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Atrial fibrillation (AF) is the most common clinically

relevant arrhythmia [3]. AF is generally considered a

progressive disease, with episodes increasing in frequency

and/or duration over time, resulting in a transition from

paroxysmal (lasting\7 days and spontaneously converting

to sinus rhythm) AF (pAF) to persistent AF (lasting

[7 days or requiring cardioversion), long-lasting persistent

(chronic) AF (cAF), and permanent AF [12, 20]. Although

the current AF classification was not developed based on

underlying pathophysiological mechanisms, there are im-

portant differences in the molecular and cellular electro-

physiology of pAF and cAF patients [30, 31]. The AF

classification also has important therapeutic implications,

with more advanced forms of AF being less amenable to

rhythm-control therapy. Nonetheless, the type and time

course of AF progression are difficult to predict in an in-

dividual patient. A better understanding of the mechanisms

of AF progression may help to improve and tailor AF

therapy [11, 12].

Mechanistically, the progressive nature of AF is at least

in part due to AF-induced remodeling [12]. Several studies

have shown that atrial tachycardia causes a reduction in

effective refractory period, calcium-handling abnor-

malities, structural remodeling and atrial hypocontractility

(Fig. 1) [2, 19, 28, 32]. There is a strong non-linear rela-

tionship between atrial rate and the extent of atrial elec-

trical remodeling, with rates exceeding 300 beats per

minute being required to significantly increase AF duration

in vivo [27]. Furthermore, individual components of atrial

remodeling develop with distinct time courses [2]. In-

creased intracellular calcium levels are an early event

during atrial tachycardia and play a central role in atrial

remodeling [12]. For example, the reduction in depolariz-

ing L-type calcium current (ICa,L), which is an important

determinant of the reduced action potential duration (APD)

in AF, is calcium dependent and is mediated in part by the

calcineurin-A (CnA)/nuclear factor of activated T cell

(NFAT) pathway [23]. This pathway also contributes to the

increase in inward-rectifier potassium current (IK1), another

contributor to the abbreviated APD which causes hyper-

polarization of the resting membrane potential in AF, by

inhibiting the microRNA-26, thereby de-repressing ex-

pression of the Kir2.1 subunit underlying IK1 [17]. Rapid

pacing of cardiomyocytes can also increase reactive oxy-

gen species [13] and promote atrial structural remodeling

by activating apoptotic or hypertrophic signaling pathways

within cardiomyocytes, and through paracrine effects on

atrial fibroblasts [29, 34]. These effects are at least in part

calcium dependent [25] and could play a role in progres-

sive atrial structural remodeling involved in AF chronifi-

cation (Fig. 1) [12, 15].

In contrast to most experimental studies of the effects of

atrial tachycardia, which employ a fixed pacing interval,

clinical AF episodes are typically characterized by
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irregular electrical activation. In addition to the average

rate, the irregularity of electrical activation may have im-

portant cardiovascular effects [33]. An irregular pacing

interval causes decreased cardiac output, as well as in-

creased pulmonary wedge and right atrial pressure com-

pared to regular pacing at the same rate in patients [7]. In

another cohort, greater degrees of irregularity have been

associated with increased sympathoexcitation [26]. While

it is likely that the effects of irregular activation in vivo are

at least partly a macroscopic phenomenon, resulting from

restitution properties (i.e., the dependence of electrical and

mechanical properties of the heart on the preceding dias-

tolic interval), filling times and baroreflex mechanisms,

there is evidence that isolated cardiomyocytes are also

modulated by the degree of irregularity of pacing rhythm.

For example, irregular pacing of a co-culture of atrial

cardiomyocytes and intrinsic cardiac adrenergic cells

causes increased expression of catecholamine-synthesizing

enzymes compared to regular pacing [24]. This increase

can be abrogated by endothelin-A receptor blockade and

inhibition of the CnA/NFAT pathway [24], providing a

potential calcium-dependent mechanism for the increased

sympathoexcitation observed in patients [26]. Furthermore,

irregular pacing of neonatal rat ventricular cardiomyocytes

(NRVM) results in decreased calcium-transient amplitude

compared to regular pacing, possibly due to reduced ex-

pression of the sarcoplasmic reticulum (SR) calcium

ATPase (SERCA2a) [16]. Nonetheless, the precise role of

irregular electrical activation in AF pathophysiology re-

mains incompletely understood.

In the current issue of Basic Research in Cardiology,

Lenski et al. [14] provide further evidence that cardiomy-

ocytes are intrinsically sensitive to irregular electrical ac-

tivation. Qualitatively consistent with previous results [16],

cultured NRVM paced irregularly with a mean rate of 3 Hz

have reduced calcium-transient amplitudes compared to

regularly paced NRVM [14]. In addition, Lenski et al. [14]

show that irregular pacing increases diastolic calcium

levels and reduces APD, resulting in a phenotype consis-

tent with findings in atrial cardiomyocytes from cAF pa-

tients [31].

Atrial tachycardia also increases atrial energy con-

sumption and altered atrial metabolism may play an im-

portant role in AF pathophysiology [8, 18]. Genes involved

in metabolism are among the most strongly regulated genes

in pAF patients compared to sinus rhythm patients [5].

Moreover, there is increasing evidence for a role of epi-

cardial adipose tissue and changes in atrial adipocyte-re-

lated gene expression in atrial tachycardia-induced

remodeling [6]. The work by Lenski et al., for the first time,

links irregular pacing, calcium-handling abnormalities and

alterations in atrial metabolism. The adenosine

monophosphate-activated protein kinase (AMPK) is a cri-

tical sensor of cellular energy balance that is activated by

increased AMP/ATP ratios and can increase energy avail-

ability through downstream signaling pathways [9]. Lenski

Fig. 1 Schematic

representation of the roles of

irregular, high-frequent atrial

electrical activation in atrial

fibrillation progression. Rapid

irregular activation activates at

least three major interacting

signaling pathways through

intracellular calcium, reactive

oxygen species (ROS), and

atrial energy metabolism-

sensitive AMP-activated kinase

(AMPK), which directly and

indirectly (via paracrine

signaling) affect multiple

components of AF-related

remodeling. Altered atrial

metabolism might represent a

hitherto underappreciated

component of atrial remodeling.

TRPC3 transient receptor

potential canonical-3 channel.

For further abbreviations, see

text
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et al. show that irregular pacing activates AMPK, resulting

in increased membrane expression of fatty acid translocase

(FAT/CD36) and lipid accumulation, while membrane

expression of glucose transporter-4 (GLUT-4) and glucose

uptake are decreased [14]. Inhibition of AMPK normalizes

lipid accumulation and glucose uptake, suggesting a causal

role for AMPK activation in atrial metabolic remodeling.

In addition, the authors show that mice overexpressing the

Rac1-GTPase, which develop spontaneous AF with aging,

as well as left atrial tissue from AF patients, both show

increased AMPK phosphorylation (and thus activation) and

higher FAT expression, suggesting a potential clinical

relevance for this in vitro model.

The present study raises a number of intriguing questions

for future research. The complex interplay between the

various signaling pathways within an atrial cardiomyocyte

(Fig. 1) makes it difficult to assess the hierarchy of events

that ultimately lead to atrial metabolic remodeling. For ex-

ample, Lenski et al. show that inhibition of calci-

um/calmodulin-dependent protein kinase type-II (CaMKII)

reduces AMPK phosphorylation and normalizes GLUT-4

expression [14], placing AMPK downstream of CaMKII.

CaMKII autophosphorylation (and thus activation) in-

creases with irregular, but not regular pacing, which is

consistent with the increased expression/activation of

CaMKII in AF patients in the present and previous studies

[4, 14, 22, 31]. However, since activation of AMPK has

positive effects on atrial cardiomyocyte calcium handling

[10], AMPK may also indirectly promote CaMKII activa-

tion, suggesting a bidirectional interaction between both

pathways. Likewise, the observed changes in cardiomy-

ocyte calcium handling might occur downstream of CaMKII

activation (e.g., resulting from increased SR calcium leak),

or might be upstream, with increased diastolic calcium

levels promoting CaMKII activation. Of note, the first step

of the cascade (i.e., through which mechanisms irregular

pacing promotes calcium-handling alterations and/or

CaMKII activation compared to regular pacing) remains

largely unknown, although it appears likely that restitution

properties of cardiomyocyte calcium handling and activa-

tion/deactivation kinetics of CaMKII play a role.

The clinical relevance of AMPK activation in AF is

unclear. The data from the present paper suggest that AF-

induced hyperactivation of AMPK could lead to lipid ac-

cumulation and reduced glucose uptake. These findings

were associated with activation of pro-apoptotic signaling

pathways in Rac1-GTPase mice in AF compared to litter-

mates in sinus rhythm, as well as in AF patients [14]. In-

creased apoptosis could contribute to AF progression.

However, increased AMPK is traditionally considered a

protective factor, improving metabolic disturbances and

cellular dysfunction [9]. In agreement, recent work showed

that knock-out of liver kinase B1, an activator of AMPK,

reduces AMPK activation and results in an age-dependent

development of spontaneous AF in mice [21]. Since the

present work did not validate whether AMPK inhibition

reduces apoptosis under these experimental conditions,

AMPK activation might be an adaptive response to AF,

with the apoptosis resulting from other pathways activated

during AF. On the other hand, AMPK activation can also

stimulate ubiquitination of connexin-43, producing con-

duction heterogeneities that could promote AF mainte-

nance/progression [1]. Taken together, these data suggest

that both increased and decreased AMPK activation may

have multiple pro- and antiarrhythmic roles. Since frac-

tional AMPK phosphorylation is upregulated in pAF but

not in cAF patients [10], this points to complex dynamics

in the activation of AMPK during the progression of AF to

more persistent forms.

Finally, there are important differences in heart rate,

metabolism, electrophysiology, and calcium handling be-

tween rodents and humans. To the best of our knowledge,

all in vitro studies assessing the effects of irregular pacing

to date have been performed with NRVM. Whether human

atrial cardiomyocytes are similarly sensitive to irregular

pacing rhythms is unknown. Furthermore, the in vivo ac-

tivation rates during AF are much faster than the 3 Hz

employed in the cellular experiments. Whether the AF-

induced remodeling is dominated by the frequency at these

high rates or whether irregularity also contributes, remains

to be determined. Development of more specific ap-

proaches to target AMPK and downstream signaling

components in experiments in human atrial samples will be

required to delineate the role of irregular-rhythm-mediated

alterations in atrial metabolism and their consequences for

AF pathophysiology.

In summary, the study by Lenski et al. [14] highlights

the integrated structure of various components of atrial

remodeling and indicates that cardiomyocytes are able to

detect both changes in average rate as well as in rhythm

regularity. Although important questions remain, these

findings enhance our understanding of AF pathophysiology

and could have important consequences for AF therapy, for

instances with respect to the issue of rate versus rhythm

control.
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