, the hyperactivation of ROS lead to cell
damage/death mainly by altering membrane and DNA integrity. Interestingly, the ROS
hyperactivity is monitored and regulated by the antioxidant defense system which acts by
one of three mechanisms, including: scavenging and destroying existing ROS, inhibiting the
production of ROS, and reversing the damage done to tissue by ROS. Also, the alterations in
the homeostasis between ROS and antioxidants results in pathophysiologic changes in the
body. Non-homeostatic levels of ROS have been implicated as a factor associated with AF,
with mitochondrial dysfunction closely linked with excess production of ROS.

Structural Remodeling in AF Related to Mitochondrial Dysfunction and ROS Generation

Increased oxidative stress and selective down-regulation of electron transport chain (ETC)
activity contributes to the progression of the substrate for AF [104-106]. Though,
mitochondrial dysfunction increases oxidative stress, which in turn is arrhythmogenic [105,
107-109]. Patients with AF displayed increased oxidative stress in atrial tissue accompanied
by mitochondrial dysfunction with reduced ETC activity that predominantly affected
complexes | and 11 [110]. This phenomenon does not provide evidence of a cause and effect
relationship for the development of AF; however, it is a factor that contributes to the
progression of the AF substrate. In addition, Cox5b, a ETC enzyme complex responsible for
ATP biosynthesis, experiences a decrease in protein expression in the atrial tissue of AF
patients compared to sinus-rhythm patients, which links impaired ETC function and energy
production with AF [107]. However, further research is warranted to determine the
involvement of oxidative stress associated with mitochondrial dysregulation in the cause and
effect dynamics of AF.

A recent study that analyzed the relationship between diabetes and atrial fibrillation
identified molecular tendencies that involved oxidative stress. First, hyperglycemia and
oxidative stress were found to increase atrial fibroblast activation and proliferation, which in
turn lead to fibrosis of cardiac tissue and cardiac dysfunction, especially AF. Second, during
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AF development, excessive ROS production mainly originated from NADPH oxidase
(NOX) activity. Third, activation of ROS induced expression of the mitogen-activated
protein kinase (MAPK) signaling pathway, which included phospho-c-Jun N-terminal kinase
(INK), p38, phospho-p38, and matrix metalloproteinase 9 (MMP9) [111]. These findings
provide insight into the mechanism of AF development in the setting of diabetes and may
provide mechanistic implications for AF in other co-morbidities as well.

In addition, mitochondrial DNA (mDNA) deletions are associated with AF. Since aging is
also associated with both mDNA deletions and AF, that makes it difficult to discern the
relationship between mDNA deletions and AF (mDNA) [112]. Increased ROS induces
oxidative damage that accumulates over time, resulting in mDNA deletions [113, 114]. In
the most common mDNA deletion, mDNA4977-mut, the mutation deletes a sequence
encoding subunits of ATPase and NADH dehydrogenase, which disrupts aerobic metabolism
and leads to increased oxidative stress [115, 116]. This deletion is associated with structural
remodeling of the left atria in AF. Studies showed that AF patients with the mDNA4977-mut
deletion had elevated left atrial size and left ventricle filling pressure, both of which occur as
compensation to oxidative stress [117-119]. However, the study indicated that the
mDNA4977-mut deletion is more likely to be associated with aging and other factors as
opposed to the influence of AF [112]. Alteration of non-mitochondrial gene expression also
contributes to the oxidative stress. Case-control studies revealed decreased oxidative
phosphorylation and altered gene expression in human atrial biopsies from the patients with
chronic AF [71, 120]. In addition, post-operative AF patients were found to have
significantly decreased expression of genes involved in oxidation/reduction reactions that
contributes to cellular oxidative stress [121].

Contractibility Remodeling in AF Related to Mitochondrial Dysfunction and ROS
Generation

Mihm et al. demonstrated that oxidative modification of myofibrillar proteins is increased in
atrial myocytes of AF patients due to the loss of fibrillar protein function resulting from
oxidative modification [71]. Myofibrillar energetic controllers such as myofibrillar creatine
kinase (MM-CK) are proven to be highly vulnerable to oxidative inhibition and the AF
patients exhibited a unique impairment of atrial MM-CK activity, while atrial MM-CK
content, myosin-ATPase activity, and total CK activity were not altered [122]. Moreover, the
MM-CK impairment results in the accumulation of ADP/decreased myofibrillar ATP
production [71]. As mentioned in previous sections, myofilament isoform-switching from a.-
MHC to B-MHC is characteristic of AF which enhances the local metabolic economy of
cardiomyocytes. Also, impaired MM-CK activity has been highly correlated with p-MHC
expression in AF tissues [71]. Additionally, oxidative stress dependent activities of
peroxynitrate led to decreased MM-CK function, and the myosin-heavy-chain nitration (a
form of oxidative stress) has been correlated with p-MHC expression [71, 122]. These
findings show the relation between oxidative stress and the pathophysiology for contractile
changes associated with AF.
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Electrophysiological Remodeling in AF Related to Mitochondrial Dysfunction and ROS

Generation

Oxidative stress has also been shown to contribute to the electrophysiological remodeling
associated with AF. Carnes et al. demonstrated that fibrillating atrial tissue showed increased
rates of carbonylation, a pathological outcome of oxidative stress [123]. On a wider scope,
Carnes showed involvement of oxidative and nitrosative stress in a rapid atrial pacing model,
which provides evidence of increased concentrations of ROS and reactive nitrogen species
(RNS) in tachycardias resulting in the impairment of myocardial energetic and
electrophysiologic properties [123, 124]. Furthermore, the oxidative stress contributes to
changes in atrial electrophysiological properties, including shortened atrial action potential.

A potential electrophysiological manifestation of ROS in AF is mediated by NOX activation.
In post-operative AF, oxidative stress from ischemia, reperfusion and mechanical stretch
during cardiac surgery may promote electrical remodeling. For example, mechanical stretch
induces angiotensin 11 (Ang I1), which acts on multiple ion channels by stimulating Ang |1
receptor 1. This interaction destabilizes Kv4.3 (potassium channel) mRNA of cardiac
myocytes by activating NOX [125, 126]. Ang Il is also a potent stimulator of NOX. NOX
promotes ROS generation and oxidative modification of protein targets, including activation
of CaZ*/calmodulin-dependent protein kinase Il (CaMKII) [127-129]. CaMKII activation
leads to calcium overload via activation of L-type calcium channel and ryanodine receptor 2
hyperphosphorylation. Oxidized CaMKII was increased in atria of AF patients, supporting
the possibility of ROS induced CaMKII activation in AF [129, 130]. Moreover, NOX
contributes to electrophysiological remodeling through H,0, production, which has been
proven to trigger irregular firing of cardiomyocytes [131].

The presence of mMDNA deletions in AF are also associated with more accelerated electro-
anatomical remodeling [113-116]. In AF induced hypoxia of the atrium, increased
generation of oxidative radicals leading to a deterioration of mitochondrial function (as
mDNA damage accumulated) has been observed. The level of ATP in atrial tissue then falls,
leading to impaired calcium handling, increased calcium in the cytoplasm, and reduced L-
type calcium current [105]. When the atria were electrically remodeled, it led to a cycle in
which AF begets AF [32]. However, further investigations are warranted to establish the
underlying pathophysiological mechanism of oxidative stress on the contractile changes
associated with AF.

Future Directions

Further investigative work is warranted to closely distinguish in what pathophysiological
situations (AF initiation, maintenance, and progression) and clinical situations (paroxysmal,
persistent, and permanent AF) the fetal phenotype manifests so that potential therapies can
be developed to prevent the initiation and progression of AF at different stages of the
disease. In tandem with this idea, greater clarification is required regarding manifestation of
the fetal phenotype along with structural, contractile, and electrophysiological changes that
are associated with different stages of AF. Further research is warranted to analyze how the
expression of different PPAR proteins and HIF-1a results in switches between fatty acid
oxidation and glycolytic metabolism, including vice versa. Furthermore, the mechanism or
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pattern of expression regarding the proteins involved in switching back and forth between
glycolytic metabolism and fatty acid metabolism, in addition to the identification of
potential targets for intervention warrant further investigation.

Limited research exists regarding the involvement of ketone body metabolism in AF. So far,
reports indicate that ketone bodies may be involved in persistent AF [88]. Further research is
needed to understand the involvement of ketone bodies in various stages of AF. Also, further
research is warranted to determine if the L-B-hydroxybutyrate stereoisomer has any
pathological effects in human cardiomyocytes [103]. To date, there have been many attempts
to correlate the association of ROS with AF, however, the exact underlying molecular
mechanism has yet to be determined. Further study is needed to elucidate the role of ROS,
specifically, is ROS an initiating factor in the pathogenesis of AF or is the creation of ROS
simply a byproduct of a concurrent disease process. Furthermore, the increased expression
of MAPK signaling pathway via increased ROS from NOX activation proved insightful for
the mechanism of AF development in diabetes, though the implication for this mechanism in
non-diabetes settings remains unknown which warrants further investigation. In addition, the
mechanism and role casual/contributory factors of AF associated mitochondrial changes in
the pathogenesis of AF need to be unveiled. Better understanding of various ROS species
and mitochondrial DNA variation on the metabolic nature of AF would pave the ways for
the identification of novel therapeutic targets to improve AF treatment and prevention.

Conclusion

Funding

The metabolic alterations that occur in AF lend insight to the pathophysiology of AF. AF
shows a switch to the fetal metabolic phenotype of glycolytic metabolism over fatty acid
metabolism. Numerous metabolic enzymes, including HIF-1a, PGC-1a/PPARa, and the
PGC-1a/PPARp/ & experience changes in expression levels, providing support and potential
for further investigation regarding the physiologic changes that occur in AF. Increased levels
of ketone bodies, notably p-hydroxybutyrate and ketogenic amino acids, were found in
persistent AF. Due to the regulatory nature between glycolytic metabolism and ketone body
metabolism, further investigation is warranted to determine their expression status
contributing to the progression and persistence of AF. ROS in cardiomyocytes can lead to
disruption of ETC, fibrosis of cardiac tissue, and showed relation with mDNA deletions, of
which can contribute to the pathogenesis of AF. Further research should place emphasis on
associating findings with either the pathophysiological AF classifications (initiation,
maintenance, progression) and/or the clinical AF classifications (new onset, paroxysmal,
persistent, long standing persistent, permanent).
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research article is solely the responsibility of the authors and does not necessarily represent the official views of the
National Institutes of Health.
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Pathological stress experienced from atrial fibrillation
causes a reversion from mature to fetal cardiomyocyte
metabolic phenotype

Vs
7

Glycolytic Metabolism Fatty Acid Metabolism
Gene Expression Gene Expression

Normal cardiomyocyte differentiation from fetal to
mature cardiomyocyte metabolic phenotype

Figure 1:
Processes of cardiomyocyte metabolic gene expression, both normally and in AF. The fetal

cardiomyocyte metabolic phenotype relies on glycolytic metabolism. As the cardiomyocytes
differentiates, they switch to the mature cardiomyocyte metabolic phenotype of fatty acid
metabolism. When cardiomyocytes experience pathological stress, they revert back to
glycolytic metabolism. This occurs in certain stages of AF.
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Figure 2:

Flow diagram showing the upregulation of PPAR-a and PPAR~y/& expression and
downstream fatty acid oxidation-related key proteins/genes in response to the transcriptional
activity of PGC-1a. Both PPAR-a and PPARYy/é are altered in both the transcriptomics and
proteomics profiles in the atrial tissue of AF patients.
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Figure 3:
HIF-1 regulation of transcriptomic modulators. HIF-1 has been shown to downregulate gene

expression for PPARa [59-61]. HIF-1 directly binds with the TWIST protein, forming the
HIF-L/TWIST axis [62]. The HIF-1/TWIST axis activates mir-199a and mir214, which
downregulate the expression of PPARy/6 [63]. HIF-1 represses the transcription of sirtuin 2
(SIRT2), leading to a lack of deacetylation of PGC-1a [64].
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Table 1:
Potential Involvement of Pathways in Expression of Fetal Metabolic Phenotype in AF.

This table shows the known activity of pathways involving the metabolic regulators HIF-1a, PGC-1a/PPARa,
and PGC-1a/ PPARy/é. It also provides hypotheses regarding how the expression of these metabolic
regulators may be involved in the metabolic switch to the fetal phenotype in AF.

Fetal Activity and Function Possible/Proposed Involvement in AF
Phenotype
Pathways
HIF-1la . Maintenance of anaerobic metabolism . May regulate metabolism in fetal heart,
L . which exists in a ¥ O, environment
. Maintains and promotes glycolysis by
upregulating lactate dehydrogenase . May regulate newborn heart metabolism,
which is dependent on glycolysis for ATP
PGC-1a/ . Enhance fatty acid uptake, p-oxidation, and . Change in expression level could contribute
PPARa ketogenesis to progression to the fetal metabolic
i . . . phenotype in AF
D * during neonatal period, which consists of

mitochondrial oxidative capacity

PGC-la/ . 1 fatty-acid metabolism . May contribute to transitional process
PPARYy/S i i between normal and fetal metabolic
. 1 expression for myocardial glucose phenotypes
metabolism
. Regulate expression of PGC-1a and PPARa
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