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BACKGROUND AND PURPOSE
Atrial fibrillation induces ischaemic microcirculatory flow abnormalities in the ventricle, contributing to the risk for acute
coronary syndromes. We evaluated the effect of dronedarone on ventricular perfusion during rapid atrial pacing (RAP).

EXPERIMENTAL APPROACH
Coronary and fractional flow reserve (CFR/FFR) were measured in the left anterior descending artery in 29 pigs. Six received
RAP, six received RAP with dronedarone (RAP/D), seven received dronedarone alone, four received RAP with amiodarone
(RAP/A), and six received neither (sham). In ventricular tissue, oxidative stress/ischaemia-related gene and protein expression
was evaluated by RT-PCR and Western blotting; Isoprostanes were measured by GC-MS procedures.

KEY RESULTS
CFR was decreased in the RAP group, compared with other groups. FFR was not different between groups. Effective refractory
period was reduced in RAP compared with RAP/D. RAP-activated PKC phosphorylation tended to be decreased by
dronedarone (P = 0.055) RAP induced NOX-1 and NOX-2 protein and the mRNA for hypoxia-inducible factor-1a (HIF-1a).
Dronedarone reduced the pacing-dependent increase in the expression of NOX-2 protein and of HIF-1a mRNA. The oxidative
stress marker, F2-isoprostane, was increased by RAP and this increase was attenuated by dronedarone. Other oxidative
stress/ischaemia-related genes were induced by RAP compared with sham and were decreased by dronedarone treatment. In
HL1 cells, dronedarone significantly inhibited the increased phosphorylation of PKCa after oxidative stress, with an almost
significant effect (P = 0.059) on that after RAP.

CONCLUSIONS AND IMPLICATIONS
Dronedarone abolished RAP-induced ventricular microcirculatory abnormalities by decreasing oxidative
stress/ischaemia-related gene and protein expression in the ventricle.

Abbreviations
ACS, acute coronary syndromes; AF, atrial fibrillation; ATHENA, Prevention of Cardiovascular Hospitalization or Death
From Any Cause in Patients with Atrial Fibrillation/Atrial Flutter; CFR, coronary flow reserve; FFR, fractional flow
reserve; HIF1a, hypoxia-inducible factor-1a; HR, hazard ratio; LAD, left anterior descending; NOX, NADPH oxidase
subunits 1, 2 and 4; PPARGC1, PPARg coactivator 1-a; PRKAG2, PKA subunit g-2; RAP, rapid atrial pacing; ROS, reactive
oxygen species

BJP British Journal of
Pharmacology

DOI:10.1111/j.1476-5381.2011.01784.x
www.brjpharmacol.org

964 British Journal of Pharmacology (2012) 166 964–980 © 2011 The Authors
British Journal of Pharmacology © 2011 The British Pharmacological Society



Introduction

Patients diagnosed with atrial fibrillation (AF) are at high risk
for subsequent coronary ischaemic events (Miyasaka et al.,
2007). Recently, the Prevention of cardiovascular hospitaliza-
tion or death from any cause in patients with atrial
fibrillation/atrial flutter ATHENA clinical trial has shown that
the incidence of hospitalizations for acute coronary syn-
dromes (ACS) was reduced in patients with AF [hazard ratio
(HR) 0.70; 95% confidence interval (CI) 0.51–0.97] when
treated with dronedarone, including rate control and antico-
agulation (Hohnloser et al., 2009). A subgroup analysis dem-
onstrated that the incidence of ACS was also reduced in
patients with coronary artery disease at baseline (HR 0.67;
95% CI 0.46–0.99) (Crijns et al., 2009). The underlying
mechanism is, however, largely unknown.

Coronary flow reserve (CFR) is reduced in patients with
AF (Saito et al., 1978; Wichmann et al., 1983). This was also
described in an in vivo rapid atrial pacing (RAP) model where
CRF was reduced while fractional flow reserve (FFR) was unaf-
fected (Goette et al., 2009). The major underlying mecha-
nisms appear to be oxidative stress and calcium overload
(Goette et al., 2009). The potential of benzofuran derivatives
such as dronedarone (or amiodarone) to improve coronary
flow has been described previously (Raddino et al., 1989;
Guiraudou et al., 2004). Furthermore, there is potential for
an interaction of amiodarone and dronedarone with
a-adrenoceptors leading to a reduction of coronary vasocon-
striction mediated by these receptors (Ertl et al., 1986; Heusch
et al., 2000; receptor nomenclature follows Alexander et al.,
2011). This has shown to be more pronounced with drone-
darone than with amiodarone (Raddino et al., 1989; Hodeige
et al., 1995). Guiraudou et al., (2004) further noted that the
improvement of coronary flow was dependent on NO,
although the dose-dependent effect of dronedarone on NO
(0.01–1 mM) differed from that of amiodarone (0.01–10 mM)
by a relaxant effect, persisting after inhibition of the NO
synthase pathway. A recent study, in a porcine model of
myocardial infarction/reperfusion, demonstrated direct car-
dioprotective activity of dronedarone that was independent
of the remaining subendocardial blood flow during ischaemia
(Skyschally and Heusch, 2011). Nevertheless, vasoreactive,
NO-independent, mechanisms of dronedarone have not been
fully elucidated so far.

In order to investigate the potential of dronedarone to
reduce oxidative stress-related microvascular abnormalities as
well as to elucidate the cellular mechanisms responsible for
this effect, we used a relatively short-term exposure (6h) to
RAP in pigs as the standard experimental system, together
with studies in a cardiomyocyte cell line (HL-1 cells).

Methods

RAP model
All animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee of the
University of Magdeburg. A total of 29 pre-medicated, intu-
bated and instrumented pigs (mean weight 30 kg) were ran-
domly assigned to study groups (Goette et al., 2008; 2009). The

premedication consisted of i.m. injections of 0.2 ml kg-1 ket-
amine (10% ketamine (Ursotamin®), Serumwerk Bernburg,
Germany) and 0.1 ml kg-1 xylazine (2% xylazine hydrochlo-
ride, (Xylazin®), Riemser Arzneimittel GmbH, Germany).
Anaesthesia was induced with 6-10 ml propofol (i.v.; Recofol®
1%, Curamed Pharma GmbH, Karlsruhe, Germany) and main-
tained with with 1-2 vol% isoflurane (Isofluran Curamed,
Curamed Pharma GmbH) in a mixture of O2 :N2O (30:70 vol%)
via endotracheal tube. Oxygen saturation and ECG were
monitored continuously throughout the procedure. RAP was
performed in six animals at a rate of 600 beats per minute
(twice diastolic threshold, 2 ms pulse duration) for 6 h (RAP
group). In further six animals, RAP was performed after treat-
ment with 10 mg·kg-1 dronedarone (Sanofi-Aventis, Paris,
France; RAP/D group), seven pigs received 10 mg·kg-1 drone-
darone only (D group), in four pigs, RAP was performed in the
presence of 10 mg·kg-1 amiodarone (Cordarex®, Sanofi-
Aventis, Frankfurt am Main, Germany; RAP/A group) and six
pigs were instrumented without any further intervention
(sham group). After 6 h of RAP, the chest and the pericardial
sac were opened and the heart was exposed. Parts of the
anterior wall of the left ventricle were cross-clamped, excised
and immediately frozen in liquid nitrogen. The experiments
were done in a repetitive order with each sham followed by
one animal from the RAP, RAP/D, RAP/A and dronedarone
groups, respectively. No animal was excluded from the study.
Molecular analyses with regard to protein expression and
determination of plasma levels of cardiac markers were done
by investigators blinded to the in vivo results.

Measurement of CFR and FFR
CFR measurements were performed using a pressure tempera-
ture sensor-tipped guide wire (Radi Medical System, Langen-
hagen, Germany), which also allows the simultaneous
determination of the FFR. The CFR measurements are influ-
enced by flow abnormalities in the epicardial arteries and the
microcirculation. In contrast, reduced FFR is specific to epi-
cardial lesions. Thus, a normal FFR (non-obstructed epicardial
vessels) in the presence of reduced CFR is indicative of
microvascular disease (Kern et al., 2006; Camici and Crea,
2007). However, absolute coronary flow was not determined
with the system used.

Angiography of the left coronary artery was performed
using a 6F guiding catheter. Thereafter, a coronary pressure
wire (Radi Medical System) was advanced into the distal left
anterior descending (LAD) artery. CFR was calculated using
the Radi Medical System software package. In brief, the soft-
ware allows the pressure sensor, located 3 cm from the tip of
the pressure wire, to act also as a distal temperature sensor,
whereas the shaft of the wire acts as a proximal temperature
sensor. Thus, the transit time of an injectant can be calcu-
lated. Saline (3mL at room temperature) was injected into the
LAD artery three times. The mean transit time was recorded
after each injection and then averaged. Hyperaemia was
induced by systemic application of adenosine (i.v. infusion,
140 mg·kg-1 min-1; Sanofi-Aventis, Frankfurt am Main,
Germany) and the measurements of the transit time were
repeated as described above. The CFR was calculated from the
ratio between the baseline and hyperaemic values.

FFR was calculated at the same time as the CFR. Measure-
ments of FFR and CFR were performed during normal sinus
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rhythm before and 15 min after 6 h of pacing. Baseline values
were comparable to previous reports obtained in pigs (sham:
FFR 0.97 � 0.03), in which it was shown that CFR values
(sham: 1.3 � 0.17) are often lower than 2 and show a larger
variability compared with humans (Fearon et al., 2003; Kern
et al., 2006). There were no differences at baseline for mean
FFR (D 0.92; RAP 0.93; RAP/D 0.97; RAP/A 0.87) and CFR in
the groups (mean CFR: dronedarone 1.24; RAP 1.49; RAP/D
1.35; RAP/A 1.25). For comparison of FFR and CFR changes
throughout the study, relative changes were calculated in
comparison to baseline for each group, as in an earlier pub-
lication (Goette et al., 2009).

Western immunoblotting
Samples of left ventricular tissue were frozen in liquid nitro-
gen and stored at -80°C. Sample preparation was performed
as described by Goette et al., (2009). Protein samples of 20 mg
each were separated by SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes. The membranes were incu-
bated with primary antibody against PKC-a (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), phospho-PKC-a
(1:1000; Cell Signaling, Danvers, MA, USA), the NADPH
oxidase subunits, NOX-1 (1:500, Santa Cruz), NOX-4 (1:500,
Santa Cruz), NOX-2 (1:500, BD Transduction Laboratories,
San Jose, CA, USA), phospho-IkB (1:500, Cell Signaling),
GAPDH (1:2000, Millipore, Temecula, CA, USA), followed by
incubation with an appropriate horseradish peroxidase-
conjugated secondary antibody and detection using
enhanced chemiluminescence (Pierce, Rockford, IL, USA).
The protein expression was quantified using AlphaEaseFC
software (AlphaImager System, Alpha Innotech, San Leandro,
CA, USA).

Determination of tissue concentrations of
F2-isoprostanes
Frozen left ventricular samples were homogenized by Ultra
Turrax and Dounce homogenizers to yield 10% homogenates
in buffer (180 mM KCl, 10 mM EDTA, 0.1 M butyl hydroxy-
toluene, pH 7.4). To hydrolyse esterified F2-isoprostanes, the
heart homogenates (100 mL) were treated with 4 M KOH at
40°C for 30 min and neutralized by the addition of 4 M HCl
(pH adjusted to 2.0 with 0.1 M HCl). The internal standard
was 9a,11 a-PGF2 a-d4 (1 ng; Cayman Chem. Co., Ann Arbor,
MI, USA). The samples were centrifuged at 5000¥ g for
15 min, and the supernatant was applied to a C18 cartridge.
Solid-phase extraction and derivatization steps were per-
formed as previously described (Wiswedel et al., 2004).
F2-isoprostanes were separated and measured by gas chroma-
tography negative-ion chemical ionization mass spectrom-
etry assay (DSQ/Trace GC Ultra, Thermo Fischer Scientific,
Dreieich, Germany) with ammonia as reagent gas using
selected ion monitoring of the carboxylate anion [M-181] at
m/z 569 and m/z 573 for F2-isoprostanes and the deuterated
internal standard. All analyses were performed in triplicate
for each tissue sample. The protein content was determined
using the method of Bradford (Bradford, 1976).

PCR and expression analysis of oxidative
stress/ischaemia-related genes
Total RNA was extracted from the left ventricular samples by
performing a modified phenol extraction using the Trizol

reagent (Invitrogen, Karlsruhe, Germany). The prepared RNA
was further purified using the Norgen’s RNA Clean-Up and
Concentration Micro Kit, Canada. Concentration of the puri-
fied RNA preparations was measured using the NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific Inc,
Dreieich, Germany). RNA purity was determined by calculat-
ing the 260/280 nm and 260/230 nm ratios. The RNA quality
was assessed using the lab-on-chip capillary electrophoresis
technology (Bioanalyzer 2100, Agilent Technologies, Santa
Clara, CA, USA). Only RNA samples with an RNA Integrity
Number higher than 7 were used for further analyses.

To identify global changes in gene expression, transcrip-
tome analyses were performed. Target RNA labelling and
hybridization was accomplished according to the manufac-
turer’s protocol (GeneChip® 3′ IVT Express Kit user manual,
Affymetrix, Inc., Santa Clara, CA, USA) using 200 ng of total
RNA per sample. The chips were washed and stained with a
GeneChip Fluidics Station 450 (Affymetrix, Inc.) using the
standard fluidics protocol. Chips were then scanned with
an Affymetrix GeneChip Scanner 3000 (Affymetrix, Inc.).
Microarray data analysis was done using the Rosetta
Resolver® system for gene expression data analysis (Rosetta
Biosoftware, Seattle, WA, USA) by processing the Affymetrix
CEL files using the Affymetrix Rosetta intensity data summa-
rization. The pathway and functional analysis of the differ-
entially expressed genes was carried out using the commercial
system biology oriented package Ingenuity Pathways Analysis
and using the annotation details provided by Christopher K.
Tuggle (Couture et al., 2009).

Quantitative PCR was performed as described recently
(Goette et al., 2009) using the CFX960 (Bio-Rad, Munich,
Germany) and the specific primers given in (Table 1). Quan-
tities of GAPDH mRNA were used to normalize cDNA con-
tents. Values are given in arbitrary units.

HL1 cell in vitro experiments
The murine cardiomyocyte cell line HL1 (kindly provided by
Dr. William Claycomb, Louisiana State University Health
Science Center, New Orleans, LA) was used for in vitro experi-
ments. Cells were passaged and cultured in Claycomb-
Medium (Sigma-Aldrich, Taufkirchen, Germany) as described
(Claycomb et al., 1998).

HL1 cells were subjected to continuous oxidative stress by
adding glucose oxidase (GOD) and glucose to the culture
medium. Briefly, cells were seeded into 96-well plates at a
density of 4 ¥ 104 cells per well in 200 mL of medium.
After 24 h, medium was replaced by fresh medium,
supplemented with 5.5 mM glucose and different concentra-
tions of GOD (from Aspergillus niger, Sigma-Aldrich). 2’,7’-
Dichlorodihydrofluorescein diacetate (24 mM; Sigma-Aldrich)
was added to the culture medium, and fluorescence intensity
was read at 488 nm excitation wavelength and 520 nm emis-
sion wavelength after 2 h to quantify reactive oxygen species
(ROS) production.

To determine the effects of amiodarone or dronedarone
on oxidative stress-dependent PKCa-activation, HL1 cells
were seeded into 6-well plates at a density of 1 ¥ 106 per well
in 3 mL medium. After 24 h, medium was replaced by fresh
one containing 5 mU·mL-1 GOD and 5.5 mM glucose
without dronedarone or amiodarone, respectively. After addi-
tional 24 h of culture, protein lysates for immunoblot analy-
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ses were prepared using TriFast (Peqlab, Erlangen, Germany)
following the protocol recommended by the supplier.

Rapid pacing in vitro of HL-1 cells (6-well plates, 1 ¥ 106

cells per well in 4 mL) was performed with carbon electrodes
using the culture cell pacer system C-Pace EP (IonOptix,
Milton, MA, USA). Cells were paced at 20 Hz for 7 or 24 h
(5 V·cm-1, 4 msec bipolar pulse).

Data analysis
The values summarized in Tables 2 and 3 are given as median
with first and third quartile. Haemodynamic parameters rep-
resent averaged values from repetitive measurements within
each animal throughout the study period. Kruskal–Wallis test
was performed to determine any differences between the
groups (sham; RAP; RAP/D; RAP/A; D) at baseline and after
6 h pacing as well as the time-dependent changes within
these groups (Tables 2 and 3). Time-dependent changes were
calculated as (6 h value-baseline value)/baseline value. When
there was a significant Kruskal–Wallis test, the Mann–
Whitney test was used for pairwise group comparison. Mea-
surements of FFR and CFR were performed during normal
sinus rhythm before and 15 min after 6 h pacing (end of
experiment). Protein, mRNA expression and F2-isoprostane
data were also analysed using Kruskal–Wallis test and Mann–
Whitney test. The values are shown as medians with box (1st

and 3rd quartile) and whisker (range) plots. Data from tran-
scriptome analyses were analysed using one-way ANOVA as the

established standard procedure for this type of analysis;
values are expressed as mean � SD. All statistical decisions
were made two-tailed with a critical probability of a = 5%
without a-adjustment. Statistical analyses were performed
using IBM® SPSS® Statistics 18 (IBM Corporation, Somer, NY,
USA).

Results

Haemodynamic parameters, FFR and CFR
There were no statistically significant differences in haemo-
dynamic parameters (Table 2) as well as FFR/CFR and electro-
physiological parameters (Table 3) between the four groups at
baseline. FFR was comparable between groups at baseline
(Table 3) but was different after 6 h of pacing. There were no
changes in the FFR in the sham, RAP and RAP/D and drone-
darone groups (Figure 1, upper panel). In comparison to these
groups, RAP/A showed reduced FFR values after 6 h. However,
FFR remained above 0.8 and, therefore, significant obstruc-
tion of blood flow was not present. CFR, which is a combined
measure of flow reserve in the epicardial arteries and the
microcirculation, was similarly comparable across the groups
at baseline (Table 3). CFR was decreased in the RAP and
RAP/A group, but was higher in RAP/D- and dronedarone-
treated animals (Figure 1, lower panel). The results suggest
that there is microcirculatory disturbance during pacing

Table 1
Primers used for quantitative RT-PCR

Gene Primer sequence Product size (bp)

CCL2 US: 5′-CTG CTC ACT GCA GCC ACC TTC 398

DS: 5′-GGC ATC ATG TTT CGT ATC

DNAJB9 US: 5′-CAG GAT GGT TCC AGT AGA C 235

DS: 5′-GTC CTG AAC AGT CAG TGT ATG

HIF-1a US: 5′- GAG AAG TCT AGA GAT GCA GC 255

DS: 5′- CAC CAT CAT CTG TGA GTA CC

PRKAG2 US: 5′-CTC TTC GAT GCT GTA CAC TC 377

DS: 5′-GTC ACC GTG ATG TCT AGG TTG

Prx1 US: 5′-CTC CGT GGA TGA GAC TCT GAG 261

DS: 5′-GTC CCA CAC ATC TGA GCT G

Prx3 US: 5′-CTT GAC AAG TGT GCT GTG GTC 416

DS: 5′-CTA ACA GCA CAC CGT AGT CTC

PPARGC1 US: 5′-GAT GCA CTG ACA GAT GGA GAT G 388

DS: 5′-GTG CAC TTG TCT CTG CTA CTG

PRKCa US: 5′-GTG ACA CCT GTG ACA TGA AC 365

DS: 5′-GTT CCT TGT TGT TCG GTC

VEGF-A US: 5′-CTC CAC CAT GCC AAG TGG TC 289

DS: 5′-CTC ATC TCT CCT ATG TGC TG

b-actin US: AAG ATG ACC CAG ATC ATG TTT GAG 648

DS: AGG AGG AGC AAT GAT CTT GAT CTT

US, upstream primer; DS, downstream primer.
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Figure 1
The upper panel shows the effects of dronedarone (D) or amiodarone (A) on epicardial coronary artery flow (FFR) after RAP and the lower panel,
the effects of dronedarone or amiodarone on CFR after RAP. Results are expressed as the ratio between values obtained after RAP for 6h and those
obtained before the RAP procedure. In this Figure and in other similar Figures, data are shown as medians with box (1st and 3rd quartiles) and
whisker (range) plots. Differences between data sets, with P values, are indicated; Kruksal-Wallis followed by Mann Whitney post test. �, outlier;
*, extreme value.
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which was reversed by dronedarone. Figure 1 (lower panel)
also illustrates that amiodarone did not affect the reduction
of CFR induced by RAP.

NADPH oxidase subunit (NOX)
isoforms 1, 2, 4
NADPH oxidase is a major source of ROS in cardiac tissue and
this enzyme generates constitutively low levels of intracellu-
lar ROS, which can be up-regulated in pathological settings.
NOX is the key catalytic subunit of NADPH oxidase, and the
expression of NOX family members was analysed under study
conditions. Figure 2 illustrates the up-regulation of NOX 1
and NOX 2, compared with sham levels, after 6 h RAP. Drone-
darone clearly reduced this RAP-induced up-regulation of
NOX 2 and there was a similar but not significant (P = 0.15)
effect on NOX 1.

Left ventricular F2-isoprostane concentrations
To evaluate if the observed RAP-dependent increase of NADPH
oxidase was associated with increased amounts of oxida-
tive stress markers, left ventricular concentrations of F2-

isoprostanes were determined. The level of F2-isoprostanes was
elevated by 76% after RAP compared with sham, and was
significantly reduced in the RAP/D group (Figure 3). This
indicates that dronedarone reduced oxidative stress.

Phosphorylation of PKC
PKC has been shown to contribute to the phosphorylation
and, thus, activity of NOX subunits. The isoform PKCa is
itself activated by phosphorylation. Figure 4 illustrates that
phosphorylation of PKCa was increased during RAP, com-
pared with sham. There was a very marked trend towards
inhibition by dronedarone of this RAP-induced effect, which
almost reached significance (P = 0.055).

Redox-sensitive transcription factor
In response to oxidative stress, there is a rapid activation of
redox-sensitive signalling molecules such as the transcrip-
tional factor NF-kB. The first step in the activation of NF-kB is
the phosphorylation of its endogenous inhibitor, inhibitor of
nuclear factor of kappa light chain gene enhancer in B-cells
alpha (IkBa), on serine residues in its N-terminal regulatory

Figure 2
Effect of dronedarone (D) on NADPH oxidase subunit (NOX) isoforms 1, 2 and 4 protein, assessed by Western blots, in the left ventricle after RAP.
Results shown are the changes, induced by treatments, in the NOX : GAPDH ratio; sham ratios were set to 100. Data are shown and analysed as
described in Figure 1. �, outlier; *, extreme value.
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domain. As shown in Figure 5, there was increased phospho-
rylation of IkBa in the RAP group, compared with the sham
group, which was prevented by dronedarone.

Alterations of ischaemia-related genes and
glycogen metabolism
A comprehensive assessment of the expression of genes
related to ischaemia and glycogen metabolism, by whole

genome transcriptome analysis is shown in Table 4. It illus-
trates that in response to 6 h of RAP, there were significant
changes in gene expression, indicating oxidative stress/
ischaemia. The functional categories of the genes included
glycogen metabolism (hexokinase 2, glycogen synthase
kinase (GSK) 3b, the muscle isoform of glycogen phosphory-
lase), hypoxia/ischaemia [hypoxia-inducible factor-1a (HIF-
1a), VEGF-A, PPARg coactivator 1-a (PPARGC1)] and
oxidative stress [DnaJ homolog family members, peroxire-

Figure 3
Effect of RAP and dronedarone (D) on F2-isoprostane levels in left ventricular tissue. Samples were taken 15min after the end of RAP for 6h and
F2-isoprostanes measured by GC-MS. Data are shown and analysed as described in Figure 1. �, outlier.

Table 4
Change of gene expression level (microarray data) in left ventricular tissue, taken from sham, RAP and RAP/D groups

Glycogen metabolism/
stress related

Sham vs. RAP (n = 4) RAP vs. RAP/D (n = 6)
Fold change P-value (ANOVA) Fold change P-value (ANOVA)

HK2 7.8 0.001 -1.7 N.S.

GSK3B 1.6 0.25 1.2 N.S.

PYGM -1.4 0.08 1.1 N.S.

VEGF-A 1.6 0.03 -1.3 N.S.

CCL2 2.2 0.005 -1.9 N.S.

PRKAG2 3.5 <0.001 -1.3 N.S.

PPARGC1A 3.4 <0.001 -1.4 N.S.

ACADL -1.3 0.12 1.1 N.S.

HIF1A -1.2 N.S. -1.2 N.S.

HK2, hexokinase 2; GSK3B, glycogen synthase kinase 3b; PYGM, muscle isoform of glycogen phosphorylase; AGL, anti-glycogen debranching
enzyme; PRKAG2, PKA subunit g-2; PPARGC1A, PPARg coactivator 1-a; ACADL, acyl-coenzyme A dehydrogenase locus; HIF1A, hypoxia-
induced factor-1a.
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doxins (Prxs), the chemokine CCL-2]. Dronedarone treat-
ment did not significantly attenuate these RAP-induced
changes.

Oxidative stress/ischaemia-related genes
Following the results from the microarray analyses, the
expression mRNA from oxidative stress/ischaemia-related
genes was analysed in left venrtricular samples by quantita-
tive real time-PCR (RT-PCR) (Table 5). RAP significantly
increased mRNA from VEGF-A, PKA subunit g-2 (PRKAG2),
DnaJ homologue subfamily B member 9 and Prx3 and
showed a trend towards increasing that from PPARGC1, com-
pared with levels in samples from the sham group. Treatment
with dronedarone significantly reduced this RAP-dependent
increase of mRNA from VEGF-A, PRKAG2, PPARGC1 and the
gene encoding the chemokine CCL2. In contrast to drone-
darone, amiodarone was not able to prevent the RAP-
dependent increase in CCL2, but led to a further increase and

amiodarone was also less effective in attenuating the RAP-
dependent induction of mRNA from PPARGC1 (Table 5).

HL1 in vitro experiments
To confirm the effects of direct oxidative stress or RAP on the
activation of PKCa and its sensitivity to amiodarone or
dronedarone in vitro, the murine cardiomyocyte cell line HL1
was used. Exposure of HL1 cells to a combination of glucose
oxidase (GOD) with its substrate, glucose, dose-dependently
increased production of H2O2, providing a model of oxidative
stress (Figure 6A). Using an intermediate concentration of
GOD (5 mU·mL-1), we showed that in response to direct oxi-
dative stress, there was a ROS-dependent, 1.6-fold increase in
PKCa activation which was prevented by dronedarone
(Figure 6B). Amiodarone did not have a similar effect.

In response to 7 h of rapid pacing in vitro, there was also
a significant increase in the extent of phosphorylation of
PKCa observed. This RAP-dependent increase in pPKCa was

Figure 4
Effect of dronedarone (D) on phosphorylation of Thr638 in PKCa in left ventricular tissue after RAP. Data are shown and analysed as described in
Figure 1. �, outlier.
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hardly affected by amiodarone, whereas dronedarone exhib-
ited a strong tendency to decrease amounts of pPKCa (P =
0.059) (Figure 6C). The direct comparison of the efficacy of
dronedarone and amiodarone to attenuate RAP-dependent
phosphorylation of PKCa revealed a significantly higher
potency of dronedarone (P = 0.021).

Over a range of concentrations, neither dronedarone nor
amiodarone showed a clear effect on PKCa phosphorylation
in HL1 cells, under basal conditions. There appeared to be a
tendency of dronedarone at higher concentrations to
decrease the amounts of phospho-PKCa, but this was not
consistently observed (Figure 6D).

Discussion

Our results show that dronedarone reduced microvascular
abnormalities and oxidative stress induced by RAP. Dronedar-
one also significantly reduced expression of genes for ROS-

generating enzymes (NAPDH oxidase) and oxidative stress
response proteins (PKC, NF-kB). Our findings provide a pos-
sible explanation of the reduction in the incidence of acute
coronary events in patients with AF, treated with dronedar-
one (Connolly et al., 2011).

Microcirculatory flow abnormalities in AF
Recent studies have shown that patients with AF show ven-
tricular flow abnormalities and a high incidence of cardiac
events (Abidov et al., 2004; Range et al., 2007). Consistent
with these, myocardial blood flow is substantially reduced in
AF while coronary artery resistance is elevated (Range et al.,
2007). These findings are supported by an increase in the
Doppler-derived coronary vascular resistance index, observed
in experimental models of AF (Kochiadakis et al., 2002). The
present experiments showed that RAP reduced CFR but not
FFR, an effect abolished by dronedarone but not amiodarone
indicating the prevention of RAP-induced ventricular micro-
circulatory flow disturbances. This has not been previously

Figure 5
Effect of dronedarone (D) on phosphorylation of IkBa in left ventricular tissue after RAP. Results shown are the changes, induced by treatments,
in the pIkBa : GAPDH ratio; sham ratios were set to 100. Data are shown and analysed as described in Figure 1. * extreme value.
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reported, but the ATHENA trial suggested a beneficial role of
dronedarone by reducing acute coronary events in patients
with AF and concomitant CAD (Crijns et al., 2009). In addi-
tion, there are direct cardioprotective effects of dronedarone,
as a recent study using a pig model of ischaemia/reperfusion
demonstrated a reduction of infarct size that was indepen-
dent of the actual subendocardial blood flow (Skyschally and
Heusch, 2011).

Mechanistic insights into the actions
of dronedarone
Oxidative stress is associated with microvascular flow abnor-
malities and occurs immediately after new-onset AF. It may be
induced by altering cellular ionic homeostasis (tachycardia-
induced intracellular calcium and sodium overload). As a
consequence, PKC is phosphorylated, catalytic subunits of
NOX are up-regulated and ROS increased. ROS induce redox-
sensitive protein kinases which in turn activate NF-kB
(Schreck et al., 1992; Flohe et al., 1997; Lee et al., 1999; Bowie
and O’Neill, 2000; Rahman, 2003). NF-kB appears to be a key
mediator of ROS-induced inflammatory effects, leading to
increased expression of adhesion molecules and inflamma-
tory gene products in vascular cells (Alexander, 1995; Berliner
et al., 1995). Among the subcellular targets of NF-kB is HIF-
1a, which is activated by ROS via a functional NF-kB site
(Bonello et al., 2007). HIF-1 a in turn activates expression of
VEGF (Forsythe et al., 1996). Further genes activated by NF-kB
include those for CCL2 (Lawrence et al., 2006) and VEGF
(Kiriakidis et al., 2003) (Table 5). In our experiments, oxida-
tive stress-related intracellular signalling and gene transcrip-
tion was increased, as exemplified by increased PKC
phosphorylation, NADPH isoform expression, isoprostane
release, IkBa phosphorylation and induction of a panel of
oxidative stress-related genes. A functional correlate is the
reduction of CFR, observed in vivo.

Panel of oxidative stress-related genes
Oxidative stress is increased during AF and has been impli-
cated in the pathogenesis of AF (Carnes et al., 2001; Mihm
et al., 2001; Korantzopoulos et al., 2007; Huang et al., 2009).
Increased expression and activity of NADPH oxidase (Kim
et al., 2008) contributes to ROS production during AF. Also
Kim et al., (2003) observed an increased mRNA expression of
ROS-producing and anti-oxidative genes. To confirm the asso-
ciation of flow abnormalities with RAP-dependent induction
of oxidative stress-related gene expression and to assess any
protective effects of treatment with dronedarone, the expres-
sion of these genes was assessed in left ventricular tissue by
quantitative RT-PCR. ROS are known to act as intracellular
messengers leading to the activation and nuclear transloca-
tion of the redox-sensitive transcription factor NF-kB, and
consequent expression of the genes VEGF-A (Kiriakidis et al.,
2003; Martin et al., 2009), CCL2 (Lawrence et al., 2006) and
HIF1A (Kunsch and Medford, 1999; Bonello et al., 2007), as
well as those for the DnaJ family proteins.

PRKAG2 and VEGF-A are closely associated with changes
in the calcium signalling and thus play a role in the produc-
tion of NO in the vascular system by endothelial NO synthase
(eNOS), a Ca2+/calmodulin-dependent enzyme. NO reacts
with ROS, especially superoxide, to produce reactive speciesTa
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to glucose oxidase (GOD) and 5.5 mM glucose dose-dependently increased production of H2O2 (n = 6). (B) In HL1 cells increased oxidative stress,
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(n = 4). Results are shown relative to control (set to 100). Data are shown and analysed as described in Figure 1. (C) Rapid pacing in vitro also
increased the amounts of phosphoPKCa. Dronedarone showed a marked tendency (P = 0.059) to inhibit this increase (n = 4). Results are shown
relative to control (set to 100). Data are shown and analysed as described in Figure 1. (D) Neither dronedarone nor amiodarone affected
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peroxynitrite (OONO-), thereby reducing NO bioavailability
and elevating vascular resistance and promoting vasocon-
striction (Dusting et al., 1998; Dusting and Dart, 1999; Zicha
et al., 2001). As a result, expression of the anti-oxidant Prxs is
induced (Wolf et al., 2010). PPARGC1, a multifunctional
coactivator involved in the regulation of cardiac mitochon-
drial functional capacity and cellular energy metabolism, has
recently been shown to accelerate cytosolic Ca2+ clearance in
cardiac myocytes (Chen et al., 2010). NO may also act to
suppress the vascular NADPH oxidase activity, which is a
major source of oxidative stress (Dusting et al., 2005).

Recent evidence indicates that besides HIF-1a, a key com-
ponent of the eukaryotic oxygen-response system, other
factors are crucially involved in the regulation of oxidative
(metabolic) programs. One of these pathways involves
PPARGC1 (Shoag and Arany, 2010). Expression of PPARGC1 is
induced by ROS and acts protectively by increasing the
expression of ROS-limiting and scavenging genes including
Prx3 (Valle et al., 2005; Borniquel et al., 2006; St-Pierre et al.,
2006). Importantly, increased expression of PPARGC1 has
also been observed under hypoxia/ischaemia-like conditions
(Storey, 2003; Arany et al., 2008; Gutsaeva et al., 2008). There-
fore, the increased expression of PPARGC1 observed in our
study is consistent with a compromised coronary flow as
shown for the RAP group. CFR and PPARGC1 expression were
more efficiently attenuated by dronedarone, than by amio-
darone. As there were further differences observed in the
response to dronedarone or amiodarone with respect to oxi-
dative stress/hypoxia-related gene expression, it is reasonable
to assume that different but partly overlapping subsets of the
transcriptome aimed on limiting stress-mediated tissue
damage are regulated by both compounds. Amiodarone
showed similar efficacy in attenuating the RAP-induced
expression of HIF-1a and VEGF-A, whereas that of PPARGC1,
in particular, was more strongly affected by dronedarone.
This might suggest that dronedarone (in addition to limiting
ROS production) interfered with both angiogenic and
oxidative-metabolic response pathways, whereas amiodarone
lacked the latter effect. This, however, clearly needs to be
addressed in further experiments.

The established association of RAP with oxidative stress
together with the in vivo data of this study led us to analyse
the effects of ROS or RAP in vitro on PKCa activation. Under
both conditions, an increase in phospho-PKCa was observed.
The amounts of ROS generated by GOD/glucose are not likely
to be affected by dronedarone. Thus, dronedarone is sup-
posed to act on targets downstream to oxidative stress,
including the antioxidative stress response. It is likely that
similar mechanisms applied during RAP, where dronedarone
showed a strong and nearly significant activity to attenuate
PKCa activation (P = 0.059). In this regard, dronedarone
effects differed significantly from those of amiodarone.

In our study, we have demonstrated that dronedarone is
capable of attenuating most of RAP-induced changes in oxi-
dative stress-related gene expression. The findings are indica-
tive of a significant reduction of ROS production itself rather
than an improved handling of ROS, because both mediators
of ROS (such as HIF-1a) and anti-oxidative response genes
(Prxs and chaperones) are affected by dronedarone to the
same extent and within the same time frame. This view is
fully supported by the observation that in our model of acute

AF, dronedarone decreased RAP-dependent PKC phosphory-
lation, NADPH isoform expression, isoprostane release and
IkBa phosphorylation.

Clinical implications
The present study provides data on the potentially underly-
ing mechanism of the beneficial effects of dronedarone in
patients with AF. It is reasonably in agreement with the find-
ings of ATHENA, in which dronedarone was able to reduce
the incidence of ACS in patients with CAD (Crijns et al.,
2009; Hohnloser et al., 2009). The present study suggests that
dronedarone prevents the occurrence of microcirculatory
abnormalities in the ventricles during AF. Microcirculatory
flow abnormalities during an acute myocardial infarction are
known to cause infarct expansion, which suggests a beneficial
effect of dronedarone in this situation.

The alleviation of microvascular abnormalities, which
represent early changes in myocardial structure occurring at
the onset of AF, suggests that dronedarone might be particu-
larly effective in the early stages of AF, where chronicity is not
much advanced and effective counter-regulation on a
molecular level is still effective (Skalidis et al., 2008).

While these experiments have been designed to clarify
the role of dronedarone in the reduction of ACS, they could
beyond that deliver an explanation for the reduction of car-
diovascular mortality in D-treated patients in the ATHENA
trial (Hohnloser et al., 2009).

Study limitations
(i) The number of included animals was limited as was the
duration of the experiments. However, the observed func-
tional changes are consistent and have consistent molecular
correlates at several components of the cellular signal trans-
duction pathway. (ii) We did not measure activity of NADPH
oxidase, but the concentrations of F2-isoprostanes. These lipid
products have however been shown to be specific and chemi-
cally stable markers of oxidative stress (Mallat et al., 1998;
Elesber et al., 2006). (iii) We established no dose–effect rela-
tionship of dronedarone and based our work on the clinically
used dose. (iv) We have not studied all the possible mecha-
nisms, which may influence microvascular flow during RAP.
These include the activation of L-type calcium channels
(Gautier et al., 2003; Guiraudou et al., 2004), the link with the
renin-angiotensin system (Goette et al., 2009) and potential
interference with a-adrenoceptors (Ertl et al., 1986; Heusch
et al., 2000). (v) As we have provided no direct evidence for
myocardial ischaemia in our model, we chose to investigate
instead markers of alterations in the expression of genes
related to oxidation and ischaemia. (vi) Measurements of FFR
and CFR were made with a clinically validated system, which
does not provide absolute flow values. Adenosine might
induce short-lived effects at the atrial level and at the coro-
nary arteries (Heusch, 2010). However, the half-life of adenos-
ine is very short, and therefore, measurable changes in gene
expression and protein levels are less likely to be caused by
the substance itself. Historic data suggest that AF can cause
coronary vasoconstriction mediated by a-adrenoceptors (Ertl
et al., 1986), which is also seen in ACS (Heusch et al., 2000).
Although we cannot rule out the specific impact of vasocon-
striction mediated by a-adrenoceptors in the present study,
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antagonism of a-adrenoceptors by amiodarone did not
prevent the functional (CFR) and molecular changes
observed in the present experimental system . Furthermore,
FFR was above 0.8 in all experiments showing that there was
no significant obstruction to ventricular perfusion in any of
our experiments.

In conclusion, the data obtained from these acute pacing
experiments clearly demonstrated that RAP induced substan-
tial negative changes in the ventricular microcirculation.
These alterations were fully prevented by dronedarone and
were associated with corresponding mechanisms on a
molecular level. Thus, the direct effects of dronedarone on
epicardial arteries and the ventricular microcirculation may
contribute to the reduced incidence of ACS found in the
ATHENA trial.
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