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Abstract
Atrial fibrillation (AF) is the most common sustained arrhythmia. It is accompanied by both structural
and ion channel remodeling which underlie the propensity to perpetuate AF. The prevalence of AF is
expected to increase as population ages and as more patients survive myocardial infarction. Despite
pharmacological and nonpharmacological (such as ablation) therapies for AF, more effective therapy is
needed. Ischemic or pharmacological conditioning offers a potential novel approaches to patients with
AF. This review will focus on the basic biology of ischemic pre- and postconditioning, patho-physiology
of AF, potentially novel AF treatment approaches based on conditioning, and clinical situations that may
be amenable to a conditioning strategy.

Introduction
As the most common sustained arrhythmia, AF
represents an enormous healthcare burden,1 which
is anticipated to increase in coming years.2 Progress has been made in management, yet there continues to be a significant need for safer, more effective, and durable treatments.
Current drug therapy continues to have limited efficacy in maintaining sinus rhythm and
presents concerns over adverse effects.3 This dilemma is illustrated by the fact that amiodarone is
the most effective anti-arrhythmic drug, but only
has a long term efficacy of 50-70%4 with a wide
range of adverse effects that often limit its tolerability.5 This has led to the search for alternatives
such as dronedarone, which has been disappointing in terms of efficacy.6
Transcatheter ablation represents an exciting new
frontier in rhythm management, but it also has

limited efficacy7, 8 and carries risk of procedural
complication9, 10 These issues highlight the need
for novel approaches. In this manuscript, we will
describe the role of ischemia in the pathophysiology of AF and discuss the mechanisms of ischemic
conditioning and hypothesize how conditioning
may protect against AF.

Pathogenesis of Atrial Fibrillation
Atrial Fibrillation and Clinical Risk Factors
Paroxysmal AF is defined as AF lasting at least
30 seconds but less than 7 days with spontaneous
termination. In contrast, persistent AF lasts longer
than 7 days, requires cardioversion and is not selfterminating. Chronic or permanent AF does not
terminate and the clinical decision is then to keep
the patient in AF.11 Patients who initially present
with paroxysmal AF - usually progress to more
chronic forms over time.12 Clinical risk factors for
AF include advanced age,13 ischemia,14 after car-
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diac surgery,15 hypertension, heart failure including both systolic and diastolic heart failure. Channelopathies like long-QT syndromes or Brugada
syndrome can also be associated with AF. High
catecholamine states can also precipitate AF. In a
subset of patients no risk factors or structural heart
disease can be identified. These patients are considered having “lone AF”.

Triggers
Haissaguerre and his group identified the pulmonary veins as important triggers for AF (16). Some
studies of the pulmonary veins showed cells with
spontaneous activity.16,17 Investigation of pulmonary vein cells using patch clamp technique revealed a reduced action potential duration and
Vmax favoring reentry by slowing conduction
velocity. Focal foci were also found near the superior or inferior caval veins or adjacent to the coronary sinus os. Other triggers include sympathetic
and parasympathetic stimulation and acute atrial
stretch.
Basic mechanisms underlying ectopic impulse formation include enhanced automaticity as well as
early and delayed afterdepolarization. While normal atrial cells do not exhibit automaticity, abnormal atrial cells exhibiting If may be overwhelmed
by a large IK1. A change in the balance of IK1 (decrease) and If (increase) can cause enhanced automaticity of atrial cells with ectopic firing. Early
afterdepolarization can occur with prolonged action potentials when ICaL has recovered enough
to cause a second depolarization. This might be
the cause of AF seen in patients with long-QT syndrome.Delayed afterdepolarization results from
Ca overload. ICaL triggers Ca release from the sarcoplasmic reticulum during systole. During resting
membrane potential and before the depolarized
portion of action potential, the Na-Ca exchanger
can operate in forward mode causing entry of 3 Na
ions while extruding 1 Ca ion causing a net positive depolarization current. This mechanism might
be seen in patients in AF caused by digitalis intoxication.

Maintenance of Atrial Fibrillation
After an initiating trigger, perpetuation of atrial fibrillation is usually dependent on the presence of a
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vulnerable substrate to maintain the rhythm. Once
initiated, electromechanical remodeling promotes
the maintenance of AF - often referred to as
atrial fibrillation begetting atrial fibrillation.
AF can be maintained by persistent triggers or
reentrant activity. Different models describe reentrant activity. In the leading circle model the
wavelength and size of the reentrant circuit is determined by the refractory period and the conduction velocity.18,19 The shorter the wavelength of the
circuit the more reentrant wavelets can be accommodated in the atria. Therefore, the shorter the
refractory period and the slower the conduction
velocity, conditions found in persistent AF with fibrosis, the more chronic AF gets. The rotor model
describes a rotor circulating around a core .8,9 AF
persists as long as enough wavefronts are available at the same time in both atria. In contrast to
the reentrant wavelet model perpetual firing from
one or more foci can maintain atrial fibrillation.20
Anatomical as well as electrophysiological properties within the atria play a role in maintaining AF. The abrupt change in fiber orientation
between the pulmonary vein and atrial juncture
may facilitate reentry by causing unidirectional
block.21 Fiber orientation and fibrosis of the posterior wall may facilitate unidirectional block and
reentry.22 Studies of the pulmonary veins have
shown specialized cells with automatic activity23
and the resting potential of pulmonary vein cells
with a reduced AP can cause slowed conduction
favoring reentry24, 25

Electromechanical Remodeling
AF leads both to mechanical as well as electrical
remodeling. These changes in the substrate of the
atria facilitate the continuation of AF and likely
cause the transition from paroxysmal to chronic
AF. The two important electrical changes in AF
are a decrease in AP duration and shortening of
the AP plateau.26-29 The basis of these changes is
the altered physiology of ion channels with ICaL
playing a central role. Initially, rapid activation
leads to increased calcium Ca++ influx activating
mechanisms to limit Ca influx. As a result, ICaL is
reduced. Also an increase in IK1 and IKAch can be
seen in chronic human AF. These changes result
in both shortening of AP duration and shorten-
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ing of the AP plateau. These effects can be seen
within 24hours of the onset of AF. The shortened
AP promotes the continuation of AF by shortening the wave length in the leading circle model or
stabilizing the core in the rotor model.
Fibrosis is of key importance in mechanical remodeling. Hypertensive heart disease, dilated
cardiomyopathy, and coronary disease are associated with fibrosis involving the atria. Fibrosis
does interfere with the homogenous excitation
wavefront propagation and can promote ectopic
impulse formation. Fibroblasts separate myocardial bundles causing a discontinuous zig-zag type
conduction pattern which results in conduction
slowing. Conduction slowing, electrical coupling
between fibroblasts and myocytes as well as conduction block favor reentrant formation. These
reentrant circuits may only be a few millimeters
in diameter. Reactive interstitial fibrosis may be
caused by the underlying heart disease but there
is evidence that AF itself contributes in the remodeling process.30 Apoptosis may contribute to
structural changes of the atria. A8 small number
of apoptotic cells can be found in human hearts
with chronic fibrillation.31 The Renin-angiotensinaldosterone (RAS) system may play a role in the
structural changes occurring in AF supported by
some experimental evidence. The RAS activates
protein kinases causing myocyte hypertrophy
as we, after AFas fibroblast proliferation.32 In patients with AF expression of ACE and AT1 can be
increased .33 By contributing to structural remodeling, AF itself creates positive feedback making
permanent AF more likely.

Ischemic Conditioning-Basic Mechanisms
Ischemic pre- and post-conditioning provides potent cardioprotection in animals and humans.34-39
Ischemic preconditioning (IPC) is triggered by a
brief period of ischemia prior to an infarct that
causes, after that sustained ischemia.IPC has
been shown to have protective benefits of limiting
myocardial infarction and protecting against arrhythmias.34-41 Brief ischemia/reperfusion during
early reperfusion is also cardioprotective and is
known as ischemic postconditioning (IPost). The
extent of the protective effect of IPost is similar to
that of IPC, with nearly equivalent reduction in
the infarct size. In order for the protection of IPost
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to occur, brief ischemia/reperfusion must be applied immediately after sustained ischemia at the
beginning of reperfusion.
Both pre- and post-conditioning appear to share
similar signaling mechanisms via RISK (reperfusion injury survival kinases). Thus, pharmacological conditioning might be applied to mimic the
protection achieved by the triggering ischemia/
reperfusion.
However, several important features differentiate
the two kinds of conditioning. First, IPC requires
that the trigger ischemia/reperfusion or pharmacological agonist be applied before the sustained
ischemia. Thus, for cardioprotective effect of preconditioning to be exerted therapeutically, one
will need to anticipate the occurrence of sustained
ischemia/reperfusion. The occurrence of sustained
ischemia would be difficult to predict clinically in
patients. On the other hand, IPost is exerted after
sustained ischemia has already begun. Its protective effect can be achieved by applying triggering
ischemia/reperfusion or pharmacological agents
after prolonged ischemia, obviating the need to
anticipate clinical events. Second, the protective
effect of IPost requires several repetitive episodes
of brief ischemia and reperfusion especially in pigs
42
and is limited to sustained ischemia of 45 minutes or less.43 Third, while RISK enzymes mediate
protection in both kinds of conditioning, connexin
43 (Cx43) is not important in mediating the protection of IPost. This potentially important insight
was obtained in Cx43 knockout mice in which the
protection of IPC or of pharmacological preconditioning by diazoxide is lost while that of IPost is
preserved. Fourth, signaling mechanism for IPC
appears to be more complex. During the trigger
phase, preconditioning ischemia activates a number of G protein-coupled receptors such as adenosine, bradykinin and -opioid receptors.44 This
is followed by activation of EGF and TNF- receptors that in turn stimulate survival kinases (similar
to the RISK involved in IPost). The trigger phase
of IPC is followed by the mediator phase during
which actual protection against ischemia-induced
injury is exerted. Various mediators activated by
the trigger phase’s survival kinases include phosphor-Ser9-glycogen synthase kinase-3 (phosphorGSK-3 ), mitochondrial ATP-sensitive K+ channel
10 (mitoKATP) and Cx43. It is thought that mitoKATP channels and phosphor-GSK-3 converge on
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and inhibit the mitochondrial permeability transition pore with the latter being the final mediator
of necrosis. Finally, while IPC has been shown to
reduce arrhythmias caused by sustained ischemia,
the protection against arrhythmias by IPost is less
well studied.

Ischemic Conditioning in Humans
It is a well-described phenomenon that cardiac tissue has the adaptive ability to become more tolerant to the toxic effects of prolonged ischemia
with intermittent ischemia and subsequent reperfusion34-39 This adaptability can be intentionally
stimulated with the therapeutic delivery of brief
periods of ischemia. Classically, short episodes,
usually 3-5 minutes of ischemia, are delivered before a larger ischemic insult with subsequent reperfusion, and are termed IPC. The cardiac benefits of IPC in humans are decreased frequency of
ventricular arrhythmias and limitation of infarct
size.34-41, 45, 46
Recent studies have demonstrated that similar
benefits may also be seen with the delivery of short
episodes of ischemia after a larger ischemic insult
i.e. IPost.47, 48 In addition, the benefit of ischemic
conditioning may not only be derived by ischemic
conditioning of cardiac tissue, but there is evidence that ischemic conditioning of remote organs
can result in benefits to the heart. To date, data
are limited on the benefit of ischemic conditioning
with respect to AF.

Ischemic Pre Conditioning
There is an extensive literature describing the benefits of ischemic conditioning in animal studies,
however, the clinical uses of direct cardiac ischemic conditioning in humans have been limited by
the invasive nature of its delivery. The cardiac operating theater is a natural setting to evaluate the
potential for direct ischemic conditioning.Multiple
small studies have evaluated the ability of ischemic conditioning to reduce the release of cardiac
biomarkers, and to reduce the requirement of inotropes post surgically.49
With regard to arrhythmias, data are more limited. One group from Finland has been particularly
active in assessing effect of IPC on arrhythmias
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in CABG patients. Their most recent cohort (50)
evaluated forty five patients with three vessel
CAD undergoing CABG and randomized them
in 1:1 fashion to two rounds of IPC immediately
after cardiopulmonary bypass and run pump to
vent the still normothermic heart. Immediately
post-operatively (<2 hrs), there was a significant
decrease in ventricular extrasystoles in patients
treated with IPC. Clinical follow-up was limited
to 5 days, over which time a significant reduction
in incidence of VT and SVT was seen that peaked
on postoperative day three. There was no description of the types of SVT’s seen. The same group
of investigators demonstrated that IPC results a
significant suppression of heart 12 rate variability
after CABG, suggesting that cardiac autonomic
function is involved in the IPC mechanism.51
To our knowledge, no human clinical trials have
demonstrated an effect of IPC with respect to AF.
Other potential benefits of ischemic conditioning
include: decreased heart rate after surgery, and
decreased systemic vascular resistance after surgery.52 All of these peri-cardiac surgery trials have
been limited by small numbers of patients and
limited follow-up. Any benefits seen appeared to
be limited in duration and any long-term data are
lacking. One study from Japan evaluated the electrophysiologic responses to repeated coronary
balloon inflation and deflation in the setting of
percutaneous coronary intervention for treatment
of acute ST-segment elevation myocardial infarction.53 These data pointed to a possible anti-arrhythmic mechanism underpinning the benefit of
ischemic conditioning by demonstrating a significant decrease in the QT dispersion with repeated
balloon inflation and dilation. Numbers were too
small to draw conclusions, but anecdotally, patient’s with frequent PVC’s were suppressed or
disappeared with progressive ballooning. Atrial
arrhythmias were not seen during this study.

Ischemic Post Conditioning
Some of the same protective benefits of direct
IPC may also be derived from postconditioning.54
Ischemic post-conditioning has even been shown
to convert VF to sinus rhythm in perfused rat
hearts.55 However, the clinical benefits of postconditioning was recently thrown into doubt with the
publication of a study showing no benefit from
post conditioning in patients undergoing PCI for
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STEMI.56 This study demonstrated no difference
in infarct size or LVEF and revealed a significantly
lower myocardial salvage after post-conditioning
was performed.

Several small trials have also evaluated RIPC in
patients undergoing CABG and demonstrated
conflicting data. A meta-analysis of these studies
concluded that there was a 36% (95%CI = -0.62 to
-0.12) reduction in the amount of Troponin I or T
released after RIPC, with slightly greater reduction in patients with multi-vessel disease. Postoperativ change in creatinine and length of hospital
stay were unchanged.63

Remote Ischemic Conditioning
Remote ischemic pre-conditioning (RIPC) refers
to the protective effects to the heart seen by delivery of short periods of ischemia to remote organs.
The promise is that its benefit may be delivered
non-invasively. Animal models of short periods
of ischemia to limbs and kidneys are protective
to the heart after cardiac reperfusion.57-60 Human
studies have evaluated the effect of non-invasive
limb ischemia prior to elective PCI and demonstrated reduced release of Trop I.61 ECG changes
were seen less frequently in patients receiving
RIPC, however subsequent follow-up did not
evaluate for presence of arrhythmias.

A recent meta-analysis of RIPC concluded that
while RIPC may reduce the incidence and degree
of peri-procedural infarction and troponin release, there is insufficient evidence at this time to
suggest the RIPC can reduce mortality or MACE
.64 Little appears to be known about RIPC and AF
or other arrhythmias.

Pharmachological Adjuvants
Several drugs had been shown to offer benefits
similar to those of preconditioning: opiods, certain volatile anesthetics, and even certain noble
gases have demonstrated the ability to induce
tolerance to the effects of ischemia.65-71 Fascinatingly, one study demonstrated interaction between pharmachologic agents and RISP when 15
troponin reduction was present when RIPC was
delivered in the presence of isoflourane anesthesia, but this benefit was absent during propofol
anesthesia.72

The benefit of RIPC has also been evaluated in the
setting of acute myocardial infarction as a complement to percutaneous coronary intervention
(PCI) .62 Repeated inflation with a blood pressure
cuff to induce transient limb ischemia resulted in
a significant improvement in the degree of myocardial salvage as assessed by myocardial perfusion imaging 30 days after infarction. There was
no reduction in MACE (coronary death, reinfarction, and heart failure). Presence of arrhythmias
was not assessed.
Figure 1: An Overall Model of Conditioning again AF

Both direct and indirect mechanisms are proposed to protect against occurrence of AF. Indirectly, conditioning (COND) can
reduce ventricular infarct size and protect from ischemic heart failure-associated AF. Directly, COND may enhance atrial
conduction and atrial myocyte survival. The increased Cx expression appears to be caused by its reduced degradation due to
IPC; the increase Cx phosphorylation (Cx-Pi) is due to reduced dephosphorylation. Together, these two changes in Cx enhance
electricalcoupling during the sustained ischemia. Enhanced atrial myocyte survival may reduce fibrotic replacement and atrial
structural remodeling in AF.
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Indirect Benefit of Pre- or Post-Conditioning
on Atrial Fibrillation
Very little is known about the potential benefit of
ischemic conditioning against the occurrence of
AF. Since ischemic heart disease such as myocardial infarction and heart failure increase the prevalence of AF, a reduction in the size of ventricular
infarction will decrease the extent of subsequent
adverse ventricular remodeling and may thus re-

Featured Review
duce the propensity to AF (Fig. 1). Although unknown, it is possible that reduced atrial infarction
in patients with STEMI or NSTEMI will decrease
atrial fibrosis and structural remodeling in that tissue. This could secondarily reduce the occurrence
of AF. Since both pre- and post-conditioning can
decrease ventricular infarct size, ischemic or pharmacological conditioning can be exploited as a
new therapy to prevent AF.

Figure 2: Pre Comditioning to Enhance Cx-Mediated Electrical Coupling

Both direct and indirect mechanisms are proposed to protect against occurrence of AF. Indirectly, conditioning (COND) can
reduce ventricular infarct size and protect from ischemic heart failure-associated AF. Directly, COND may enhance atrial conduction and atrial myocyte survival. The increased Cx expression appears to be caused by its reduced degradation due to IPC;
the increase Cx phosphorylation (Cx-Pi) is due to reduced dephosphorylation. Together, these two changes in Cx enhance
electricalcoupling during the sustained ischemia. Enhanced atrial myocyte survival may reduce fibrotic replacement and atrial
structural remodeling in AF.
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Potential Direct Conditioning Against Atrial
Fibrillation
Very little is known about potential direct conditioning against the occurrence of AF.Given the
pivotal role of connexin (Cx) in electrical coupling
between cardiomyocytes, and in mediating the
protection of preconditioning40, 73-75 Cx may be important in preconditioning against AF. We propose
a potential mechanism by which increased 16 cellend expression of Cx with a concomitant reduced
lateralization via IPC may suppress AF (Fig. 2).
Cx40 is mainly found in atrial myoytes while Cx43
is the predominant isoform of Cx in ventricular
cardiomyocytes.76, 77 Both Cx43 and Cx40 are expressed in atrial myocytes and appear to mediate
gap junction function in that tissue. Cx 43 has been
well-characterized and is implicated in mediating
the protective effect of IPC.75 It is mainly localized to the sarcolemma and the intercalated discs
where six connexins assemble into a so-called connexon or hemichannel. Two opposing connexons,
one each from adjacent cells, form a pore through
which ions and molecules less than 1000 Da can
flow down their concentration gradients. Clusters
of such pores form a gap junction. It has been suggested that gap junctions are responsible for both
electrical coupling (permitting ions) and chemical
coupling (permitting larger molecules as defined
by Lucifer Yellow dye). It has been suggested that
IPC may have a differential effect on these two
proposed types of coupling via the Cx hemichannels: further suppression of chemical coupling and
partial preservation of electrical coupling during
the sustained ischemia. Loss of electrical coupling
occurs early during ischemia (10-20 min after onset of ischemia) as shown by extra- and intracellular electrodes in isolated papillary muscles while
chemical coupling via gap junction as assessed
by Lucifer yellow and ethidium bromide persists
for 30-60 min during ischemia. Despite this difference in time course of loss of electrical vs. chemical
coupling, the underlying process and mechanism
are not known. It is difficult to ascertain which
biological molecules are spread via the so-called
chemical coupling between myocytes. It is further
suggested 17 that IPC-induced suppression of
chemical coupling would inhibit the spread of any
“death signal” from one myocyte to another while
preservation of electrical coupling would enhance
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conduction and decrease heterogeneity of excitability. While this concept may be appealing, Na+
as an ion should be spread via electrical coupling
but may contribute to neighboring myocyte’s Na
overload that in turn results in Ca overload and
cell death. That IPC can protect isolated cardiac
myocytes suggests gap junctionmediated coupling is not necessary for the protection against
cell death. Accumulating evidence demonstrates
an important role of the mitochondrial Cx against
cell death. 75,78, 79 Mitochondrial Cx is increased by
ischemia and positively enhances the function of
mitoKATP channel which can help trigger IPC
by increasing reactive oxygen species (ROS) and
PKC- activation. MitoKATP channels can also be
the mediator protecting against cell death during
the sustained ischemia. Taken together, Cx plays
an important role against myocyte death during
preconditioning.
In the intact myocardium, electrical coupling mediated by Cx may be important in mediating the
protective effect of preconditioning on arrhytmias.
IPC can attenuate the prolongation of transmural
conduction time during ischemia as measured by
microelectrodes in isolated right ventricle walls .80
The anti-arrhythmic effects of IPC were correlated
with delayed electrical uncoupling between myocytes81, 82 In a porcine model of AF, forced overexpression of Cx43 by gene transfer improves atrial
conduction with increased probability of sinus
rhythm .83 It is of interest that Cx43 gene transfer
can improve conduction and reduce ventricular
tachycardia in Yorkshire pigs after myocardial
infarction.84 A parallel pattern now emerges such
that Cx 18 enhancement at its intercalated disk location is of anti-arrhythmic benefit on both ventricular and atrial arrhythmias. Small molecule
drugs have been developed to increase gap junction conduction with improvement in ischemia
and mitral valve disease-related AF. Such agents
have little or no benefit in other AF models, however.In patients with AF, metoprolol treatment
could partially reverse the lateralization of Cx43
and antagonized the attendant transverse conduction velocity.85 Since IPC appears to protect against
electrical uncoupling via a better Cx-mediated gap
junction function, it is possible that IPC or drugs
that mimic the anti-arrhythmic effect of IPC can
be exploited to suppress AF (Fig. 2).
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Finally, while IPC or IPost is speculated to impact
on Cx, a conditioning strategy may also modulate
other ion channels implicated in pathogenesis or
maintenance of AF. For example, conditioning
may induce an increase of IK1 and/or a decrease
in If. In this scenario, conditioning may reduce
automaticity of atrial cells with less ectopic firing.
Conditioning may also reduce spontaneous firing
or propagation of the pulmonary vein cells. Channels important in the pulmonary vein myocytes
may be targets for IPC or IPost.

Future Directions- Possible Use of Ischemic
Conditioning in Patients
Despite improvements in pharmacological and
non-pharmacological therapies for AF, more effective therapy is needed. This review focused on
the basic biology of ischemic pre- and post-conditioning, patho-physiology of AF, and potentially
new pathways for AF 19 treatment approach based
on conditioning. If ischemic conditioning can be
developed as a new therapy for AF, what are the
clinical conditions that may be amenable to conditioning? Given the prevalence of post-operative AF
following both cardiac and non-cardiac surgeries,
a preconditioning stimulus before surgery may reduce the incidence of post-operative AF. Examples
of such a stimulus include a pharmacological preconditioning agent or remote IPC. The latter can
be achieved by repetitive episodes of limb ischemia and reperfusion such as those achieved by
application of a tourniquet. Clinical conditioning
strategies may include administration of an agent
during reperfusion phase of cardioplegia or during percutaneous coronary intervention. It mayalso be possible to use remote conditioning during
early phase of reperfusion to mimic the protection
of IPost. The ongoing RICO-Trial (Effect of remote
ischemic conditioning on AF and outcome after
coronary artery bypass grafting) is a randomized
control trial that is evaluating the efficacy of remote pre- and post-conditioning in patients undergoing cardiac bypass grafting with incidence
of post-operative AF as the primary endpoint.86
Pre conditioning will consist of 3 x 5 minute ischemic episodes via tourniquet to an upper limb after the induction of anesthesia and before bypass.
The post ischemic treatment consists of similar 3
x 5 minute episodes of upper limb ischemia after
aortic cross clamping has occurred. Follow up will
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be out to one year.These results are pending. Finally, as we understand more about the pathogenesis ofAF, it is possible that daily administration
or ingestion of a conditioning drug may
prevent AF.

Limitations Sense
This review is intended to be hypothesis-driven,
proposing that conditioning may be a new therapeutic strategy to prevent or reduce AF. It is based
on the many salutary effects of conditioning in the
cardiovascular system. Although evidence exists
for IPC against arrhythmias, there is no experimental study to show that IPC or IPost can condition against AF. The hypothetical mechanisms
proposed are based on potential links between
known effects of conditioning in the heart, existing knowledge of Cx in atrial myocyte coupling,
and the established role of Cx in IPC. Future investigations areneeded to test the proposed pathways.

Conclusions
Despite pharmacological and non-pharmacological advances in the treatment of AF, new therapy
for this most common sustained arrhythmia is
needed. Ischemic conditioning, already known
to protect from infarction and ventricular arrhythmias, represents a potential novel approach to
patients with AF. Modulating the expression or
phosphorylation of Cx may be the target of conditioning that can be accomplished by ischemic or
pharmacological conditioning.

Disclosures
No disclosures relevant to this article were made
by the authors.

References
1. Chugh S, Blackshear J, Shen W, Hammill S, Gersh B. Epidemiology and natural history of atrial fibrillation: clinical implications. J Am Coll Cardiol. 2001;37(2):371-378.
2. Wattigney WA, Mensah GA, Croft JB. Increasing trends in
hospitalization for atrial fibrillation in the United States, 1985
through 1999: implications for primary
prevention. Circulation 2003; 108(6):711-6.
3. Lafuente-Lafuente C, Mouly S, Longás-Tejero M, Mahé I, Berg-

April-May, 2013 | Vol 5 | Issue 6

Journal of Atrial Fibrillation
mann J. Antiarrhythmic Drugs for Maintaining Sinus Rhythm
After Cardioversion of Atrial Fibrillation: A Systematic Review of
Randomized Controlled Trials. Arch Intern Med. 2006;166(7):719728.
4. Zimetbaum P, Amiodarone for atrial fibrillation.N Engl J Med.
2007;356(9):935-41.
5. Connolly, SJ. Cardiovascular Drugs: Evidence-Based Analysis
of Amiodarone
Efficacy and Safety. Circulation. 1999;100:2025-2034,
6. Piccini JP, Hasselblad V, Peterson ED, Washam JB, Califf RM,
Kong DF.Comparative Efficacy of Dronedarone and Amiodarone for the Maintenance of Sinus Rhythm in Patients With Atrial
Fibrillation, Journal of the American College of Cardiology, 2009;
54(12): 1089-1095
7. Sorgente A, Tung P, Wylie J, Josephson ME. Six Year FollowUp After Catheter Ablation of Atrial Fibrillation: A Palliation
More Than a True Cure. The American Journal of Cardiology.
2012; 109: 1179-1186
8. Weerasooriya R, Khairy P, Litalien J, et al. Catheter Ablation
for Atrial Fibrillation: Are Results Maintained at 5 Years of Follow-Up?. J Am Coll Cardiol. 2011;57(2):160-166
9. Spragg DD, Dalal D, Cheema A, Scherr D, Chilukuri K, Cheng
A, Henrikson CA, Marine JE, Berger RD, Dong J, Calkins H.,
Complications of catheter ablation for atrial fibrillation: incidence
and predictors. J Cardiovasc Electrophysiol. 2008;19(6):627-31.
10. Dagres N, Hindricks G, Kottkamp H, Sommer P, Gaspar
T, Bode K, Arya A, Husser D, Rallidis LS, Kremastinos DT, Piorkowski C., Complications of atrial fibrillation ablation in a
high-volume center in 1,000 procedures: still cause for concern? J
Cardiovasc Electrophysiol. 2009;20(9):1014-9.
11. European Heart Rhythm Association; European Association
for Cardio-Thoracic Surgery; Camm AJ, Kirchhof P, Lip GY,
Schotten U, Savelieva I, Ernst S, et al. Guidelines for the management of atrial fi brillation: The Task Force for the Management of
Atrial Fibrillation of the European Society of Cardiology (ESC).
Eur Heart J. 2010;31:2369 – 429. 22
12. Jahangir A, Lee V, Friedman PA, Trusty JM, Hodge DO, Kopecky SL, et al.Long-term progression and outcomes with aging
in patients with lone atrial fi brillation: a 30-year follow-up study.
Circulation. 2007;115:3050–3056.
13. Miyasaka Y, Barnes ME, Gersh BJ, Cha SS, Bailey
KR,Abhayaratna WP, et al. Secular trends in incidence of atrial
fi brillation in Olmsted County, Minnesota, 1900 to 2000 and implications on the projections for future prevalence. Circulation
2006;114:119– 25.
14. Sugiura T, Iwasaka T, Ogawa A, et al. Atrial fibrillation in
acute myocardial infarction. Am J Cardiol. 1985;56:27–29.
15. Frost L, Molgaard H, Christiansen EH, et al. Atrial fibrillation
and flutter after coronary artery bypass surgery: epidemiology,
risk factors and preventive trials. Int J Cardiol. 1992;36:253–261.
16. Haissaguerre M, Jais P, Shah DC, Takahashi A, Hocini M,
Quiniou G, et al. Spontaneous initiation of atrial fibrillation by
ectopic beats originating in the pulmonary veins. N Engl J Med.
1998;339:659 – 66
17. Zhou S, Chang CM, Wu TJ, Miyauchi Y, Okuyama Y, Park

www.jafib.com

Featured Review
AM, Hamabe A, Omichi C, Hayashi H, Brodsky LA, Mandel
WJ, Ting CT, Fishbein MC, Karagueuzian HS, Chen PS. Nonreentrant focal activations in pulmonary veins in canine model
of sustained atrial fibrillation. Am J Physiol Heart Circ Physiol.
2002;283:H1244–H1252
18. Allessie MA, Boyden PA, Camm AJ, Kle´ber AG, Lab MJ, Legato MJ, Rosen MR, Schwartz PJ, Spooner PM, Van Wagoner DR,
Waldo AL. Pathophysiology and prevention of atrial fibrillation.
Circulation. 2001;103:769 –777.
19. Comtois P, Kneller J, Nattel S. Of circles and spirals: bridging
the gap between the leading circle and spiral wave concepts of
cardiac reentry. uropace. 2005;7(suppl 2):10–20
20. Nattel S. New ideas about atrial fibrillation 50 years on. Nature. 2002; 415:219 – 226.
21. Hocini M, Ho SY, Kawara T, Linnenbank AC, Potse M, Shah
D, Jaı¨s P, Janse MJ, Haı¨ssaguerre M, De Bakker JM. Electrical
conduction in canine pulmonary veins: electrophysiological and
anatomic correlation. Circulation. 2002;105:2442–2448.
22. Tanaka K, Zlochiver S, Vikstrom KL, Yamazaki M, Moreno
J, Klos M, Zaitsev AV,Vaidyanathan R, Auerbach DS, Landas S,
Guiraudon G, Jalife J, Berenfeld O, Kalifa J. Spatial distribution
of fibrosis governs fibrillation wave dynamics in the posterior left
atrium during heart failure. Circ Res. 2007;101:839–847.
23. Levin MD, Lu MM, Petrenko NB, Hawkins BJ, Gupta TH,
Lang D, Buckley PT, Jochems J, Liu F, Spurney CF, Yuan LJ,
Jacobson JT, Brown CB, Huang L, Beermann F, Margulies KB,
Madesh M, Eberwine JH, Epstein JA, Patel VV. Melanocyte-like
cells in the heart and pulmonary veins contribute to atrial arrhythmia triggers. J Clin Invest. 2009; 119:3420 –3436
24. Ehrlich JR, Cha TJ, Zhang L, Chartier D, Melnyk P, Hohnloser
SH, Nattel S. Cellular electrophysiology of canine pulmonary
vein cardiomyocytes: action potential and ionic current properties. J Physiol. 2003; 551:801– 813.
25. Hocini M, Ho SY, Kawara T, Linnenbank AC, Potse M, Shah
D, Jaı¨s P, Janse MJ, Haı¨ssaguerre M, De Bakker JM. Electrical
conduction in canine pulmonary veins: electrophysiological and
anatomic correlation. Circulation. 2002;105:2442–2448 23
26. Hara M, Shvilkin A, Rosen MR, et al. Steady-state and nonsteady-state action potentials in fibrillating canine atrium: abnormal rate adaptation and its possible mechanisms. Cardiovasc
Res. 1999;42:455– 469.
27. Yue L, Feng J, Gaspo R, et al. Ionic remodeling underlying action potential changes in a canine model of atrial fibrillation. Circ
Res. 1997;81:512–525.
28. Escande D, Coulombe A, Faivre JF, et al. Characteristics of the
timedependent slow inward current in adult human atrial single
myocytes. J Mol Cell Cardiol. 1986;18:547–551.
29. Mewes T, Ravens U. L-type calcium currents of human myocytes from ventricle of non-failing and failing hearts and from
atrium. J Mol Cell Cardiol. 1994;26:1307– 1320.
30. Burstein B, Qi XY, Yeh YH, Calderone A, Nattel S. Atrial cardiomyocyte tachycardia alters cardiac fibroblast function: a novel
consideration in atrial remodeling. Cardiovasc Res. 2007;76:442–
452
31. Aime-Sempe C, Folliguet T, Rucker-Martin C, et al. Myocar-

154

April-May, 2013 | Vol 5 | Issue 6

Journal of Atrial Fibrillation

Featured Review

dial cell death in fibrillating and dilated human right atria. J Am
Coll Cardiol. 1999;34:1577–1586.
32. Ehrlich JR, Hohnloser SH, Nattel S. Role of angiotensin system and effects of its inhibition in atrial fibrillation: clinical and
experimental evidence. Eur Heart J. 2006;27:512 – 8.
33. Goette A, Staack T, Rö c ken C, Arndt M, Geller JC, Huth C, et
al. Increased expression of extracellular signal-regulated kinase
and angiotensinconverting enzyme in human atria during atrial
fibrillation. J Am Coll Cardiol. 2000;35:1669 – 77.
34. Murry CE, Jennings RB, Reimer KA: Preconditioning with
ischemia: a delay of lethal cell injury in ischemic myocardium.
Circulation 1986; 74(5):1124-1136.
35. Liang, B.T. and Jacobson, K.A. A physiological role of adenosine A3 receptor: sustained cardioprotection. Proc. Natl. Acad. Sci.
U.S.A. 1998;95: 6995-6999.
36. Yellon DM, Downey JM. Preconditioning the myocardium:
from cellular physiology to clinical cardiology. Physiol Rev
2003;83:1113-1151.
37. Vinten-Johansen J, Yellon DM, Opie LH. Postconditioning: a
simple, clinically applicable procedure to improve revascularization in acute myocardial infarction. Circ 2005; 112:2085-2088.
38. Yellon DM, Opie LH. Postconditioning for protection of the
infracting heart. Lancet 2006; 367:456-458.
39. Hausenloy DJ, Tsang A, Yellon DM, The reperfusion injury
salvage kinase pathway: a common target for both ischemic preconditioning and postconditioning. Trends Cardiovasc Med 2005;
15:69-75.
40. Lascano EC, Negroni JA Gap junction in preconditioning
against arrhythmias. Cardiovasc Res 2007; 74:341-342.
41. Parratt J, Vegh A Pronounced antiarrhythmic effects of ischemic preconditioning. Cardioscience 1994; 5:9-18.
42. Iliodromitis EK, Georgiadis M, Cohen MV, Downey JM, Bofilis
E, Kremastinos DT. Protection from postconditioning depends on
the number of short ischemic insults in anesthetized pigs. Basic
Res Cardiol 2006; 101:502-507. 24
43. Tang XL, Sato H, Tiwari S et al Cardioprotection by postconditioning in conscious rats is limited to coronary occlusions
<45 minutes. Am. J Physiol Heart Circ Physiol. 2006; 291:H2308H2317.
44. Downey JM, Davis AM, Cohen MV. Signaling pathways in
ischemic preconditioning. Heart Fail Rev 2007; 12:181-188.
45. Shiki K, Hearse DJ: Preconditioning of the ischemic myocardium: Reperfusioninduced arrhythmias. Am J Physiol 1987;
253:H1470
46. Przyklenk K, Bauer B, Ovize M, Kloner RA, Whittaker P: Regional ischemic ‘preconditioning’ protects remote virgin myocardium from subsequent sustained coronary occlusion. Circulation
1993; 87(3):893-899.
47. Li CM, Zhang XH, Ma XJ, Luo M: Limb ischemic postconditioning protects myocardium from ischemia-reperfusion injury.
Scand Cardiovasc J 2006; 40(5):312-317.
48. Andreka G, Vertesaljai M, Szantho G, Font G, Piroth Z, Fontos
G, Juhasz ED, Szekely L, Szelid Z, Turner MS, Ashrafian H, Frenneaux MP, Andreka P: Remote ischaemic postconditioning protects the heart during acut myocardial infarction in pigs. Heart
2007; 93(6):749-752.
49. Stewart R. Walsh, Tjun Y. Tang, Peter Kullar, David P. Jenkins,

www.jafib.com

155

David P. Dutka, and Michael E. Gaunt Ischaemic preconditioning during cardiac surgery: systematic review and meta-analysis of perioperative outcomes in randomized clinical trials Eur J
Cardiothorac Surg. 2008; 34(5): 985-994.
50. Wu ZK, Iivainen T, Pehkonen E, Laurikka J, Tarkka MR:
Perioperative and postoperative arrhythmia in three-vessel coronary artery disease patients and antiarrhythmic effects of ischemic preconditioning. Eur J Cardiothorac Surg 2003; 23(4):578584.
51. Wu ZK, Vikman S, Laurikka J, Pehkonen E, Livainen T, Huikuri HV, Tarkka MR.Nonlinear heart rate variability in CABG
patients and the preconditioning effect. Eur J Cardiothorac
Surg. 2005; 28(1): 109–113
52. Laurikka J, Wu ZK, Iisalo P, Kaukinen L, Honkonen EL,
Kaukinen S, Tarkka MR, Regional ischemic pre-conditioning
enhances myocardial performance in off-pump coronary artery
bypass grafting. Chest 2002; 121(4):1183-1189.
53. Okishige K, Yamashita K, Yoshinaga H, Satoh K, Satake S.,
Electrophysiologic effects of ischemic preconditioning on QT
dispersion during coronary angioplasty. J Am Coll Cardiol
1996;28:70—3.
54. Andreka G, Vertesaljai M, Szantho G, Font G, Piroth Z, Fontos G, Juhasz ED, Szekely L, Szelid Z, Turner MS, Ashrafian H,
Frenneaux MP, Andreka P: Remote ischaemic postconditioning
protects the heart during acute myocardial infarction in pigs.
Heart 2007; 93(6):749-752. 25
55. Galagudza M, Kurapeev D, Minasian S, Valen G, Vaage J.
Ischemic postconditioning: brief ischemia during reperfusion
converts persistent ventricular fibrillation into regular rhythm.
Eur J Cardiothorac Surg. 2004;25: 1006–1010.
56. Freixa X, Bellera N, Ortiz-Perez JT, Jimenez M, Pare C, Bosch
X, De Caralt TM, Betriu A, Masotti M. Ischaemic postconditioning revisited: lack of effects on infarct size following primary
percutaneous coronary intervention. Eur Heart J. 2012;33:103–
112
57. Przyklenk K, Bauer B, Ovize M, Kloner RA, Whittaker P:
Regional ischemic ‘preconditioning’ protects remote virgin
myocardium from subsequent sustained coronary occlusion.
Circulation 1993; 87(3):893-899
58. Kharbanda RK, Mortensen UM, White PA, Kristiansen
SB, Schmidt MR, Hoschtitzky JA, Vogel M, Sorensen K, Redington AN, MacAllister R: Transient limb ischemia induces
remote ischemic preconditioning in vivo. Circulation 2002;
106(23):2881-2883
59. Kerendi F, Kin H, Halkos ME, Jiang R, Zatta AJ, Zhao ZQ,
Guyton RA, Vinten-Johansen J: Remote postconditioning. Brief
renal ischemia and reperfusion applied before coronary artery
reperfusion reduces myocardial infarct size via endogenous
activation of adenosine receptors. Basic Res Cardiol 2005;
100(5):404-412.
60. Li CM, Zhang XH, Ma XJ, Luo M: Limb ischemic postconditioning protects myocardium from ischemia-reperfusion injury.
Scand Cardiovasc J 2006; 40(5):312- 317.
61. Hoole SP, Heck PM, Sharples L, Khan SN, Duehmke R, Densem CG, Clarke SC, Shapiro LM, Schofield PM, O’Sullivan M,
Dutka DP: Cardiac Remote Ischemic Preconditioning in Coro-

April-May, 2013 | Vol 5 | Issue 6

Journal of Atrial Fibrillation

Featured Review

nary Stenting (CRISP Stent) Study: a prospective, randomized
control trial. Circulation 2009; 119(6):820-827.
62. Bøtker HE, Kharbanda R, Schmidt MR, Bøttcher M, Kaltoft
AK, Terkelsen CJ, Munk K, Andersen NH, Hansen TM, Trautner S, Lassen JF, Christiansen EH, Krusell LR, Kristensen SD,
Thuesen L, Nielsen SS, Rehling M, Sørensen HT, Redington
AN, Nielsen TT: Remote ischaemic conditioning before hospital
admission, as a complement to angioplasty, and effect on myocardial salvage in patients with acute ,myocardial infarction: a
randomised trial. Lancet 2010; 375(9716):727-734.
63. D'Ascenzo F, Cavallero E, Moretti C, Omedè P, Sciuto F,
Rahman IA, Bonser RS, Yunseok J, Wagner r, Freiberger T,
Kunst G, Marber MS, Thielmann M, Ji B, Amr Y, Modena MG,
Zoccai GB, Sheiban I, Gaita F. Systematic review: Remote ischaemic preconditioning in coronary artery bypass surgery: a
meta-analysis. Heart 2012;98:17 1267-1271
64. Brevoord D, Kranke P, Kuijpers M, Weber N, Hollmann M, et
al. (2012) Remote Ischemic Conditioning to Protect against Ischemia-Reperfusion Injury: A Systematic Review and Meta-Analysis. PLoS ONE 7(7): e42179. doi:10.1371/journal.pone.0042179
65. McPherson BC, Yao Z: Morphine mimics preconditioning
via free radical signals and mitochondrial K(ATP) channels in
myocytes. Circulation 2001; 103(2):290-295.26
66. Frässdorf J, Weber NC, Obal D, Toma O, Mullenheim J, Kojda G, Preckel B, Schlack W: Morphine induces late cardioprotection in rat hearts in vivo: the involvement of opioid receptors
and nuclear transcription factor kappa. B. Anesth Analg 2005;
101(4):934-41
67. Cope DK, Impastato WK, Cohen MV, Downey JM: Volatile
anesthetics protect the ischemic rabbit myocardium from infarction. Anesthesiology 1997; 86(3):699-709.
68. Kersten JR, Schmeling TJ, Pagel PS, Gross GJ, Warltier DC:
Isoflurane mimics ischemic preconditioning via activation of
K(ATP) channels: reduction of myocardial infarct size with an
acute memory phase. Anesthesiology 1997; 87(2):361-370.
69. Preckel B, Schlack W, Comfère T, Obal D, Barthel H, Thämer
V: Effects of enflurane, isoflurane, sevoflurane and desflurane
on reperfusion injury after regional myocardial ischaemia in the
rabbit heart in vivo. Br J Anaesth 1998; 81(6):905-912.
70. Weber NC, Toma O, Wolter JI, Obal D, Mullenheim J, Preckel B, Schlack W: The noble gas xenon induces pharmacological
preconditioning in the rat heart in vivo via induction of PKCepsilon and p38 MAPK. Br J Pharmacol 2005; 144(1):123-132.
71. Pagel PS, Krolikowski JG, Shim YH, Venkatapuram S, Kersten JR, Weihrauch D, Warltier DC, Pratt PF: Noble gases without anesthetic properties protect myocardium against infarction
by activating prosurvival signaling kinases and inhibiting mitochondrial permeability transition in vivo. Anesth Analg 2007;
105(3):562-569.
72. Kottenberg E, Thielmann M, Bergmann L, Heine T, Jakob
H, Heusch G, Peters J., Protection by remote ischemic preconditioning during coronary artery bypass graft surgery with
isoflurane but not propofol - a clinical trial. Acta Anaesthesiol
Scand. 2012;56(1):30-8. doi: 10.1111/j.1399-6576.2011.02585.x.
Epub 2011 Nov 21. PMID: 22103808
73. Miura T, Miki T, Yano T. Role of gap junction in ischemic

www.jafib.com

156

preconditioning in the heart. Am J Physiol Heart Circ Physiol
2010; 298:H1115-1125.
74. Naitoh k, Yano T, Miura t, itoh T, Miki T, tanno M, Sato T,
Hotta H, terashima Y, shimamoto K. roles of Cx43-associated
protein kinases in suppression of gap junctionmediated chemical coupling by ischemic preconditioning. Am J Physiol Heart
Circ Physiol 2009; 296:H396-H403.
75. Schulz R, Boengler K, Totzeck A, Luo Y, Garcia-Dorado D,
Heusch G. Connexin 43 in ischemic pre- and postconditioning.
Heart Fail Rev 2007; 12:261-266.
76. Kato T, Iwasaki Y-K, Nattel S. Connexins and atrial fibrillation: filling in the gaps. Circ. 2012; 125:203-206. 77. Saffitz JE.
Connexins, conduction, and atrial fibrillation. N Engl J Med
2006; 54;25: 2712-2714.
78. Ruiz-Meana M, Rodriguez-Sinovas A, Cabestrero A, Boengler K, Heusch G, Garcia-Dorado D. Mitochondrial connexin
43 as a new player in the pathophysiology of myocardial ischemia-reperfusion injury. Cardiovasc Res 2008; 77:325-333.
79. Lu G, Haider HK, Porollo A, Ashraf M. Mitochondria-specific transgenic overexpression of connexin-43 simulates preconditioning-induced cytoprotection of stem cells. Cardiovasc Res
2010;88:277-286. 27
80. Zhu J Ferrier GR. Ischemic preconditioning: antiarrhythmic
effects and electrophysiological mechanisms in isolated ventricle. Am J Physiol Heart Circ Physiol 1998;274:H66-H75.
81. Cinca J, Warren M, Carreno A, Tresanchez M, Armadans L,
Gomez P, Soler-Soler J. Changes in myocardial electrical impedance induced by coronary artery occlusion in pigs with and
without preconditioning: correlation with local ST-segment
potential and ventricular arrhythmias. Circ 1997;96:3079-3086.
82. Papp R, Gonczi M, Kovacs M, Seprenyi G, Vegh A. Gap
junctional uncoupling plays a trigger role in the antiarrhythmic
effect of ischemic preconditioning. Cardiovasc Res 2007;74:396405.
83. Igarashi T, Finet JE, Takeuchi A, Fujino Y, Strom M, Greener
ID, Rosenbaum DS, Donahue JK. Connexin gene transfer preserves conduction velocity and prevents atrial fibrillation. Circ
2012; 125:216-225.
84. Greener ID, Sasano T, Wan X, Igarashi T, Strom M, Rosenbaum DS, Donahue JK. Connexin 43 gene transfer reduces ventricular tachycardia susceptibility after myocardial infarction. J
Am Coll Cardiol 2012;60 (12): 1103-1110.
85. Dhein S, Rothe S, Busch A et al Effects of metoprolol therapy
on cardiac gap junction remodeling and conduction in human
chronic atrial fibrillation. Br. J. Pharmacol.
2011; 164:607-616.
86. Brevoord D, Hollmann MW, De Hert SG et al.: Effect of remote ischemic conditioning on atrial fibrillation and outcome
after coronary artery bypass grafting
(RICO-trial). BMC Anesthesiology 2011 11:11.

April-May, 2013 | Vol 5 | Issue 6

