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Atrial fibrillation (AF) is a growing clinical problem, increasing in prevalence as the population of the
United States and countries around the world ages. Intensive research aimed at improving prevention,
diagnosis, and treatment of AF is ongoing. Although the use and efficacy of catheter ablation-based
approaches in AF treatment have increased significantly in the last decade, pharmacological agents
remain the first-line therapy for rhythm management of AF. Currently available anti-AF agents are
generally only moderately effective and associated with extracardiac toxicity and/or a risk for devel-
opment of life-threatening ventricular arrhythmias. Included among current investigational strategies
for improving the effectiveness and safety of anti-AF drugs is the development of (1) Agents that
produce atrial-specific or predominant inhibition of IKur, IK−ACh, or INa; (2) “Upstream therapies”
that effect nonion channel targets that reduce atrial structural remodeling, hypertrophy, dilatation,
inflammation, oxidative injury, etc; (3) Derivatives of “old” anti-AF drugs with an improved safety
pharmacological profile; and (4) Gap junction therapy aimed at improving conduction without affect-
ing sodium channels. This review focuses on new pharmacological approaches under investigation
for the treatment of AF.
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INTRODUCTION

Atrial fibrillation (AF) is a major clinical problem
with increasing prevalence due to the progressive
increase in longevity. The two principal options for
the management of AF are rhythm and rate control.
The first option aims to maintain sinus rhythm;
with its restoration when required (pharmacologi-
cally, surgically, or with direct current or catheter
oblation). The second option leaves the atria fibril-
lating and focuses on reducing the detrimental ef-
fects of fibrillating atria on the ventricles (such as
the development of cardiomyopathy) by prolong-
ing the effective refractory period of impulse trans-
mission through the atrioventricular (AV) node or
by completely interrupting conduction through AV
node. This may be accomplished either pharmaco-
logically or with catheter ablation techniques.
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Rate control and in some cases rhythm control
approaches require anticoagulation therapy to re-
duce the risk of stroke. It is generally accepted that
rhythm control is not superior to rate control in
terms of survival and that rhythm control involv-
ing drugs may be complicated by adverse reactions
and a greater rate of hospitalization.1,2 The general
consensus however is that rhythm control would
be preferable for most AF patients if safer and more
effective anti-AF drugs were available.3–5 This has
prompted the search for such agents.

Although the effectiveness and use of catheter
ablation techniques for the management of AF
has increased importantly over the past decade,
pharmacological agents remain first-line therapy
for rhythm control AF.6 Currently available anti-
AF agents are in general only moderately effec-
tive and associated with a risk for induction of

C©2009, Copyright the Authors
Journal compilation C©2009, Wiley Periodicals, Inc.

290



A.N.E. � July 2009 � Vol. 14, No. 3 � Burashnikov, et al. � New Anti-AF Approaches � 291

Current investigational  
pharmacological strategies 

for AF treatment 

Atrial specific 
or selective 
therapy 
Targets: 
 
IKur  
IK-ACh  
CA IK-ACh  
INa (IKr ?) 

“Upstream” 
therapy 
Targets: 
  
Structural 
remodeling 
Inflammation 
Oxidative stress 
Hypertrophy 
etc. 

Gap junction 
therapy 
Targets: 
 
Cx40 
Cx43 

Improvement of 
“ old” agents:  
 
Amiodarone 
derivatives:  
   Dronedarone 
   Celivarone 
   ATI-2042 

Figure 1. Current investigational strategies for rhythm control of atrial
fibrillation.

serious ventricular arrhythmias and/or organ tox-
icity. Agents that inhibit the early sodium cur-
rent (INa) such as flecainide and propafenone have
proven to be effective in terminating paroxysmal
episodes of AF, but far less effective in dealing with
persistent AF.7 Because of a proclivity for arrhyth-
mogenesis, these agents are contraindicated in pa-
tients with acute coronary syndrome and structural
heart disease, which account for the majority of AF
patients.6 Agents that as a primary action inhibit
the rapidly activating delayed rectified potassium
current (IKr), such as dofetilide, also effectively ter-
minate paroxysmal AF and less effectively persis-
tent AF, but these drugs also cause acquired long
QT syndrome (LQTS) and may be associated with
the development of torsade de pointes (TdP) ar-
rhythmias. The success rate for terminating per-
sistent AF is greater for IKr blockers than for INa
blockers.6

Amiodarone, a mixed ion channel blocker, is
widely used for the long-term maintenance of si-
nus rhythm rather than for acute AF conversion.8

The drug takes weeks to achieve its full effects
on cardiac electrophysiological parameters. Advan-
tages of amiodarone include the fact that it can be
safely used in patients with structural heart disease
and very rarely is associated with ventricular proar-
rhythmia. A major disadvantage of long-term use of
amiodarone is the relatively high rate of multiple
organ toxicity.

Accordingly, there is a need for safer and more
effective anti-AF agents than those currently avail-

able. Several pharmacological strategies aimed at
improving the effectiveness and safety of drugs
used for rate control of AF have been proposed
and tested in clinical and/or experimental settings
in recent years (Fig. 1). This brief review pro-
vides an update of the present-day view of these
pharmacological approaches for the management
of AF.

Atrial-Specific Ion Channel Block
Approaches

A great deal of focus has been placed on the de-
velopment of atrial-specific ion channel blockers,
in an effort to avoid the ventricular arrhythmo-
genic effects of currently available drugs. Atrial-
specific targets for AF treatment include the ultra-
rapid delayed rectified potassium current (IKur), the
acetylcholine-regulated inward rectifying potas-
sium current (IK−ACh), the constitutively active
IK−ACh (i.e., which does not require acetylcholine or
muscarinic receptors for activation), and connexin
40 (Cx40).9,10 The channels responsible for IKur and
IK−ACh are exclusively or nearly exclusively present
in atria and largely absent in the ventricles and
these channels are commonly referred to as atrial-
specific.

“IKur block for AF” is the most investi-
gated strategy among the atrial-specific ap-
proaches. Agents capable of blocking IKur (such as
AVE0118, AVE1231, S9947, S20951, ISQ-1, DPO-1,
vernakalant; AZD7009; NIP141, NIP-142, acacetin)
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have been shown to selectively prolong atrial-
effective refractory period (ERP) and thus to
effectively terminate AF and/or prevent its in-
duction.11–21 Most of these agents, however, at
concentrations that effectively suppress AF, po-
tently block other currents as well (e.g., INa is
inhibited by vernakalant and AZD7009).22,23 In
fact, it is not clear if IKur or INa plays a greater
role in the atrial selectivity and anti-AF actions
of these agents, since INa blockers may selectively
prolong atrial ERP and effectively suppress AF.24

An inhibition of transient outward current (Ito) and
IK−ACh by AVE0118 and AVE1231 also questions
the relative role of IKur inhibition in AF termina-
tion by these agents. At concentrations that specif-
ically inhibit IKur (≤50 μM), 4-AP neither termi-
nates sustained AF nor prevents its initiation in
an acetylcholine-mediated AF model.25 Anti-AF ef-
fects of 4-aminopyridine (4-AP) in this AF model ap-
pears only at concentrations that potently block Ito.
It has been reported that IKur density is reduced at
rapid activation rates,26,27 which indicates that the
relative contribution of IKur to atrial repolarization
during AF may not be crucial and, thus, blockade
of this current alone may not be sufficient for effec-
tive AF termination. The density of IKur has been
shown to be reduced in cells isolated from chronic
AF atria in some studies, but not all (for review
see 28).

Important issues regarding the safety of IKur
blockers have been raised recently with the finding
that loss-of-function mutations in KCNA5 are asso-
ciated with familial AF.29 Because KCNA5 encodes
the α subunit of the IKur channel, these results sug-
gest that a reduction in IKur may predispose to the
development of AF. Indeed, recent experimental
studies have demonstrated different effects of IKur
block on the action potential of “remodeled” ver-
sus “healthy” atria.25,30 Block of IKur in “healthy”
atria (displaying a plateau-shaped AP morphol-
ogy) abbreviates the atrial action potential dura-
tion measured at 70–90% repolarization (APD70–90)
(Fig. 2)25,30,31 In contrast, in remodeled atria (typ-
ically displaying a triangular-shaped AP morphol-
ogy) a reduction of IKur prolongs APD70–90.25,30 Ab-
breviation of atrial repolarization is well known to
be associated with an increase in AF vulnerability.
Consistent with this observation, block of IKur with
10–50 μM of 4-AP has been shown to promote the
induction of nonsustained AF in “healthy” canine
arterially perfused atrial preparations, apparently
due to APD90/ERP abbreviation (Fig. 3).25

Figure 2. Block of IKur with 4-aminopyridine (4-AP, 50
μM) abbreviates APD90 in “healthy” (plateau-shaped ac-
tion potential), but prolongs it in “acutely remodeled”
(triangular-shaped action potential) canine coronary-
perfused atrial preparations (pectinate muscles). Low
flow ischemia was used to generate the “acutely remod-
eled” atria. Modified from Burashnikov et al.,25,31 with
permission.

There is an apparent inconsistency between
prolongation of ERP11–19 and abbreviation of
APD70–90 induced by IKur blockers in “healthy”
atria.25,30,31 Because inhibition of IKur alone abbre-
viates APD90, the prolongation of ERP measured
in some studies is most readily explained by
development of postrepolarization refractoriness
(PRR), likely due to concurrent inhibition of
sodium channels. Interestingly, atrial-selective
agents that block IKur such as vernakalant and
AZD7009 also potently block INa.

22,23 AZD7009
has characteristics of an atrial-selective sodium
channel blocker, slowing conduction and increas-
ing diastolic threshold of excitation in atria, but
not in the canine ventricle in vivo.16 isoquino-
linone 3-[(dimethylamino)-methyl]-6-methoxy-2-
methyl-4-phenylisoquinolin-1(2H)-one (ISQ1) also

Figure 3. Nonsustained AF induced by a single prema-
ture beat (S1-S2 = 115 ms) in the presence of 25 μM
4-AP in a “healthy” canine isolated coronary-perfused
atrial preparation. From Burashnikov and Antzelevitch,25

with permission.
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Figure 4. Ranolazine specifically induces prolongation of the effective refrac-
tory period (ERP) and development of postrepolarization refractoriness in atria
(PRR, the difference between ERP and APD75 in atria and between ERP and
APD90 in ventricles; ERP corresponds to APD75 in atria and APD90 in ventri-
cles). CL = 500 ms. C = control. The arrows in panel A illustrate the position on
the action potential corresponding to the end of the ERP in atria and ventricles
and the effect of ranolazine to shift the end of the ERP in atria but not ventricles.
∗P < 0.05 versus control. †P < 0.05 versus APD75 values in atria and APD90 in
ventricles; (n = 5–18). From Burashnikov et al.,24 with permission.

slows conduction velocity in atria in vivo,32 indi-
cating that it blocks INa. Camm and Savelieva33

in their recent review noted that AVE1231 also
blocks early INa. AVE0118 reduces maximal rate
of rise of action potential upstroke (VMax) in canine
coronary-perfused atrial preparations, suggesting
that AVE0118 also blocks INa.(Burashnikov et al.,
unpublished data). Atrial-specific ERP prolonga-
tion can also be the result of atrial-selective and
-specific sodium channel blockade (Fig. 4).24,34

Thus, available experimental and clinical data
suggest that “pure” IKur block may not suffice
to effectively suppress AF and that inhibition
of additional currents may be required (e.g.,
INa, Ito, and/or IKr). Moreover, recent data sug-
gest that selective reduction of IKur may pre-
dispose to the development of AF in healthy
atria.

It has been reported that a vagal component
may importantly contribute to the initiation of
some paroxysmal AF.35,36 Under normal condi-
tions, IK−ACh is activated through the muscarinic re-
ceptors in response to release of the neurotransmit-

ter acetylcholine (ACh) in vivo or addition of ACh
into solution in vitro, with direct consequences
being an abbreviation of atrial repolarization and
promotion of AF. In contrast to atria, parasym-
pathetic system stimulation or ACh produce little
to no direct effects on ventricular electrophysio-
logical parameters due to practical absence of the
channels underlying IK−ACh and respective recep-
tors. Thus, block of IK−ACh can specifically affect
atria and may suppress vagally mediated AF. In
atria isolated from humans with chronic AF, ACh-
activated IK−ACh is reported to be either increased
or decreased (for review see 28).

There is another form of IK−ACh that does not
require cholinergic agonist stimulation for activa-
tion,37,38 which was recently termed constitutively
active (CA) IK−ACh (CA IK−ACh)9,39 This current is
only marginally present in healthy nonfibrillat-
ing human or canine atria and is significantly in-
creased in atria of chronic AF patients and canine
tachycardia-remodeled atria.9,38–40 The augmenta-
tion of CA IK−ACh in chronic AF patients has been
related to abnormal protein kinase C function.39
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Figure 5. Ranolazine produces a much greater rate-dependent inhibition of the maximal action
potential upstroke velocity (Vmax) in atria than in ventricles. (A) Normalized changes in Vmax
of atrial and ventricular cardiac preparations paced at a cycle length (CL) of 500 ms. (B)
Ranolazine prolongs late repolarization in atria, but not ventricles and acceleration of rate leads
to elimination of the diastolic interval (during which the recovery from sodium channel block
largely occurs) in atria but not ventricles. ∗P < 0.05 versus control. †P < 0.05 versus respective
values of M cell and Purkinje (n = 7–21). From Burashnikov et al.,24 with permission.

The CA IK−ACh is likely to contribute to abbre-
viation of atrial APD and AF maintenance.9,39,40

Block of IK−ACh currents with tertiapin prolongs
atrial APD and suppresses AF in experimental
models.40,41 Although CA IK−ACh has been sug-
gested recently as a new atrial- and pathology-
specific target for AF treatment,39,42 there is no se-
lective CA IK−ACh blocker available at the present
time and the feasibility of an atrial-selective CA
IK−ACh approach is yet to be determined. The de-
velopment of clinically safe IK−ACh blockers must
take into account the presence of the IK−ACh chan-
nels and receptors in many organs other than the
heart.

Connexins are the proteins that principally de-
termine cardiac cell-to-cell communication. Cx40
is commonly included to the list of potential
atrial-specific targets for AF treatment, because
Cx40 is found in atrial but not ventricular my-
ocardium, with the exception of the conduction
system in the ventricles.10,43 Somatic mutations in
Cx40 gene (GJA5) have recently been found in
patients with idiopathic AF.44 There are no spe-
cific Cx40 modulators available as yet and the
there are no data demonstrating either safety or
effectiveness of this approach in the management
of AF.

Atria-Selective or Predominant
Antiarrhythmic Approaches to AF

Management

In addition to atrial-specific ionic channels, there
are ionic channels that are present in both cham-
bers of the heart but the inhibition of these
channels can produce predominant electrophysio-
logical changes in atria vs. ventricular. These atrial-
selective or predominant targets, include sodium
channels responsible for fast INa

24,45 and, per-
haps, channels underlying IKr.46–52 Note that atrial-
predominant refers to a lesser degree of atrial
selectivity.

We recently reported the results of experimental
studies demonstrating that some early INa block-
ers affect sodium channel-dependent parameters
in an atrial selective manner (Fig. 4 and 5).24,34,53

Ranolazine and chronic amiodarone reduced the
maximum rate of rise of the action potential up-
stroke (Vmax) and conduction velocity (CV), in-
creased diastolic threshold of excitation (DTE),
and induced PRR predominantly in canine atrial
vs. ventricular coronary-perfused preparations.
Ranolazine was more “atrial selective” than
chronic amiodarone.24,53 Propafenone showed no
chamber selectivity in depression of sodium
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channel-dependent parameters at a normal pacing
rate (cycle length [CL] = 500 ms), but displayed
some atrial predominance at rapid pacing rates
(likely due to atrial-specific APD prolongation, as
discussed below).54 Lidocaine turned out to also
be an atrial-predominant sodium channel blocker,
but with a much lesser degree of atrial selectivity
than either ranolazine or amiodarone.24,53 Note that
acute lidocaine is not effective in terminating AF in
the clinics.55 As mentioned above, AZD7009 also
behaves as an atrial-selective INa blocker, slowing
conduction and increasing DTE only in atria.16

Interestingly, ranolazine, propafenone, and
chronic amiodarone all block IKr, in addition to
INa, and produce preferential APD90 prolongation
in canine atria vs. ventricles at 300–500 ms pac-
ing CLs studied.24,34,54 At normal heart rates or
pacing rates, selective IKr blockers (E-4031, sotalol,
d-sotalol, dl-sotalol, dofetilide, WAY-123,398, ibu-
tilide, MK499, and almokalant) preferentially pro-
long atrial vs. ventricular ERP and/or APD, but
do not induce early afterdepolarizations (EADs) in
atria.46–52 In contrast, at slow pacing rates, ven-
tricles, but not atria, display a significant APD
prolongation, early after-depolarization (EAD) and
TdP when IKr is reduced.56,57 Interestingly, re-
cently published data showed no association of AF
with the congenital LQT2 syndrome (IKr defect;
in 0/174 patients) and only a marginal AF associ-
ation in LQT3 syndrome (late INa defect, in 1/59
patients).58 However, a higher prevalence of AF
was found in the congenital IKs mutation-related
LQT1 syndrome (5/211 patients; 2.4% vs. 0.1% in
<50 years age population).58 The rate-dependent
atrioventricular differences in response to IKr in-
hibition are not well appreciated and underlying
mechanisms of these differences are not unclearly
defined.

The atrial-selective action of ranolazine and
chronic amiodarone is thought to be due to im-
portant distinctions in action potential character-
istics and biophysical properties of sodium chan-
nels of atrial versus ventricular myocytes as well
as to atrial-predominant APD prolongation of these
agents.24,34,45 The half inactivation voltage (V0.5) of
canine atrial sodium channels is 12–16 mV more
negative than those of ventricular sodium chan-
nels; resting membrane potential (RMP) in atria
is also less negative than in ventricles (approxi-
mately –83 vs –87 mV).24,59 These factors indi-
cate that there is a larger fraction of inactivated
sodium channels at RMP in atria versus ventri-

cles and a smaller fraction of resting sodium chan-
nels at RMP in atria versus ventricles. This is ex-
pected to slow the recovery of the sodium channel
from block in atria compared to ventricles, since
the recovery occurs principally during the resting
state.60 The inherently slow phase 3 and atrial-
selective APD prolongation contribute importantly
to the atrial-predominant suppression of INa by
ranolazine and chronic amiodarone, and at rapid
pacing rates by propafenone. Atrial-selective APD
prolongation leads to abbreviation or even elimina-
tion of diastolic intervals in atria, but not ventricles
(Fig. 5). Since the recovery from the sodium chan-
nel block occurs largely during the diastolic inter-
val, the effectiveness of sodium channel block is
greater in atria versus ventricles.

Limited data are available regarding atrioventric-
ular differences in the response to sodium channel
blockers. Available data, summarized in Figure 6
(and discussed in details in our previous review34),
indicate that there are atrial-selective, ventricular-
selective, as well as nonchamber-selective sodium
channel blockers.16,23,24,53,61–65 It is noteworthy
that a significant portion of these data was obtained
using superfused preparations or isolated myocytes,
where atrioventricular differences on the effects of
INa block may be different from those recorded in
arterially perfused preparation or in in vivo (for
review see34).

Ranolazine, propafenone, and chronic amio-
darone effectively suppress ACh-mediated arrhyth-
mias in isolated canine coronary-perfused right
atrial preparations.24,53,54 Lidocaine is far less effec-
tive in suppressing AF in these models. These an-
tiarrhythmic effects of ranolazine, amiodarone, and
propafenone were associated with both APD pro-
longation and the development a significant PRR.
The concentration of ranolazine that effectively
suppressed AF (10 μM) produced little to no effect
in canine ventricular preparations, prompting us to
suggest “atrial selective sodium channel block” as
a novel strategy for suppression of AF.24 The ef-
fectiveness of ranolazine to suppress AF in experi-
mental models is consistent with the results of the
recently reported MERLIN-TIMI 36 study, where
ranolazine treatment was associated with reduced
incidence of the supraventricular arrhythmias and
new onset AF in patients in non-ST segment el-
evation acute coronary syndrome patients.66 Ra-
nolazine also reduced the incidence of ventricular
arrhythmias, an effect attributed to the action of
ranolazine to block late INa.66,67
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Figure 6. A semiquantitative assessment of atrial selectivity of INa blockers based
on studies conducted in atrial and ventricular coronary-perfused (cor-perfused) and
superfused (tissues) preparations, isolated myocytes, and in vivo (see text for details).
Reproduced from Burashnikov and Antzelevitch,34 with permission.

It seems obvious that atrial selectivity of phar-
macological agents recorded in “healthy” heart
may not be directly applied to pathophysiologi-
cal conditions (such as ischemia, long QT syn-
drome, electrical remodeling, etc.), because re-
sponses of “healthy” and “diseased” hearts to IKr,
INa, or IKur blockers can be very different (see Fig.
2).30,34 Therefore, while ranolazine and AVE0118
selectively affect atrial electrophysiological param-
eters in “healthy” hearts,11,24 these agents may
significantly modify ventricular electrophysiology
as well as suppress ventricular arrhythmias in
the conditions of acute ischemia or long QT syn-
dromes.66,68,69 Ranolazine’s potent action to sup-
press late INa contributes to the drug’s antiarrhyth-
mic efficacy under these conditions.

It is of interest that 4-AP blocks Ito much more
effectively in atria versus ventricles (with an IC50
in atrial myocytes one-third that in ventricular my-
ocytes).70,71 If this is also the case with other Ito
blockers, than Ito block should produce a greater
changes in atrial versus ventricular repolarization.
Block of Ito likely contributes to the atrial-specific
effects of IKur blockers on atrial repolarization since
all agents that block IKur also inhibit Ito.

There are data indicating that adenosine triphos-
phate (ATP)-sensitive potassium current (IK−ATP)

may be involved in the generation of some forms
of AF.28,72 Propafenone blocks IK−ATP with four-
fold higher affinity in atrial than in ventricular rab-
bit myocytes.73 Although it is not known whether
IK−ATP blockers such as glybenclamide are atrial-
selective, atrial-selective block of IK−ATP could
conceivably be useful as a treatment for IK(ATP)-
mediated forms of AF.

“Upstream” Therapy for AF

In addition to further developing ion channel-
based AF therapy, there is rapid development of
nonion-channel approaches, aimed at reducing or
reversing structural remodeling, inflammation, and
oxidative injury associated with AF. These are
generally referred to as “upstream therapies.”74,75

Inflammation and oxidative injury promote struc-
tural remodeling, including interstitial fibrosis, fi-
broblast proliferation, accumulation/redistribution
of collagen, dilatation, and hypertrophy. Proar-
rhythmic actions of atrial structural remodeling are
generally related to the conduction disturbances,
which promote reentrant arrhythmias.

A number of experimental and clinical studies
have shown that interventions that affect structural
remodeling, inflammation, and/or oxidative stress
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such as angiotensin-converting enzyme (ACE) in-
hibitors, angiotensin II (Ang II) receptor blockers
(ARBs), and statins may reduce the occurrence of
AF,74–76 although some studies question the anti-
AF efficacy of such therapies.75,77–79 It seems that
ACE, ARB, and statin therapies may be beneficial
for AF patients with severe ventricular dysfunction
and heart failure, and less so in moderately dis-
eased or relatively normal hearts. These therapies
may be more effective in paroxysmal versus persis-
tent AF.76–78 The anti-AF mechanisms of ACE in-
hibitors, ARBs, and statins are not well established,
and presumed to be largely due to their antihyper-
tensive, antiinflammatory, and antioxidative stress
actions.

Successful development of “upstream therapy”
depends on our ability to identify factors and
signaling pathways involved in the generation of
atrial structural remodeling, inflammation, and
oxidative stress. A number of mediating factors
have been identified such as Ang II, Ang II
receptors, transforming growth factor-β1 (TGF-
β1), mitogen-activated protein kinase (MAPK),
platelet-derived growth factor (PDGF), peroxisome
proliferator-activated receptor-λ (PPAR- λ), Janus
kinase (JAK), Rac1, nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase, signal trans-
ducers and activators of transcription (STAT), and
calcineurin74,80–85 with Ang II and its angiotensin II
type 1 (AT1) receptors are critically involved in the
initiation of the signaling cascades.74,82 The relative
roles and contributions of these mediating factors
in structural remodeling, inflammation, and oxida-
tive stress are poorly understood. Moreover, the
relative role of structural remodeling, inflamma-
tion, and oxidative stress in development of AF is
still not fully understood. The contribution of struc-
tural remodeling, inflammation, and oxidative in-
jury in the development of AF varies significantly
among different AF pathologies.82,86

Atria often develop structural remodeling to
a greater degree than the ventricles.80,83,85,87–91

Cardiac overexpression of a constitutively active
form of TGF-β1 (a profibrotic factor) promotes
atrial but not ventricular fibrosis in mice.80,89

The extent of atrial fibrosis in canine ventricu-
lar tachypacing-induced congestive heart failure
(CHF) was reported to be by far greater than
that of ventricular fibrosis.87 Mice with cardiac-
restricted ACE, producing overexpression of Ang
II in the heart, display atrial but not ventricular
structural and functional abnormalities.88 Chronic

cardiac-specific overexpression of constitutively ac-
tive Rac1 in mice significantly increases atrial size
and the extent of fibrosis in atria to a greater
extent compared to ventricles (at least in part
due to increased NADPH oxidase activity).90 A
PDGF-mediated signaling pathway causing atrial-
selective structural remodeling has been described
recently.83 Mechanisms underlying the greater pre-
ponderance of atria to develop structural remodel-
ing are poorly understood. They may be related, in
part, to a higher Ang II receptor density,4,85 a higher
basal STAT385 and PDGF83 receptor expression in
atria vs. ventricles. Fibroblast density is greater in
atria versus ventricles in nonremodeled hearts.83

A significant tyrosine phosphorylation of STAT3 in
the atrium but not the ventricles has been reported
to be induced by infusion of Ang II in rat in vivo.85

These data point to potential atrial-selective targets
for “upstream” AF therapy.

Improved Derivatives of “Old” Drugs

Amiodarone is the most effective of the currently
available anti-AF agents for long-term rhythm con-
trol of AF. A major drawback of long-term use
of amiodarone is its proclivity for multiple or-
gan toxicity presumably related to the iodine moi-
ety of the drug. In order to eliminate these ad-
verse effects, several derivatives of amiodarone
have been synthesized including dronedarone, ce-
livarone, and ATI-2042.10,33 The most investigated
of amiodarone’s derivatives is dronedarone, which
is a noniodinated benzofuran derivative of amio-
darone with much faster pharmacodynamics. Like
amiodarone, dronedarone blocks multiple ionic
channels (such as IKr, IKs, INa, ICa(L), IK1) and is
significantly more effective than placebo in reduc-
ing AF occurrence, but lacks the adverse effects
of amiodarone.92 The long-term effectiveness of
dronedarone to maintain sinus rhythm appears to
be lower than that of amiodarone. A recently deter-
mined important limitation of dronedarone is that
it increases early mortality in patients with severe
heart failure and left ventricular systolic dysfunc-
tion.93

“Gap Junction” Therapy for AF

Since conduction disturbances are associated
with many cardiac arrhythmia syndromes includ-
ing AF, it has long been appreciated that improved
conduction may be antiarrhythmic. Improved
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conduction achieved by using the gap junction
modulator rotigaptide has been shown to lead to
antiarrhythmic effects.94,95 The feasibility of this
antiarrhythmic approach was demonstrated in ca-
nine ventricular ischemia model,94 chronic mitral
regurgitation AF model,96 and in the canine acute
ischemia AF model.97 Rotigaptide, however, did
not effect AF occurrence in AF models associated
with heart failure.96,97

Summary

Ongoing research aimed at development of new
pharmacological strategies for the management of
AF includes both ion channel and nonion channel-
mediated approaches to therapy. While success to
date has been modest, the recent identification of
atrial- and pathology-selective agents and targets
hold promise for the development of effective new
treatments.
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