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Abstract
Our group previously demonstrated that dronedarone induces regression of left ventricular hypertrophy in spontaneously
hypertensive rats (SHRs). We assessed changes in vascular remodeling and oxidative stress following short-term use of this
agent. The coronary artery was isolated from 10-month-old male SHRs treated with 100 mg kg−1 dronedarone once daily for
14 days (SHR-D group), and age-matched untreated SHRs were used as hypertensive controls. We analyzed the geometry
and composition of the artery and constructed dose–response curves for acetylcholine and serotonin (5-HT). We calculated a
global score (OXY-SCORE) from plasma biomarkers of oxidative status: carbonyl levels, thiol levels, reduced glutathione
levels, total antioxidant capacity, and superoxide anion scavenging activity. Finally, we analyzed asymmetric
dimethylarginine (ADMA) concentrations in plasma. Dronedarone significantly decreased wall thickness (medial and
adventitial layer thickness and cell count) and the cross-sectional area of the artery. Dronedarone significantly improved
endothelium-dependent relaxation and reduced the contraction induced by 5-HT. The OXY-SCORE was negative in the
SHR model group (suggesting an enhanced oxidative status) and was positive in the SHR-D group (suggesting enhanced
antioxidant defense). Dronedarone significantly decreased the concentrations of ADMA. We conclude that dronedarone
improves coronary artery remodeling in SHRs. The better global antioxidant status after treatment with dronedarone and
decreased plasma ADMA levels could contribute to the cardiovascular protective effect of dronedarone.

Keywords Asymmetric dimethylarginine ● Coronary artery remodeling ● Dronedarone ● OXY-SCORE ● Spontaneously
hypertensive rat

Introduction

Dronedarone is the newest antiarrhythmic drug recom-
mended for the treatment of atrial fibrillation [1]. Its car-
dioprotective effect has been associated with reduced
mortality in patients with atrial fibrillation [2]. Our group
previously demonstrated that 2 weeks of treatment with
dronedarone decreases arterial blood pressure and produces
regression of left ventricular hypertrophy in spontaneously
hypertensive rats (SHRs) [3]. However, changes in vascular
remodeling and oxidative stress following short-term use of
this agent have not been analyzed to date.

Hypertension leads to adverse remodeling in the cor-
onary artery and therefore increases the incidence of car-
diovascular events [4, 5]. Antiarrhythmic therapy and
antihypertensive therapy (with β-adrenergic blockers,
angiotensin-converting enzyme [ACE] inhibitors, angio-
tensin receptor antagonists, and calcium channel blockers)
reverse vascular remodeling, thus reducing cardiovascular
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morbidity [6, 7]. This effect may be mediated, in part, by
decreases in vascular oxidative stress [8–10]. In fact, anti-
oxidant therapy seems to be a useful strategy for restoring
the impaired balance between oxidants and antioxidants in
hypertensive conditions. Propranolol inhibits oxidative
stress and reduces lipid peroxidation in tissue, carvedilol
reduces lipid peroxidation by acting as a free radical sca-
venger, celiprolol reduces generation of superoxide anions,
nebivolol increases nitric oxide (NO) levels and expression
of endothelial NO synthase, amlodipine decreases oxidative
stress by decreasing malondialdehyde and increasing Na+
K+ ATPase and superoxide dismutase (SOD) levels, and
captopril exerts a protective effect owing to the free radical
scavenging properties of the thiol residues contained in the
drug structure [11]. In addition, asymmetric dimethylargi-
nine (ADMA), a biomarker of vascular disease [12], is
elevated in patients with hypertension and coronary artery
disease [13–16]. Several studies have shown changes in
vascular remodeling and decreased ADMA levels after
antihypertensive and antiarrhythmic therapy [17–20].

This study was designed to evaluate the efficacy of
dronedarone in attenuating coronary artery remodeling
(with regards to structure and function) in SHRs, the most
widely used animals for assessment of human essential
hypertension. We also explored whether the protective
effect of dronedarone could be related to decreases in
ADMA levels and oxidative stress. We assessed plasma
biomarkers of oxidative damage (OXY) and antioxidant
capacity and used them to calculate a global score (OXY-
SCORE).

Methods

Design of experiments

The study was performed in accordance with European
Union Guidelines for the Care and Use of Laboratory
Animals (Directive 2010/63/EU and Spanish RD 53/2013)
and was approved by the Ethics Review Board of Hospital
General Universitario Gregorio Marañon and by the local
government (Comunidad Autónoma de Madrid).

The experiments were performed on 10-month-old male
SHRs (n= 45) and age-matched normotensive control
Wistar-Kyoto rats (WKY rats, n= 18) from the colony
maintained at the Animal House Facility of the Universidad
Autónoma de Madrid (EX/021-U). The four experimental
groups used included an untreated WKY group (n= 18), an
untreated SHR group (n= 18), a group of SHRs treated
with hydralazine (SHR-H group, n= 9), and a group of
SHRs treated with dronedarone (SHR-D group, n= 18).
Dronedarone (100 mg kg−1), hydralazine (14 mg kg−1), or
saline solution (control) was administered once daily for

14 days. When treatment was complete, blood samples were
taken to study oxidative stress. The rats were sedated with
an intraperitoneal injection of diazepam (4 mg kg−1) and
ketamine (10 mg kg−1), and sacrificed by decapitation. The
coronary arteries were dissected to perform vascular reac-
tivity experiments and to study vascular structure.

Blood pressure and heart rate (HR) measurements

Systolic arterial pressure (SAP) and HR were measured in
conscious WKY, SHR, and SHR-D group rats before and
after treatment using the tail-cuff method with a photo-
electric sensor (Niprem 546, Cibertec, Madrid, Spain).

Confocal microscopy for the study of coronary
artery structure

To study the geometry and composition of the coronary
artery, we used 9 animals from each group. Briefly, seg-
ments of the left anterior descending artery (1 mm in length)
were fixed in 4% paraformaldehyde before being washed in
9% saline solution and stained with the nuclear dye DAPI
(1:500 of a 5 mg mL−1 stock solution). The segments were
studied as described elsewhere [19]. A ring and two long-
itudinal sections were cut from each segment and mounted
on a slide in a small well made of spacers to avoid vessel
compression. The well was filled with mounting medium
(Citifluor, Aname, Spain). One longitudinal section was
mounted with the endothelial side up, and the other was
mounted with the adventitial side up. Both sections were
studied with a Leica TCS SP2 confocal system (Leica
Microsystems, Wetzlar, Germany) at an excitation wave-
length of 405 nm and an emission wavelength of 410–475
nm to visualize the cell nuclei. In each artery, three ran-
domly selected regions were visualized with a ×20 objective
at zoom 8. In each of these regions, stacks of serial 1-μm
optical sections were captured from the adventitial and
medial layers. The rings were visualized with a ×20
objective at the 488/515 nm line, and an image was captured
to quantify the internal diameter (calculated from the
internal perimeter).

Quantitative analysis was performed using MetaMorph
Image Analysis Software (Universal Imaging, Wokingham,
UK) as previously described [21]. The thickness of each
layer in micrometer was determined by the number of
planes between the first image showing an adventitial cell
and the last image showing a smooth muscle cell (SMC) at
the maximum intensity, and by the number of planes
between the first image showing the first SMC and the last
image showing the first endothelial cell. Adventitial cells
and SMCs were counted in a specific volume defined by the
image area (8731.03 μm2 for a ×20 objective at zoom 8) and
the layer thickness of each particular vessel. The data
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obtained included the adventitial and medial thickness,
cell count, cellular density, external diameter (internal dia-
meter+ adventitial layer+medial layer), and cross-
sectional area (CSA, adventitial layer+medial layer).

Wire myography for the study of coronary artery
function

We studied the reactivity of the coronary artery using 9
animals from each group. The heart was removed and
maintained in cold (4 °C), oxygenated Krebs–Henseleit
solution (KHS, in mmol L−1: 115 NaCl, 25 NaHCO3, 4.7
KCl, 1.2 MgSO4·7H2O, 2.5 CaCl2, 1.2 KH2PO4, 11.1
glucose, and 0.01 Na2EDTA). Segments of the left ante-
rior descending artery (2 mm in length) were isolated,
mounted on a wire myograph (Multi Myograph System,
model 610M; Danish Myo-Technology) coupled to a
PowerLab data acquisition system (ADInstruments, Cas-
tle Hill, Australia), and studied as previously described
[8, 19]. Responses to acetylcholine (ACh, to assess
endothelium-dependent relaxation; 10−9–10−4 mol L−1)
were studied in segments precontracted with 5-
hydroxytryptamine (5-HT, 3 × 10−7 mol L−1). Relaxation
responses are expressed as the percent reduction from the 5-
HT precontracted state. After a washout period of 60 min,
concentration–response curves after application of 5-HT
(10−9–3 × 10−5 mol L−1) were plotted for the same arteries.
Contraction with 5-HT is expressed as a percentage
of the maximum response of the arteries to K+-KHS. Dose–
response curves were then constructed for sodium
nitroprusside (SNP, 10−9–10−4 mol L−1) to study
endothelium-independent relaxation in segments pre-
contracted with 5-HT (3 × 10−7 mol L−1).

Biomarkers of oxidative status in plasma

Blood samples (9 animals from each group) were cen-
trifuged at 900 × g for 10 min at 4 °C to obtain plasma.

Total thiols

Plasma thiols were assessed using a 5,5′-dithiobis
(2-nitrobenzoic acid) assay [22] adapted for nanovolumes.
Absorbance was measured at 412 nm in a NanoDrop
2000 spectrophotometer (Thermo Scientific, MA, USA).

Total antioxidant capacity (TAC)

TAC was assessed using a CUPRAC-BCS assay [23]
adapted to nanovolumes. Absorbance at 490 nm was read in
a NanoDrop 2000 spectrophotometer (Thermo Scientific,
MA, USA). TAC values were obtained from the standard
curve of the antioxidant Trolox (0–2 mol L−1)

Quantification of superoxide anion scavenging activity
(SOSA)

SOSA was determined using a luminescence assay with
coelenterazine as the detection probe [24] adapted to a
microplate reader. SOSA values were quantified by compar-
ing the inhibition of luminescence for each sample with that
observed from the SOD activity standard curve (0–4 UmL−1)

Reduced glutathione (GSH) content

Plasma GSH was assessed using a fluorometric micro-
method based on a reaction with o-phthalaldehyde [25, 26].
Fluorescence was measured in a Synergy HT Multi-Mode
Microplate Reader (Biotek) at an excitation wavelength of
360 ± 40 nm and an emission wavelength of 460 ± 40 nm.

Total protein carbonyls

Total protein carbonyls were quantified using a simplified
2,4-dinitrophenylhydrazine (DNPH) spectrophotometric
assay [27], which was adapted for nanovolumes. Absor-
bance at 450 nm was read in a NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific, MA, USA). Protein
carbonyl levels were calculated using the extinction coef-
ficient of DNPH at 450 nm (ε= 22,308M−1 cm−1) and an
optical path length of 1 mm and are expressed as nanomoles
of carbonyls per milligram protein. The amount of total
protein in the samples was assessed using Bradford reagent
according to the manufacturer’s recommendations
(Bio-Rad, USA).

Protein content

Protein content was assessed using a Coomassie blue-based
microtiter plate assay according to the manufacturer’s
recommendations (Bio-Rad, Madrid, Spain). Absorbance
was measured at 595 nm in a Synergy HT Multi-Mode
Microplate Reader (Bio-Tek), and bovine serum albumin
was used as the standard.

Calculation of the OXY-SCORE

Biomarkers related to antioxidant defense systems
(ANTIOX) and OXY were used to calculate the OXY-
SCORE associated with the administration of dronedarone.
First, we analyzed the normality of the chosen oxidative
stress biomarkers using the Kolmogorov–Smirnov test (the
parameters that did not show a normal distribution were
normalized through a logarithmic transformation). We then
standardized the parameters and calculated the partial
indexes for OXY and ANTIOX, as well as the OXY-
SCORE according to a previously described methodology
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[28]. Based on this calculation, a positive OXY-SCORE
indicates a predominance of antioxidant capacity, and a
negative OXY-SCORE indicates a predominance of OXY.

Measurement of ADMA concentrations in plasma

We analyzed five animals from each group. Mass spectro-
metry of ADMA was performed as previously described
using a fully validated high-throughput liquid chromato-
graphy/tandem mass spectrometry assay [29, 30].

Statistical analysis

The results are expressed as the mean ± SEM. The para-
meters were compared using repeated-measures analysis of
variance (for concentration–response curve parameters) and
single-factor (rat) analysis of variance (for physiological,
structural, and biochemical parameters). With regards to the
responses to ACh, 5-HT, and SNP in coronary segments,
some results are expressed as differences in the areas under
the concentration–response curves (AUCs) among the
experimental groups. P-values < 0.05 were considered to
indicate statistical significance. Statistical analysis was
performed using IBM SPSS Statistics for Windows, version
20.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism
6.0 (GraphPad Software, CA, USA).

Results

Treatment with dronedarone for 2 weeks decreases
arterial pressure and HR

The weight of WKY rats was significantly greater than
that of SHR group rats (431.40 ± 3.21 versus 381.63 ±
7.21 g, P < 0.01), SHR-H group rats (431.40 ± 3.21
versus 375.13 ± 5.11 g, P < 0.01), and SHR-D group rats
(431.40 ± 3.21 versus 360.16 ± 3.41 g, P < 0.001). No sta-
tistically significant differences in rat weight were observed
among the SHR, SHR-H, and SHR-D groups. SAP was
significantly higher in the SHR group than in the WKY
group (179 ± 21 versus 128 ± 12 mmHg, P < 0.01). Drone-
darone significantly reduced SAP in the SHR-D group
compared with the SHR group (140 ± 11 versus 179 ± 21
mmHg, P < 0.01) to values similar to those in the WKY
group. The SHR-H group showed the same reduction in
SAP as the SHR-D group (146 ± 8 versus 140 ± 11 mmHg).
HR was not significantly different among the WKY, SHR,
and SHR-H groups. Dronedarone significantly reduced HR
in the SHR-D group compared with the control (WKY),
SHR, and SHR-H groups (271 ± 31 versus 374 ± 10 bpm,
P < 0.001; 271 ± 31 versus 397 ± 26 bpm, P < 0.001; 271 ±
31 versus 383 ± 21 bpm, P < 0.001).

Treatment with dronedarone for 2 weeks improves
anterior descending artery structure

The effects of dronedarone on coronary artery geometry are
shown in Fig. 1. The SHR group presented hypertrophic
outward remodeling associated with a significant increase in
CSA (Fig. 1a) and LD (Fig. 1b) in the anterior descending
coronary artery when compared with the WKY group. After
2 weeks of treatment with dronedarone, CSA and WW
(Fig. 1c) were significantly lower in the SHR-D group than in
the SHR group, but no differences were observed with
respect to the WKY group. LD in the SHR group-D did not
differ from that in the SHR group. ED (Fig. 1d) was sig-
nificantly higher in the SHR group than in the WKY group;
however, administration of dronedarone significantly
decreased this parameter in the SHR-D group compared with
the SHR group. There were no significant differences in LD,
CSA, WW, and ED between the SHR and SHR-H groups.

The effects of dronedarone on coronary artery compo-
sition (medial and adventitial layer) are shown in Figs. 2
and 3. The medial layer thickness (Fig. 2a, c) and SMC
count (Fig. 2b) were significantly higher in the SHR group
than in the WKY group, although dronedarone significantly
lowered both parameters in the SHR-D group compared to
the SHR group. There were no significant differences in the
medial layer (in wall thickness, SMC count, or cell density)
between the SHR-D and WKY groups (Fig. 2c). There were
no significant differences in the medial layer (in wall
thickness or SMC count) between the SHR and SHR-H
groups. There were no significant differences in medial cell
density among the four experimental groups. The adventitia
contained significantly more cells in the SHR group than in
the WKY group. However, 2 weeks of treatment with
dronedarone induced a significant reduction in wall thick-
ness and cell count in the SHR-D group compared with the
SHR group (Fig. 3a, b). Consequently, cell density was
significantly higher in the SHR-D group than in control
group (Fig. 3b). There were no significant differences in the
adventitial layer (in wall thickness, SMC count, or adven-
titial cell density) between the SHR and SHR-H groups.

Treatment with dronedarone for 2 weeks improves
anterior descending artery vascular reactivity

Vasodilator function

KCl-induced contraction was not significantly different among
the four experimental groups (WKY: 1.54 ± 0.24mNmm−1,
SHR: 1.24 ± 0.31mNmm−1, SHR-H: 1.20 ± 0.11mNmm−1,
and SHR-D: 1.17 ± 0.25mNmm−1). No differences in the
concentration–response curves for the endothelium-
independent vasodilator SNP (10−9–10−4 mol L−1) were
observed among the four experimental groups.
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Fig. 1 Structural parameters
(medial+ adventitial layers).
Shown are the cross-sectional
area (a), lumen diameter (b), wall
thickness (c), and external
diameter (d) of the coronary
artery from Wistar Kyoto rats
(WKY group), spontaneously
hypertensive rats (SHRs; SHR
group), SHRs treated with
dronedarone (SHR-D group), and
SHRs treated with hydralazine
(SHR-H group). N= 9 rats for
each experimental group.
The data are expressed as the
mean ± SEM. Statistically
significant differences among the
WKY, SHR, SHR-D, and SHR-
H groups are shown (∗P < 0.05
versus WKY; ∗∗P < 0.01 versus
WKY; ∗∗∗P < 0.001 versus
WKY; #P<0.05 versus SHR;
###P < 0.001 versus SHR;
§P < 0.05 versus SHR-D;
§§§P < 0.001 versus SHR-D)

Fig. 2 Medial layer of the coronary artery. Shown are rings (examples
of projections obtained from confocal microscopy images, ×20, zoom
2) (a), cell nuclei (examples of projections obtained from confocal
microscopy images, ×20, zoom 8) (b), and the composition of the
medial layer (medial thickness, medial cell number, and medial cell
density) (c) of the coronary artery from Wistar Kyoto rats (WKY
group), spontaneously hypertensive rats (SHRs; SHR group), SHRs

treated with dronedarone (SHR-D group), and SHRs treated with
hydralazine (SHR-H group). N= 9 rats for each experimental group.
The data are expressed as the mean ± SEM. Statistically significant
differences among the WKY, SHR, SHR-D, and SHR-H groups are
shown (∗P < 0.05 versus WKY; ∗∗∗P < 0.001 versus WKY; #P < 0.05
versus SHR; ##P < 0.01 versus SHR; §P < 0.05 versus SHR-D)
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In the WKY group, ACh elicited concentration-
dependent relaxation at all concentrations (10−9–10−4 mol
L−1), whereas in the SHR group, ACh elicited dilatation at
low concentrations (10−9–10−7 mol L−1) and contractions at
higher concentrations (10−4 mol L−1). Dronedarone sig-
nificantly improved the endothelium-dependent relaxation
induced by ACh at low concentrations (10−9–10−7 mol L−1)
in the SHR-D group compared to the SHR group (Fig. 4a).
The AUC was significantly greater in the WKY group than
in the SHR group. Dronedarone produced a significantly
higher AUC in the SHR-D group than in the SHR group.
Vasodilator function was normalized by dronedarone. No
differences were observed between the SHR and SHR-H
groups (Fig. 4a).

Contractile response

The contractile response to 5-HT (3 × 10−8–3 × 10−5 mol L−1)
was significantly higher in the SHR group than in the WKY
group. Dronedarone significantly reduced the contraction
induced by 5-HT (3 × 10−7–3 × 10−5 mol L−1) in the SHR-D
group compared to the SHR group (Fig. 4b). The AUC was
significantly greater in the SHR group than in the WKY
group and was significantly lower in the SHR-D group than in
the SHR group. No differences were observed between the
SHR-D and WKY groups. No differences were observed
between the SHR and SHR-H groups (Fig. 4b).

Dronedarone improves plasma redox status

The effects of dronedarone on plasma biomarkers related to
ANTIOX (total thiols, GSH, TAC, SOD) and OXY (protein
carbonyls) are shown in Fig. 5. These parameters were used
to calculate a global index of oxidative stress (OXY-
SCORE). The OXY-SCORE was calculated from the nor-
malized and standardized plasma parameters. SOSA and
TAC did not exhibit a normal distribution and were there-
fore normalized by a logarithmic transformation before
being standardized. The SHR group had a negative OXY-
SCORE value, thus indicating an imbalance between oxi-
dative status and ANTIOX with increased oxidative status.
However, in the SHR-D group, the OXY-SCORE value
was positive, suggesting enhanced antioxidant defense. The
OXY-SCORE was significantly lower in the SHR group
than in the SHR-D group (P < 0.001) (Fig. 6a).

Dronedarone decreases plasma concentrations
of ADMA

Plasma concentrations of ADMA were significantly higher
in the SHR group than in the WKY group. Treatment with
dronedarone significantly decreased plasma concentrations
of ADMA in the SHR-D group compared to the SHR
group. No differences were observed when the SHR-D
group was compared with the WKY group (Fig. 6b).

Fig. 3 Adventitial layer of the coronary artery. Shown are cell nuclei
(examples of projections obtained from confocal microscopy images,
×20, zoom 8) (a) and the composition of the adventitial layer
(adventitial thickness, adventitial cell count, and adventitial cell den-
sity) (b) of the coronary artery from Wistar Kyoto rats (WKY group),
spontaneously hypertensive rats (SHRs; SHR group), SHRs treated
with dronedarone (SHR-D group), and SHRs treated with hydralazine

(SHR-H group). N= 9 rats for each experimental group. The data are
expressed as the mean ± SEM. Statistically significant differences
among the WKY, SHR, SHR-D, and SHR-H groups are shown (∗∗P <
0.01 versus WKY; ∗∗∗P < 0.001 versus WKY; #P < 0.05 versus SHR;
###P < 0.001 versus SHR; §P < 0.05 versus SHR-D; §§§P < 0.001 ver-
sus SHR-D)
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Discussion

Our results show that 2 weeks of treatment with dronedar-
one improves coronary artery remodeling in adult SHRs.
The improved global antioxidant status after treatment with
dronedarone and decreased ADMA levels could contribute
to the cardiovascular protective effect of the drug.

Our group previously demonstrated that dronedarone
produces regression of left ventricular hypertrophy in SHRs
[3]. In fact, functional and structural alterations in coronary
circulation have been well documented in left ventricular
hypertrophy [4]. Thus, in the present study, we show
changes in the structure and function of the anterior des-
cending coronary artery after treatment with dronedarone.
This protective effect following regression of coronary
artery remodeling has been reported with antihypertensive
and antiarrhythmic drugs administered over several months
in SHRs (β-adrenergic blockers, ACE inhibitors, angio-
tensin receptor antagonists, and calcium channel blockers)
[17, 31–33]. Dronedarone improved vascular wall structure
and morphology and attenuated coronary artery dysfunction
after only 2 weeks of treatment [8, 19].

Dronedarone is an interesting antiarrhythmic agent for
the treatment of atrial fibrillation [2, 34, 35]. Although its
mechanism of action is not completely clear, we do know
that the drug reduces the risk of acute coronary syndrome.
Three mechanisms contribute to the beneficial effects of
dronedarone in acute coronary syndrome [36]. First, dro-
nedarone reduces HR, thus reducing myocardial oxygen
consumption. Second, dronedarone decreases vasocon-
striction and thus reduces arterial pressure through inhibi-
tion of α-adrenoceptors. Third, dronedarone has a direct
cardioprotective effect (it reduces infarct size in an animal
ischemia/reperfusion model).

Increases in NO have been reported by other investi-
gators, who have demonstrated that dronedarone stimu-
lates the nitric oxide synthase (NOS) pathway [37]. NO
inhibits proliferation of SMCs [38] and thus has a pro-
tective effect on vascular remodeling (decreasing wall
thickness) because SMCs participate in hypertrophy of the
arterial wall (the tunica media accounts for ~95% of the
arterial wall in SHRs) [17]. Therefore, in the present
study, the mechanism underlying the dronedarone-
induced protective effects, namely, regression of vas-
cular remodeling in coronary arteries, could be related in
part to increases in the bioavailability of NO. This
hypothesis could be supported by our finding of a
decrease in plasma concentrations of ADMA after treat-
ment with dronedarone. ADMA is a novel marker of the
risk of cardiovascular disease [39]. In a preclinical study
with SHRs, we elucidated the association between ADMA
and cardiovascular remodeling [40]. ADMA reduces the
production of NO by inhibiting the activity of NOS and
therefore increasing the proliferation of vascular SMCs
[12, 39]. Several studies have shown that changes in
vascular remodeling lead to decreases in ADMA levels
after antihypertensive and antiarrhythmic therapy (with
losartan, nebivolol, and esmolol) [17–20, 41]. This find-
ing could explain the regression of coronary artery
remodeling by dronedarone. However, the molecular

Fig. 4 Vascular reactivity parameters. Shown are acetylcholine (ACh,
10−9–10−4 mol L−1) responses in the coronary artery precontracted
with 5-hydroxytryptamine (5-HT) and the areas under the concentra-
tion–response curves (AUCs) for Ach (a) from Wistar Kyoto rats
(WKY group), spontaneously hypertensive rats (SHRs; SHR group),
SHRs treated with dronedarone (SHR-D group), and SHRs treated
with hydralazine (SHR-H group). Relaxation responses are expressed
as the percent reductions from the 5-HT–precontracted state. 5-HT (5-
HT, 10−9–3 × 10−5 mol L−1) responses in the coronary artery and the
areas under the concentration–response curve (AUCs) for 5-HT (b)
from the WKY, SHR, SHR-D, and SHR-H groups are also shown.
Contraction responses with 5-HT are expressed as the percentages of
the maximum response of the arteries to K+-KHS. N= 9 rats for each
experimental group. The data are expressed as the mean ± SEM. Sta-
tistically significant differences among the WKY, SHR, SHR-D, and
SHR-H groups are shown (∗P < 0.05 versus WKY; ∗∗P < 0.01 versus
WKY; ∗∗∗P < 0.001 versus WKY; #P < 0.05 versus SHR; ##P < 0.01
versus SHR; §P < 0.05 versus SHR-D; §§P < 0.01 versus SHR-D)
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mechanism responsible for the reduction in ADMA levels
mediated by dronedarone remains unknown.

Hypertension is associated with cardiovascular remo-
deling and endothelial dysfunction, alterations in which
oxidative stress plays a key role [42–45]. Antihypertensive
and antiarrhythmic drugs (such as nifedipine, amlodipine,
perindopril, telmisartan, and esmolol) improve vascular
structure and function, in part by decreasing vascular oxi-
dative stress and increasing antioxidant capacity [8, 46].
Other pharmacological agents decrease oxidative stress and
provide vasoprotection [47]. Dronedarone has been asso-
ciated with a reduction in oxidative stress-related micro-
vascular abnormalities in a porcine model of rapid atrial
pacing; therefore, dronedarone improves ventricular circu-
lation [48]. To investigate the potential of dronedarone for
reducing oxidative stress-related coronary artery remodeling
in SHRs, we measured plasma TAC and plasma levels of
GSH, SOD, and protein carbonyls because a good corre-
lation has been reported between the levels of these bio-
markers in plasma and their levels in several tissues,

including heart tissue [49]. In fact, oxidative stress has been
implicated in hypertension and cardiovascular remodeling
[50]; however, a specific biomarker does not provide
information on global oxidative status. In the literature, in
human and preclinical studies, global scores based on
individual plasma biomarkers of antioxidant defense and
OXY have been calculated to assess the overall oxidative
balance in cardiovascular disease [22, 51, 52]. Our study
shows that dronedarone is associated with improved global
oxidative status in plasma. This enhanced antioxidant
defense could be involved in the causal relationship
between dronedarone treatment and decreases in plasma
ADMA levels [18, 53, 54]. This finding provides a possible
explanation for the improvement in coronary artery remo-
deling in SHRs treated with dronedarone.

In conclusion, dronedarone improves coronary artery
remodeling in SHRs. The improved global antioxidant
status after treatment with dronedarone and the decreased
ADMA levels could contribute to the cardiovascular pro-
tective effect of dronedarone. In the near future, clinical

Fig. 5 Oxidative status
biomarkers. Total thiols
(a), total antioxidant capacity
(TAC) (b), superoxide
dismutase (SOD) (c), reduced
glutathione (GSH) (d), and
carbonyls (e) in plasma from
Wistar Kyoto rats (WKY
group), spontaneously
hypertensive rats (SHRs; SHR
group), and SHRs treated with
dronedarone (SHR-D group) are
shown. N= 9 rats for each
experimental group. The data are
expressed as the mean ± SEM.
Statistically significant
differences among the WKY,
SHR, and SHR-D groups are
shown (∗∗P < 0.01 versus WKY)
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trials should be performed to demonstrate these findings in
humans.
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