ANTIOXIDANTS & REDOX SIGNALING
Volume 11, Number 9, 2009

© Mary Ann Liebert, Inc.

DOI: 10.1089/ars.2009.2595

Forum REVIEwW ARTICLE

Redox Regulation, NF-xB, and Atrial Fibrillation

Ge Gao and Samuel C. Dudley, Jr.

Abstract

Atrial fibrillation (AF) is the most common clinically encountered abnormal heart beat. It is associated with an
increased risk of stroke and symptoms of heart failure. Current therapies are directed toward controlling the rate
of ventricular activation and preventing strokes through anticoagulation. Attempts at suppressing the ar-
rhythmia are often ineffective, in part because the underlying pathogenesis is poorly understood. Recently,
structural and electrical remodeling has been shown to occur during AF. These changes involve alterations in
gene regulation and help perpetuate the arrhythmia. Some signals for remodeling are have been identified.
Moreover, AF is associated with oxidative stress, and this redox imbalance may contribute to the altered gene
regulation. One likely mediator of this change in transcriptional regulation is the redox sensitive transcription
factor, nuclear factor-«B (NF-«B). Recently, NF-xB has been shown to downregulate transcription of the cardiac
sodium channel in response to oxidative stress. NF-kB may contribute to the regulation of other ion channels,
transcription factors, or splicing factors altered in AF and may represent a therapeutic target in AF management.

Antioxid. Redox Signal. 11, 2265-2277.

Introduction

ATRIAL FIBRILLATION (AF) was described more than a
century ago (110). The clinical significance of AF and its
related arrhythmia, atrial flutter, continues to amplify because
of the increasing incidence of the disease and the associated
morbidity and mortality, including cerebrovascular accidents
(2). AF is the most common clinically encountered arrhyth-
mia, and results from rapid, continuous electrical activity in
the upper atria chambers of the heart associated with reduced
effectiveness of atrial blood delivery to the ventricles. The
consequences are rapid ventricular contraction, and blood
pooling in the atria. The former leads to symptoms of heart
failure. The latter can result in strokes if the blood clots em-
bolize to the brain (12).

The prevalence of AF is 0.4-1.0% in the general US popu-
lation, and this number is increasing yearly (58). AF is asso-
ciated with other common cardiac conditions such as heart
failure (96) and hypertension (62). Currently, the management
of AF includes ventricular rate control and rhythm control
strategies (4). In the rhythm control strategy, antiarrhythmic
drugs are a mainstay for maintenance of sinus rhythm.
Nevertheless, their use is limited by suboptimal efficacy and
the risk of adverse effects, including induction of other ar-
rhythmias, a result known as pro-arrhythmia (111). Other

therapies include surgical and intracardiac therapy (23) to
limit the available tissue to support the continuous electrical
activity. Ablative therapy has incomplete efficacy and a
number of complications (25). Moreover, complications of
either antiarrhythmic or ablative therapies have constrained
their use predominantly to patients with known AF, leaving
patients without acceptable primary prevention strategies.
One characteristic of AF is that it is self-perpetuating,
suggesting involvement of a positive feedback loop. There-
fore, the longer one has AF, the harder it is to treat (104).
Because it is hard to predict the onset of AF, most studies have
focused on the changes happening upon AF generation,
knowing that they are likely to contribute to the maintenance
of the arrhythmia and hoping that mechanisms of initiation
may be similar. Extensive efforts have gone into describing
this disease and its consequences, and progress has been
made in understanding the mechanism of AF (12). In the last
decade or so, studies have made increasing use of molecular
and proteomic techniques, leading to identification of mole-
cules and genes altered during AF (101). Genetic regulation
occurring during AF includes alterations in the total amount
of encoding messenger RNA (mRNA) (56, 103) and abnormal
mRNA splicing (97). These results hint that transcriptional
regulation may play a key role in the mechanism of AF. The
pathways signaling changes in transcriptional regulation
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during AF remain largely unknown, but there are some
promising leads that may allow for future therapeutic inter-
ventions to treat AF (30, 95, 98).

Nuclear factor-xB (NF-«B) is a key transcription regulator,
coupling redox state to alterations in gene transcriptional
regulation in such states as injury and inflammation stress
(28), so it seems possible that NF-xB may mediate some of the
transcriptional changes seen in AF (95, 98). In this review, we
will explore the role of altered redox signaling, especially
changes related to NF-«B, in the pathogenesis of AF. Hope-
fully, examination of the signaling pathways involved in AF
will allow for treatment strategies that might be more effective
and associated with less toxicity than current therapies based
largely on ion channel blockade or ablation of atrial tissue.

The Evidence of Genetic Influences and Gene
Regulation in AF

Multiple experimental studies have shown that the pres-
ence of AF leads to alterations in gene regulation (59, 114).
These changes are likely to form part of the positive feed-
back loop that perpetuates AF (Fig. 1). These changes have
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been divided into two main categories: electrical and struc-
tural remodeling (8). The electrical remodeling is character-
ized by shortening of the atrial action potential duration and
a loss of the rate-related decrease of the action potential
duration that usually occurs with increasing heart rate (104).
Fibrosis is a central feature in structure remodeling (66).
Both electrical and structural remodeling have been impli-
cated in the generation of multiple atrial electrical wavelets
that characterize the continuous electrical activity present
in AF.

Classically, there are two basic mechanisms of arrhythmia:
enhanced focal activity in the form of enhanced automaticity
or triggered arrhythmias and multicellular, continuous ac-
tivity in the form of rotors or reentrant circuits. Rotors
and reentry are favored by slow conduction, establishing a
relationship between tachyarrhythmias and conduction de-
fects. Conduction velocity is strongly influenced by the degree
of cell-cell coupling and by Na™ channel availability, the main
source of transmembrane current (51).

Ion channel transcriptional regulation is implicated in in-
creasing ventricular and atrial arrhythmic risk (116). Often
referred to as electrical remodeling, the changes in myocyte
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FIG. 1. Atrial fibrillation (AF) results in structural remodeling and electrical remodeling that contribute to the perpet-
uation of the arrhythmia. AF is caused by circus electrical activity in the atria and manifest by continuous low voltage
fluctuations on the surface electrocardiogram with irregular conduction to the ventricle initiating the larger QRS deflections.
Structural remodeling is characterized by increased fibrosis, and electrical remodeling is characterized by a shortening of the

action potential duration.
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electrical properties in states of increased arrhythmic risk are
related to underlying changes in expression of several ion
channel genes, including reductions in connexins, the chan-
nels connecting heart cells, and Na™ channels (79, 116).

Several major signal pathways have been proposed to be
involved in remodeling on the basis of experimental animal
models and human studies (49, 80). Oxidative stress and in-
flammatory processes, angiotensin II (Angll) (82, 100), and
transforming growth factor  (TGF-f) (11, 65) are thought to
influence AF-induced fibrosis. Among others, they regulate
signaling pathway intermediaries such as the NADPH oxi-
dase, MAP kinases, and NF-«B (64, 98).

Clues to which genes may be important in regulating the
proclivity for AF come from studies of families predisposed to
the arrhythmia (101). By using linkage analysis, several loci
have been implicated in AF risk, including 11p15.5, 21g22,
17q, 7q35-36, 5p13, 6q14-16, and 10q22. Some of these loci
encode subunits of cardiac potassium channels (KCNQ1,
KCNE2, KCNJ2, and KCNH2 genes), and the remaining are as
yet unidentified (101). Potassium channels are central to the
establishment of the resting membrane potential and for the
repolarization of the cell after an action potential. It appears
that either an increase or decrease in potassium channel ac-
tivity can affect AF risk. Association studies have linked
several other genes to AF risk. These genes including those
encoding potassium or sodium channels (SCN5A) (95, 97, 98),
structural proteins such as sarcolipin (16), renin-angiotensin
system (RAS) regulators (102), genes that control cell coupling
(46), oxidative stress related genes (49), and inflammatory
mediators (61).
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Many of the genes suggested to be important from inheri-
tance studies have been evaluated in acquired, nonhereditary
AF. Although results have conflicted at times, messenger
RNA (mRNA) for the L-type Ca®" and I,,, potassium channels
appear reduced in most models (37, 57). Humans with per-
sistent AF have significant decreases ranging from 49% to
60% in mRNA encoding L-type Ca>" channel a1c subunits,
as measured by semiquantitative reverse transcriptase-
polymerase chain reaction. Corresponding reductions in
channel protein are apparent on immunoblots, and radio-
labeled L-type Ca®" channel blockers, the dihydropyridines,
show reduced receptor binding (15, 21). These observations
of reductions in mRNA abundance and protein imply tran-
scriptional downregulation as a molecular mechanism of
tachycardia-induced changes in atrial ion channel expression
and electrical remodeling (Fig. 2).

The effects of AF are selective, suggesting that specific
signaling pathways are involved. The mRNA abundances
encoding for the human Ether-a-go-go Related Gene (hERG;
KCNH2) product, a K™ channel active in the late action po-
tential, and the inward rectifier K™ channel (KCNJ2), which
determines the resting membrane potential, are unchanged by
atrial tachycardia (48). Expression levels of Na'-Ca®'-
exchanger, calsequestrin, phospholamban, and sarcoplasmic
reticulum Ca®* release channel mRNA are unaltered (16).

Gene comparison profiling between AF and controls show
that transcriptional factors are altered in AF (49). Some tran-
scription factors altered include FOS/v-fos (FB] murine oste-
osarcoma viral oncogene homolog), GTF2H2 (general
transcription factor IIH, polypeptide 2), EGR2 (early growth

FIG. 2. Ion channel transcriptional
events underlie part of the action potential
shortening associated with atrial fibrilla-
tion (AF). Representative action potentials
in AF and control are shown. Some of the
ion channels contributing to the various
currents during the action potential are in-
dicated. Ina, Lo, Ica, Lir, Iks stand for the
sodium, transient outward, calcium, rapid
delayed rectifier potassium, and slow de-
layed rectifier potassium currents, respec-

Control
AF
tNa Ito lCa Ikr, ks

tively. The relative position of the ion | AF.relatedion channel Transcription Current

channels indicates the timing of their major

activity durmg the action potential. (.Sen'e IN (SCN 5A) downregulated reduced

names encoding these currents are indi- o

cated in the parentheses. l,, (KCND3) downregulated reduced
I, (CACNALIC & G) downregulated reduced
I, (KCNQ1) upregulated increased
l,.. (KCNE2) upregulated increased
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response, Krox-20 homolog, Drosophila), PPARy (peroxisome
proliferator-activated receptor gamma), four and a half LIM
domains protein-1 (FHL1) (20), and cardiac ankyrin repeat
protein (CARP) (20). Among these, Fos/c-fos and PPARy (19,
20) are known involved in redox signaling.

Whereas the signaling pathways for remodeling during AF
are a matter of active investigation, recent evidence suggest
that AF is associated with cardiac and systemic oxidation (52)
that may serve as one signal amenable to targeted ameliora-
tion.

Evidence of Redox Alterations in AF

AF has been associated with myocardial and systemic ox-
idative stress, and antioxidant agents have demonstrated
antiarrhythmic benefit in humans (93). Oxidative stress is
frequently discussed in terms of the relative amounts of nitric
oxide (NOe) and superoxide anion (O3 ). The amounts of
these two species are often inversely correlated, in part, be-
cause of NOe oxidation by O3~ to form peroxynitrite and
other reactive oxygen species (ROS). NO+ and O3~ are mod-
ulators of vascular and myocardial function. NOs is produced
by three nitric oxide synthases including the endothelial iso-
form, eNOS. This isoform is present in endothelial cells of the
vasculature, and NOs produced from this source causes va-
sodilation, inhibits the development of atherosclerosis, and
prevents thrombosis. In the heart, endocardial cells have tre-
mendous similarity to the endothelium and are the main
source of NOe under nonpathological conditions (9). En-
docardial cells possess eNOS and release NOe, prostacyclin,
and endothelin (83). NOe has been shown to enhance diastolic
relaxation, modulate cardiac contractility, and affect rhyth-
micity (87, 91). Vessels in the atrial and ventricular myocar-
dium also have endothelial cells that express eNOS, which
may serve as another source of NOe (9). In addition, eNOS is
expressed by cardiac myocytes, but at levels that are much
lower than that observed in the endocardial cells or endo-
thelium (105). Reduction of NOe in the eNOS knockout mouse
leads to increased arrhythmic risk (54).

O is a free radical produced by several enzyme systems
and is one of the major biologically relevant oxidizing species
determining cellular redox state. O}~ is dismutated to hy-
drogen peroxide (H,O,) either spontaneously or by any of
three superoxide dismutases (SODs). H,O5 is reduced further
by catalase or peroxidases. Enzyme systems and organelles
known to produce O}~ include xanthine oxidase (XO), un-
coupled NOS, mitochondria, and NADPH oxidases. NADPH
oxidases consist of multiple subunits, including p47 and
p22phox, that must be present for activity and are highly
regulated by the renin-angiotensin signaling cascade (38,
117). Recently, NADPH oxidase-mediated production of O3~
has been noted in AF (28).

There is evidence that oxidative stress may contribute to the
risk of arrhythmias. Lipid peroxidation, a common byproduct
of oxidative stress, has been associated with arrhythmic risk,
and this risk can be mitigated by antioxidants, such as statins
and omega-3 polyunsaturated fatty acids (73, 93). Vitamin E
analogues reduce ischemia/reperfusion-induced arrhyth-
mias, and this change is associated with reduced ROS pro-
duction (108), Another synthetic ROS scavenger, MTDQ-A
(6,6-methylene bis 2,2-dimethyl-4-methane sulphonic acid:

GAO AND DUDLEY

Na-1,2-dihydroquinoline), reduced the incidence of ventric-
ular arrhythmias following coronary ligation in a dog (99).
Carnes et al. have shown that pacing induced AF decreases
tissue ascorbate levels and increases protein nitration, a bio-
marker of oxidative and nitrosative stress (17). In AF, bio-
chemical evidence of oxidation by peroxynitrite and hydroxyl
(*OH) radicals, both downstream products of O}~ generation,
has been demonstrated (74). In a canine rapid atrial pacing
model, vitamin C decreases peroxynitrite formation (a by-
product of NOe oxidation by O3~ ) and reduces the incidence
of postoperative AF in humans (17).

In a swine rapid atrial pacing model of AF, we have shown
that AF is associated with NADPH oxidase activation, pro-
duction of O3, and reduced NO- bioavailability. As dis-
cussed above, antioxidants show promise in reducing AF
incidence, so it appears possible that the AF-induced oxida-
tive stress might be involved in the propagation of the ar-
rhythmia. Because the atrial endocardium shares many
characteristics with the arterial endothelium, we hypothe-
sized that it may demonstrate alterations in redox active
proteins in response to changes in shear stress that could in-
crease atrial oxidative stress during AF. To test this hypoth-
esis, we studied a pig model of AF. A specially designed
pacemaker was inserted into the right atrium (RA), and the
atrium paced at a rate of 600bpm to induce AF. The atrio-
ventricular (AV) node was abolished using radiofrequency
ablation, and a pacemaker was inserted into the right ventricle
(RV) to maintain ventricular rates at 100 bpm. Control pigs
had AV nodal ablation and subsequent right-sided AV se-
quential pacing at 100 bpm, such that the ventricular rate was
identical in both sets of animals. After one week, animals were
euthanized, and the hearts were removed for study. NO-
electrodes were fabricated with coated carbon fibers (13, 14).
The electrodes were calibrated with serial dilutions of a sat-
urated, degassed NOe solution. The calibration curve was
linear with respect to NOe with a detection limit around
10 nmol/L. NOs concentration was measured under basal
conditions and after stimulation with the calcium ionophore,
A23187 (1 umol/L). Interestingly, basal NOe concentration
was three-fold higher in the left atrium (LA) than any of the
other tissues studied. AF for one week decreased NOs con-
centration by almost one-fourth (15+6 vs. 56 £ 16 nmol/L,
p <0.01). Also, AF dramatically decreased stimulated LA NOe
release (31+12 vs. 107 +34nmol/L for control left atria,
p <0.01). The effects of AF on NO- concentration were com-
parable in the left atrial appendage (LAA). AF did not cause a
significant change in basal or stimulated NOe concentration in
the ascending Aorta.

NOS expression from AF and control animals was quanti-
fied with Western blot analysis using a monoclonal antibody
against eNOS. NOS protein expression in the LA of the AF
group was 46% less than in control animals (p < 0.01). Im-
munohistochemical staining showed that the majority of NOS
activity was endocardial and that differences between the
groups were confined to this region. In the RA and ventricles,
there were similar trends that did not achieve statistical sig-
nificance. NOS protein expression was not different in the
aorta of control and experimental animals, consistent with the
observation that aortic NOe« concentrations were similar in
the two groups. Surprisingly, there was no significant differ-
ence in NOS expression between control and AF animals in
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the LAA, despite the observation that NO« levels were de-
creased three-fold in the AF group. One possible explanation
for the reduction in NO» is increased oxidative degradation by
05" . We investigated this possibility in the experiments de-
scribed below.

After a week of AF induced by rapid atrial pacing in pigs,
O~ production from acutely isolated heart tissue was
measured by two independent techniques, electron spin
resonance (ESR) and SOD-inhibitable cytochrome C reduc-
tion assays. Compared to control animals with equivalent
ventricular heart rates, basal O~ production was increased
2.7-fold (p < 0.01) and 3.0-fold (p < 0.02) in the LA and LAA,
respectively. A similar 3.0-fold (p <0.01) increase in LAA
O3~ production was observed using a cytochrome C re-
duction assay. The increases could not be explained by
changes in atrial total SOD activity.

Both ESR and the cytochrome C assay confirmed a similar
increase in O3~ production in the LAA. In the LA, there was
evidence for increased intracellular but not extracellular O3,
however. These results are consistent with our previous
observations that oxidative degradation of NO+ appears lo-
calized predominately to the LAA while decreased bioavail-
ability of LA NOe can be explained by downregulation of
eNOS in the LA endocardium (13).

The NADPH oxidase inhibitor, apocynin (100 ug/mL), re-
duced LAA O3~ production by 91%, suggesting a role of the
NADPH oxidase. To investigate this further, LAA NADPH
oxidase activities were compared directly using membrane
preparations from AF and control pigs. There was a 4.4-fold
increase in NADPH activity in the LAA of pigs with AF
(p=0.02). The NADPH oxidase activity was 0.4+£0.1 in
controls compared to 1.8 +£0.5nmol O} /mg tissue*min in
AF pigs. The LA showed a similar trend toward increased
NADPH oxidase activity (p=0.06).

Because xanthine oxidase (XO) is another source of O3~
which can be activated concomitantly with the NADPH oxi-
dase (72), we also investigated changes in XO activity caused
by AF. Although the overall O~ production attributable to
this system was lower than that of the NADPH oxidase, in-
cubation of LAA with oxypurinol reduced O3~ production by
85%. Furthermore, LAA XO activity also showed a 4.4-fold
increase with AF (p=0.01), rising from 0.140.1 in control
to 0.5+ 0.1nmol O}~ /mg tissue*min in AF pigs. In the case
of XO, the differences between activities in the control and AF
groups in the LA were also statistically significant (p =0.04).

Western blot analysis of Nox 1, Nox 2 (gp91phox), Nox 4,
and p22phox showed no change in relative protein amounts
caused by AF, suggesting that activation rather than tran-
scriptional regulation was responsible for the increased ac-
tivity (42, 53). The small G-protein, Racl, is essential for
assembly of the active NADPH oxidase complex (85, 90).
Therefore, we performed experiments to determine if AF was
associated with an increase in active GTP-bound Racl. Racl
activity assays demonstrated that AF increased active Racl in
the LAA by 6.9-fold (p < 0.05) as compared to the amount in
control pigs.

Other sources of oxidative stress may be important in
AF, and the sources may change with time. For example, in-
ducible nitric oxide synthase (iNOS) is activated by NF-xB
and is associated with inflammation and oxidant stress.
Increased iNOS is correlated with more 3-nitrotyrosine
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modification, mediated by peroxynitrite, and with enhanced
apoptosis in AF tissue (35, 86). Therefore, iNOS cannot be
excluded as another source of oxidative stress and the pa-
thology in AF.

In summary, we demonstrated that AF was associated with
regionally correlated decreases in NOe and increases O3~
production. The increased O~ production was at least in part
the result of increased NADPH oxidase and XO activities.
Increased NADPH oxidase activity could be explained by an
increased in active Racl, a required cofactor. These observa-
tions provide a link between AF and activation of renin-
angiotensin system (RAS), since Angll is a potent stimulator
of the NADPH oxidase. While the presence of peroxynitrite
was not examined directly in these studies, based on the data
noted above, peroxynitrite is likely to be elevated since there is
evidence of increased atrial nitrotyrosine, the byproduct of
peroxynitrite and tyrosine. This idea led to our interest in RAS
activation and arrhythmias.

In humans, we compared serum markers of oxidation in
individuals with or without permanent AF (77). We used
derivatives of reactive oxidative metabolites (DROMs) and
the ratio of oxidized to reduced glutathione (Eh GSH), and the
ratio of oxidized to reduced cysteine (Eh CySH) to quantify
oxidative stress. DROMs is a colorimetric assay that detects
mostly lipid peroxides. DROMs were measured in Carr units,
with higher values indicating increased oxidative stress. The
redox states (Eh) of the thiol/disulfide pools were calculated
with the Nernst equation: Eh=Eo+RT/nF In [disulfide]/
[thiol]?, where Eo is the standard potential for the redox
couple, R is the gas constant, T is the absolute tempera-
ture, n is 2 for the number of electrons transferred, and F
is the Faraday constant. The standard potential Eo used for
the glutathione and cysteine redox couples was —264 and
—250mV, respectively. Less negative Eh numbers imply a
more oxidized state. The results showed that all measures of
oxidative stress were significantly increased in AF patients
compared with controls. The AF group showed more oxida-
tion, with a mean Eh GSH of —133 £21 mV (£SD) and Eh
CySH of —68 + 6 mV (£SD) compared with the control group,
which had a mean Eh GSH of —154 £ 12mV (+SD) and Eh
CySH of —77 £ 6 mV (£SD). DROMs also showed more ox-
idation in the AF group. The association of oxidative stress
markers to AF persisted even after correction for differences
in other conditions that predispose to AF. Other oxidative
markers also increased in AF include malondialdehyde and
nitrotyrosine (61).

NADPH oxidase is a source of oxidative stress and a major
upstream modulator of NF-xB activation (18, 50). NADPH
oxidase consists of several proteins that are segregated be-
tween membrane and cytosol in resting cells, including the
membrane-bound cytochrome b558 catalytic unit, composed
of Nox and p22phox subunits, and multiple cytoplasmic ac-
cessory or signaling subunits (Rac, p47phox, and p67phox).
The main NADPH oxidase subunit (Nox) has multiple iso-
forms, Nox2 (gp91phox) is the dominant isoform expressed in
myocardium. During activation, the cytosolic NADPH oxi-
dase components translocate to the membrane, where they
associate with Nox, to form the active complex. The NADPH
oxidase catalyzes the formation of superoxide anion (O,-).
Nox 2 has been shown to be increased in the atrium of patients
with AF as compared to controls. In the right atrial appendage
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TABLE 1. INDICATORS OF OXIDATIVE STRESS DURING AF

Indicator Direction of change ~ Source ~ Reference
3-Nitrotyrosine 1 heart 17, 74
Nox2 1 heart 50
Eh GSH 1 blood 77
Eh CySH 1 blood 77
DROMs 1 blood 77
Superoxide 1 heart 20, 50
Nitricoxide l heart 13

DROMS, derivatives of reactive oxidative metabolites; Eh CySH,
ratios of oxidized to reduced cysteine; Eh GSH, ratio of oxidized to
reduced glutathione; Nox2, NADPH oxidase type 2.

(RAA) of patients undergoing cardiac surgery, the membrane-
bound gp91P"**/Nox2 containing NADPH oxidase is a main
source of superoxide production from human atrial myocytes
(50, 118). These results parallel similar findings in animal
models (28, 70). A summary of markers of oxidative stress in
AF is shown in Table 1.

Gene expression profiling on heart tissue from AF pa-
tients also suggests that oxidative stress related genes are
regulated in AF (49). Comparing human atrial tissue are
collected from patients with permanent AF and from 26
control subjects indicated that the expression of oxidative
related genes were significant upregulated and antioxidant
genes were downregulated in AF patients. Pro-oxidant
genes increased, including monoamine oxidase B, flavin-
containing monooxygenase 1, the NADPH oxidase, cyto-
chrome P450, and xanthine oxidase. Antioxidant genes
downregulated included glutathione peroxidase 1, gluta-
thione reductase, superoxide dismutase, and catalase
(p<0.01).

NF-xB Activation and the Identified Signaling
Pathways Involved in AF

Waved3 (Wa3) mice have a spontaneous mutation of the
NF-«B interacting protein 1 (Nkip1), which is a putative re-
pressor of NF-«xB (41). The loss of Nkip1 would be expected to
result in an inappropriate activation of NF-«B, thus identifying
NF-xB-dependent cardiac transcripts. The most striking aspect
of the Wa3 phenotype is a profound cardiomyopathy. Myo-
fiber degeneration, necrosis, and mineralization first appear
on the anterior aspect of the right ventricle near the outflow
tract and extend into the anterior aspect of the adjacent sep-
tum. Lesions are evident at birth and became progressively
larger with age. By day 14, right ventricle dilation is present
(41). This mutation strongly suggests that proper NF-«xB reg-
ulation is vital to the maintenance of appropriate cardiac
function and suggests that dysregulation leads to myopathy.

NF-«B is a highly inducible nuclear transcriptional factor
and responses to a variety of stimuli (40). The signal path-
ways involved in NF-xB activation have been widely in-
vestigated. Reports focus on activated NF-xB mediated by
hypertrophy (113), oxidative stress (6), TNF-« (78, 88), IL-15
(78, 88), TGE-f (34, 76), and the RAS (7, 98). Interestingly,
TNF-« (94), IL-1p (109), TGF-f1 (84, 106), and RAS (100, 102)
are also reported to be involved in the AF electrical and
structural remodeling.
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The system RAS is a key signaling pathway in the cardio-
vascular system (29, 81). Activation of this system is associ-
ated with increased cardiovascular death (69). A critical
component of this system is angiotensin converting system
(ACE), which cleaves the angiotensin I to Angll. In humans,
increased Angll levels are associated with an increased ar-
rhythmic risk (1), and the use of ACE inhibitors or angiotensin
receptor blockers (32, 67) have decreased this arrhythmic risk.
Additionally, patients with AF are known to have increased
levels of ACE and AngllI receptors (5, 36). ACE inhibition has
been shown to reduce the incidence of AF in a number of
different settings including after myocardial infarction and in
the setting of left ventricular systolic dysfunction (3, 107).
ACE inhibitor therapy has been shown to be a negative pre-
dictor of AF after coronary artery bypass grafting, while
postoperative withdrawal of ACE inhibitors has been asso-
ciated with the development of AF (71).

Cardiac-restricted ACE or angiotensin receptor over-
expression results in conduction abnormalities and sudden
death (47, 112). Cardiac-restricted expression of ACE2, an
enzyme that produces a shortened form of angiotensin whose
role is unclear, causes a high incidence of sudden death,
severe conduction disturbances, sustained ventricular tachy-
cardia, and terminal ventricular fibrillation (27).

Additionally, TNF-« expression is increased in patients
with AF (109). Comparing RAA samples of patients with and
without AF showed that a significant increase in the fibrosis of
the RAA and TNF-« protein expression in the patients with
AF. Similar results have been reported for plasma TNF-z,
which is significantly increased before and after pharmaco-
logical cardioversion in patients with paroxysmal AF as
compared to sinus rhythm controls (92). TNF-x cardiac-
restricted overexpression mice have structural remodeling
and conduction system disease conducive to arrhythmias
(94). Electrical alterations include AV conduction abnormali-
ties, supraventricular arrhythmias, and shortened AV interval
with a wide QRS duration. A downregulation of connexin40
was noted and may help explain the findings.

NF-«B activation has been reported to be involved in the
TNF-a-mediated signaling pathway (78, 88). This NF-xB
activation is mediated through ROS-dependent PKAc path-
way (44). With 20 min of TNF-« stimulation, ROS increased by
~2-fold. The induced ROS activated NF-«xB through NF-
kB/RelA Ser phosphorylation, a critical modification for its
transcriptional activity. TNF-z-mediated NF-«xB activation
could be blocked by antioxidant treatment, PKAc inhibitors,
and siRNA-mediated PKAc knockdown.

Activation of the IL-1f pathway results in NF-«B inhibitor
(IxB) phosphorylation and subsequent cytoplasm-nucleic
NF-«B translocation (89). IL-1f alters transcriptional regula-
tion of NF-xB and NF-xB-dependent mRNA (89). IL-1f has
been implicated in arrhythmic risk during cardiac cellular
myoplasty. In a rat infarction model, skeletal myoblast injec-
tion induced a high level of IL-1f for at least 1 week compared
to bone marrow-derived progenitor cell injection. Moreover,
the skeletal myoblast group displayed a higher occurrence of
ventricular premature contractions and was more susceptible
to isoproterenol-induced ventricular tachycardia compared to
the bone marrow progenitor and saline injected control
groups (22). IL-1 receptor knockout mice have decreased in-
flammation and fibrosis after infarction, suggesting that IL-1/
contributes to the substrates for arrhythmia (10).
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FIG. 3. Summary of identified signaling pathways in-
volved in AF that may lead to NF-«B activation in atrial
fibrillation (AF).

In osteoclasts, TGF-f1 activates two downstream signal-
ing pathways to regulate transcription (34). One pathway
is mediated by NF-xB activation, while the other one is
mediated by cytoplasm-nucleic transport protein Smad2.
Comparing the RAA of 11 patients with chronic AF and
underlying valvular heart disease and seven patients in
sinus rhythm with VHD to 11 patients in the sinus-rhythm
control group showed significant upregulation of the key
molecules in the TGF-f1-Smad pathway in AF patient
samples when compared to control group (84). Consistent

2271

with a causal relationship, cardiac restricted TGF-f over-
expression results in atrial fibrosis and an increased risk of
AF (106).

In summary, TNF-o, IL-18, TGF-, and Angll-mediated
pathways have been implicated in arrhythmias and are as-
sociated with NF-«B activation (Fig. 3).

NF-xB-Dependent Transcriptional Regulation in AF

NF-«B is required for normal cell growth and survival. NF-
kB deficiency is lethal. Inducible expression of a mutated
inhibitor of NF«xB has allowed for a profile of the NF-«xB de-
pendent gene regulation network (7). Nevertheless, this net-
work is likely to be cell type specific (7, 39), and knowledge of
the role of NF-xB in cardiac cells is limited. While under-
standing the role of NF-xB in AF is in its early stages, we can
speculate about several possible mechanisms whereby NF-«B
could be involved. Activated NF-xB can have direct effects
on ion channel promoter regions, alter other transcription
factor expression levels, or influence mRNA splicing (Fig. 4).
The canonical consensus binding site sequences for NF-«B are
5'-GGGGATYCC-3' for p50 and 5'-GGGRNTTTCC-3' for p65,
where Y is a pyrimidine, R is a purine, and N is any nucleotide
(115). Classically, NF-«xB binds these sites as a heterodimer of
one p50 and one p65 subunits. Binding of a single subunit is
thought to be insufficient to influence transcriptional activity
(65). By promoter sequencing analysis, we found that the
cardiac sodium channel SCN5A promoter region contained a
NF-«B binding sequence. This suggests that SCN5A may be
one of the candidate genes under NF-«xB regulation. An ap-
propriate number and function of Na* channels is critical for
normal cardiac electrical activity (96). Either excess or reduced
channel current results in increased arrhythmic risk, as hap-
pens in the inherited sudden death syndromes Long QT
syndrome type 3 (68) and Brugada syndrome (63), respec-
tively. As discussed above, downregulation of the cardiac

FIG. 4. Three mechanisms
by which oxidative stress and
NF-kB activation may lead
contribute to atrial fibrilla-
tion (AF). NF-kB can have

direct effects on ion channel lan channet and Transcription Splicing
promoter regions, may alter I_' ather, ge“e:‘ml I—' factors - factors -
other wanseripton factor @ AR AGBIMAARAA. BRI
ence mRNA splicing.

* SCN5SA * PPARA * hlLuc7A

* CACNA1G * c-fos * RBM25

* KCND3 ¢ GTF2H2

* KCNAS * EGR2

* GJAS * HIFlw

Oxidative stress
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sodium channel is seen in many models of AF (95, 97) and AF
is associated with increased RAS activation (100, 102) and
oxidative stress (49).

It is well established that one effect of increased RAS acti-
vation is Angll-dependent stimulation of the enzyme
NADPH oxidase (43, 75). We showed that Angll exposure
resulted in a transcriptional downregulation of Na* channels
(98). This downregulation required the NADPH oxidase and
was mediated by H,O,. AnglI or H,O, treatment of cardio-
myocytes resulted in increased NF-xB binding to the cardiac
Na™ channel promoter with subsequent reduction in tran-
scriptional activity. This response to NF-xB activation and
binding is somewhat unusual, compared to the more common
activation of transcription with NF-«xB binding. Nevertheless,
simultaneous overexpression of p50 and p65 could recapitu-
late the effect of Angll or oxidative stress, and mutation of the
NF-«B consensus sequence prevented the downregulation of
transcription. While these experiments were performed with
mouse cells and the mouse Na™ channel promoter, the hu-
man Na™ channel promoter also has an homologous NF-«xB
binding site (GenBank accession numbers AY313163 for hu-
man and AY769981 for mouse).

In summary, we found that Angll could downregulated
cardiac Na* channels by an NF-xB-dependent mechanism.
This may help explain the efficacy of RAS inhibitors to pre-
vent AF (24, 26). The reduction in sodium current seen with
Angll is similar to its effect on other cardiac ion channels,
including the transient outward current o-subunit Kv4.3
(60), the gap junction protein connexin 43 (47), connexin 40
(31, 47), and the calcium current (31), which may be medi-
ated by comparable mechanisms and also may contribute to
enhanced arrhythmic risk in states of increased oxidative
stress.

Inspecting the promoter regions of other channels and
subunits altered during AF revealed that the T-type Ca®"
channel (CACNA1G), the transient outward current (KCND?3),
the ultra-rapid delayed rectifier (KCNA5), and connexin 40
(GJA5) have NF-«B consensus binding sequences. All appear
to undergo transcriptional regulation during AF, but only
SCNSA has direct evidence supporting its regulation by NF-
kB. If it should come to pass that these channels are regulated
in a similar way to SCN5A, then a substantial component
of electrical remodeling in AF may be prevented by altering
NF-«B signaling.

Aside from the direct effect of NF-«kB on ion channel
promoters, it is possible that this transcription factor may
play a role in alternative splicing of ion channels that pro-
motes arrhythmic risk. Several cardiac ion channels are al-
ternatively spliced, including the cardiac Na™ channel (97).
Human heart failure, a condition linked with increased risk
of AF, is associated with increased prevalence of three splice
variants of the SCN5SA gene that encode for truncated, non-
functional channels (GenBank accession numbers: EF092292,
EF092293, and EF092294, respectively). These alternatively
spliced mRNA variants are likely to reduce Na* current to
levels that might contribute to arrhythmic risk alone or in
combination with other inciting causes. Gene array com-
parisons of splicing factor expression between normal and
heart failure tissue has demonstrated changes in hypoxia-
inducing factor-la (HIFla). HIFla is a key transcriptional
regulatory molecule elevated in hypoxia and inflammation.
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FIG. 5. A proposed scheme of how NF-kB may be in-
volved in the pathogenesis of atrial fibrillation (AF). AF is
known to be associated with systemic and cardiac oxidative
stress. Oxidative stress can activate NF-kB. NF-kB has been
shown to downregulate cardiac Na* channels and may have
other proarrhythmic effects, perpetuating AF.

The HIFla promoter contains an NF-xB binding element,
and NF-«B is an upstream regulator during HIF1o activation
(45). Among other things, HIFlx regulates mRNA splicing
factors, such as hLuc7A and RBM25 (119). Sequence analysis
shows that there is a RBM25 binding site in the SCN5A re-
gion where abnormal mRNA splicing occurs, suggesting NF-
kB may be upstream of the alternative splicing of this
channel during cardiac oxidative stress, inflammation, or
hypoxia.

In addition to affecting transcription and splicing, NF-«xB
regulation during AF could conceivably indirectly affect AF-
related genes by affecting the transcription factors that regu-
late them. To date, there is limited knowledge of transcription
factor alterations during AF. PPARs and c-fos are known to be
regulated in AF (49) and are involved in redox signal path-
ways (19, 33). Two other transcription factors, general tran-
scription factor IIH polypeptide 2 (GTF2H2) and early growth
response 2 (EGR?2), are increased in AF (49) and have NF-xB
consensus sequences in their promoters, raising the possi-
bility that NF-«B may be involved in their upregulation
during AF.

Conclusions

While it is likely that multiple mechanisms contribute to AF
risk, inflammation and oxidative stress seem to play large
roles (Fig. 5). As a central response element of these two in-
citing causes, NF-«B is likely to be mediating some of the
changes that either precipitate or perpetuate AF. Recent data
have begun to show how NF-«xB might be involved in altering
ion channel transcription in ways that would contribute to
arrhythmic risk. Therefore, the NF-«B signaling cascade may
represent a reasonable target for future antiarrhythmic drug
development.
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Abbreviations Used

ACE = angiotensin emuerting enzyme
AF = atrial fibrillation
Angll = angiotensin II
AV = atrioventricular node
CARP = cardiac ankyrin repeat protein
DROM = derivative of reactive oxidative metabolites
EGR2 = early growth response
Eh = oxidized to reduced thiol redox states
eNOS = endothelial nitric oxide synthase
ESR = electron spin resonance
FHL1 = four and a half LIM domains protein-1
FOS/v-fos = FBJ] murine osteosarcoma viral oncogene homolog
GTF2H2 = general transcription factor IIH polypeptide 2
hERG = human Ether-a-go-go related gene
HIFle = hypoxia inducing factor-1a
iNOS = inducible nitric oxide synthase
KCNJ2 = potassium channel
LA = left atrium
LAA = left atrial appendage
mRNA = messenger RNA
NF-«B = nuclear factor-«B
NOe = nitric oxide
O3~ = superoxide anion
PPAPy = peroxisome proliferator-activated receptor gamma
RA = right atrium
RAS = renin-angiotensin system
ROS = reactive oxygen species
RV = right ventricle
SCN5A = sodium channel
SOD = superoxide dismutase
TGF-f = transforming growth factor f
XO = xanthine oxidase
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