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Oxidative stress could be a possible mechanism and a therapeutic target of atrial fibrilla-
tion (AF). However, the effects of the xanthine oxidase (XO) inhibition for AF remain to be
fully elucidated. We investigated the effects of a novel XO inhibitor febuxostat on AF com-
pared with allopurinol in hypertension rat model. Five-week-old Dahl salt-sensitive rats were
fed either low-salt (LS) (0.3% NaCl) or high-salt (HS) (8% NaCl) diet. After 4 weeks of diet,
HS diet rats were divided into three groups: orally administered to vehicle (HS-C), febuxo-
stat (5 mg/kg/day) (HS-F), or allopurinol (50 mg/kg/day) (HS-A). After 4 weeks of treatment,
systolic blood pressure (SBP) was significantly higher in HS-C than LS, and it was slightly
but significantly decreased by treatment with each XO inhibitor. AF duration was signifi-
cantly prolonged in HS-C compared with LS, and significantly suppressed in both HS-F
and HS-A (LS; 5.8 +− 3.5 s, HS-C; 33.9 +− 23.7 s, HS-F; 15.0 +− 14.1 s, HS-A; 20.1 +− 11.9
s: P<0.05). Ca2+ spark frequency was obviously increased in HS-C rats and reduced in
the XO inhibitor-treated rats, especially in HS-F group. Western blotting revealed that the
atrial expression levels of Met281/282-oxidized Ca2+/Calmodulin-dependent kinase II (CaMKII)
and Ser2814-phosphorylated ryanodine receptor 2 were significantly increased in HS-C, and
those were suppressed in HS-F and HS-A. Decreased expression of gap junction protein
connexin 40 in HS-C was partially restored by treatment with each XO inhibitor. In con-
clusion, XO inhibitor febuxostat, as well as allopurinol, could reduce hypertension-related
increase in AF perpetuation by restoring Ca2+ handling and gap junction.

Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia in clinical practice, leading to increase in
mortality and morbidity, and hypertension is an evident risk factor for AF incidence [1,2]. Several lines of
evidence suggest that increased production of reactive oxygen species (ROS) plays a critical role in atrial
remodeling and leads to AF susceptibility [3–6]. ROS exposure in isolated myocytes and whole hearts
has been shown to significantly disrupt intracellular Ca2+ regulation and promote a broad range of ar-
rhythmic substrate [7–9]. Ca2+/Calmodulin-dependent kinase II (CaMKII) has emerged as a compelling
molecular mechanism with the potential to connect upstream proarrhythmic factors such as oxidative
stress with downstream responses such as ion channel hyperactivity and defective intracellular Ca2+ home-
ostasis [10–13]. Increased ROS hyperactivates CaMKII through oxidation of methionine (Met) 281/282
on CaMKII. Elevated oxidized CaMKII (ox-CaMKII) phosphorylates Ser2814 on ryanodine receptor 2
(p-RyR2), causing enhanced diastolic Ca2+ leak from the sarcoplasmic reticulum (SR) that promotes AF.
In fact, ox-CaMKII could be a biomarker and a critical proarrhythmic signal for connecting increased
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atrial ROS to AF. Allopurinol is a nonspecific xanthine oxidase (XO) inhibitor [14]. Febuxostat, a relatively novel
nonpurine selective inhibitor of XO, has greater bioavailability and more potent XO-inhibitory effect than allopurinol
[15].

XO is a potent major enzyme producing ROS in many organs, including the heart [16–18]. XO inhibitors have been
broadly used for hyperuricemia and reported to be effective for experimental model of heart failure and atheroscle-
rosis [19,20]. However, the effect of XO inhibitors on AF remains to be fully elucidated. In the present study, we
hypothesized that XO inhibitors could inhibit hypertension-related AF vulnerability through improving intracellu-
lar ROS status and ox-CaMKII signaling pathway. We aimed to investigate the effects of a nonpurine selective XO
inhibitor febuxostat, compared with a purine analog allopurinol, in an in vivo hypertension rat model.

Methods
Animal model and physiological study
After receiving approval from the Institutional Animal Experiment Committee of the University of Tsukuba, animal
experiments were carried out humanely and in accordance with the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996), the Regulation for
Animal Experiments in our university, and the Fundamental Guidelines for Proper Conduct of Animal Experiment
and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology of Japan.

Male five-week-old Dahl salt-sensitive rats were fed either 0.3% NaCl (low-salt; LS) or 8% NaCl (high-salt; HS)
diet. After 4-weeks of diet, HS diet rats were divided into three groups: the test drugs were administered ally using a
nasogastric tube (KN-349, Natsume, Tokyo, Japan) to vehicle (HS-C) (0.4% methylcellulose, 0.5 ml/day), febuxostat
(HS-F) (5 mg/kg/day [21], a kind gift from Teijin Pharma Ltd., Tokyo, Japan), or allopurinol (HS-A) (50 mg/kg/day
[26,27]). All the animals were randomly assigned to each group. After 8 weeks of diet and 4 weeks of treatment, sys-
tolic and diastolic blood pressures were measured by blood pressure measurement system for small animals, BP-98A-L
(Softron, Tokyo, Japan). The averages of five times measurements in each rat were accepted. After that, cardiac func-
tion was analyzed under anesthesia with isoflurane by echocardiography, Vevo 2100 (Visual Sonics, Toronto, Canada).
Forty-eight rats (n=12 per each group) underwent AF induction and electrophysiological study only. The other 48
rats were used to obtain biochemical and histological data without AF induction to avoid causing catheter-related
mechanical effects in the biochemical and histological analyses. The atria were harvested and quickly frozen with
liquid nitrogen for assessment of the atrial expression of mRNA and protein or were preserved with a fixative for
histological examination.

Electrophysiological study and AF induction study
AF induction study protocol was described in our previous report [22]. Briefly, a right cervical vein cut-down was
performed, and a 2-Fr quadripolar electrode catheter with 2-mm distance (Ensemble; Japan Lifeline Co., Ltd., Tokyo,
Japan) was inserted into the right atrium under anesthesia. The catheter was placed at the site where the amplitude
of the intraatrial electrogram was higher than that of the intraventricular electrogram (Figure 1A,B). To measure
the atrial muscle effective refractory period (AEPR), a programmable stimulator (SEN-7203; Nihon Kohden, Tokyo,
Japan) was used to deliver approximately measured at basic cycle lengths (CLs) of 150, 120, and 100 ms with a train
of 8 basic stimuli (S1 × 8) followed by a single extrastimulus (S2) at 5-ms decrements. AERP was defined as the
longest S1–S2 interval that failed to capture. To induce AF, atrial burst pacing was delivered through two poles of
the electrode catheter by a programmable stimulator at an amplitude of 6 Volts, CL of 20 ms, pulse duration of 6 ms,
and stimulation time of 30 s. Atrial burst pacing was performed five times in each rat. Inducible rate was determined
by calculating the number of AF episodes divided by the number of total procedures. AF duration was defined as
the interval between initiation and spontaneous termination of AF. We averaged the duration of AF with five-time
inductions in each group.

Confocal calcium imaging
Atrial cardiomyocytes were isolated from LS, HL-C, HS-F, HS-A rats using a Langendorff-free procedure [20,21].
The isolated cells were incubated with Fluo-4 AM (Invitrogen, Carlsbad, CA, U.S.A.) diluted in 20% Pluronic F-127
DMSO at 5 μM final concentration in Tyrode buffer (NaCl, 140 mM, KCl 5 mM, HEPES 5 mM, NaH2PO4 2 mM,
MgCl2 1 mM, glucose 10 mM, pH 7.4) for 10 min, Tyrode’s solution with 1.8 mM Ca2+. The cells were then rinsed
with Tyrode buffer and maintained in the buffer during experiments. To capture the Fluo-4 AM signals, live cell
imaging was performed with a 40× lens on Leica TCS SP8 LSCM Confocal Microscope System (Leica Microsystems,
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Figure 1. AF induction study

(A) X-ray photograph showed that 2-Fr catheter reached at the right atria (arrow). (B) Upper six lanes showed typical recordings

of limb-leads of surface electrocardiograms. Middle lane showed endocardial electrocardiogram placed at mid-right atrium, and

bottom lane showed endocardial electrocardiogram placed at high right atrium during induced AF, followed by spontaneous termi-

nation to normal sinus rhythm (NSR).

Wetzlar, Germany). Line scan images were recorded along the cell’s longitudinal axis at 500 Hz, with a pixel size of 100
nm and pinhole optimized for a resolution of 0.4 μm in the focal plane and <1 μm in the z-axis. Isoproterenol (Iso)
was added to the cell after the baseline was established. Baseline fluorescence (F0) was determined by averaging ten
images without calcium spark activity. Fractional fluorescence increases (F/F0) were determined in areas (2.2 × 2.2
μm) where calcium sparks were detected. Calcium sparks were defined as local fractional fluorescence increases >1.3.
Calcium sparks were detected and characterized following established criteria [23,24]. To evaluate calcium sparks,
cytoplasmic fluorescence signals were obtained using LAS-X software (Leica Microsystems) and ImageJ version 1.45
software (n=10 in LS group, n=8 in HS-C group, n=8 HS-F group, n=7 in HS-A group).

RNA isolation and real-time RT-PCR
RNA isolation and real-time RT-PCR were performed according to the methods described in our previous papers
[25]. Briefly, total RNA was isolated from the excised left atrium (LA) with TRIzol (Thermo Fisher, MA, U.S.A.).
Total RNA (1 μg) was reverse transcribed using a Ready-To-Go T-Primed First-Strand Kit (GE Healthcare UK
Ltd., Buckinghamshire, England) first-strand cDNA synthesis. Detection of mRNA expression levels was performed
by real-time quantitative RT-PCR with ABI Prism 7500 Sequence Detector System (Thermo Fisher). For each as-
say, 10 ng of the cDNA were mixed with 12.5 μl of TaqMan Universal PCR Master Mix and 1.25 μl of TaqMan
primer and probe (Thermo Fisher). Fold-change analysis was based on standardizing RNA levels by correcting
for 18S RNA levels in the sample. Assay IDs of TaqMan primers and probes used in the present study were as
follows: Ryr2 (Rn01470303 m1), CamkIId (Rn00560913 m1), Serca2a (Rn00568762 m1), Pln (Rn01434045 m1),
Il1r2 (Rn00588589 m1), Il6 (Rn01410330 ml), Tgfb (Rn99999016 ml), p22phox (Rn00577357 m1), and 18S rRNA
(Hs99999901 s1). The result for each gene was obtained from three independent measurements (n=4 per group)
performed in duplicate.

Western blot analysis
Western blotting was performed in according with the methods described in our previous papers [22]. Briefly, isolated
left atria were homogenized in the lysis buffer including PRO-PREP protein extraction kit (iNtRON Biotechnology,
INC., Daejoen, Korea). After centrifugation (8000×g, 10 min, 4◦C), the supernatants were used for Western im-
munoblotting. Appropriate volumes of the samples (30 μg/lane) were mixed with an equal volume of sample buffer,
heated at 95◦C for 5 min, and then subjected to SDS/PAGE using polyacrylamide gels. The proteins were transferred
by semidry electroblotting from gels to polyvinylidene difluoride membranes. The blots were then blocked with the
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primary antibodies, CaMKII (1:1000, Abcam, Cat No. ab32678), Ox-CaMKII polyclonal antibody (1:1000, Merck
Millipore, Darmstadt, Germany, Cat No. 07-1496), RyR2 (1:2000, Badrilla, Cat No. A01013), Ser2814-phosphorylated
RyR2 (p-RyR2) (1:2000, Badrilla, Cat No. A010-31AP), SERCA2a (1:10000, Abcam, Cat No. ab150435), phosphory-
lated SERCA2a (p-SERCA2a) (1:1000, Thermo Fisher, MA3-919)], phospholamban (PLB) (1:1000, Abcam, Cat No.
ab15000), and phosphorylated PLB (p-PLB) (1:5000, Badrilla, Cat No. A010-13) for several hours at 4◦C. Next, the
blots were incubated with an appropriate second antibody, horseradish peroxidase-conjugated goat anti-rabbit IgG
(Cell Signaling Technology). Immunoreactions were visualized with an enhanced chemiluminescence method. Den-
sitometric analysis was performed on scanned immunoblot images with the ImageJ gel analysis tool (Ver. 1.42q, NIH,
U.S.A.). The result of each ratio of examined protein/tubulin protein was obtained from two independent measure-
ments.

Measurement of myocardial XO activity
Cayman’s Xanthine Oxidase Fluorometric Assay Kit (Cayman Chemical, Ann Arbor, Michigan, U.S.A.) was used to
measure myocardial tissue XO activity. Atrial tissues were excised, rinsed with PBS, and homogenated. After centrifu-
gation, 50 μl of supernatants were applied to a 96-well plate, and assay cocktail was mixed. After 45-min incubation
at 37◦C, XO activity was measured using an excitation wavelength of 520–550 nm and an emission wavelength of
585–595 nm by Varioskan System (Thermo Fisher).

Histological analysis
Atrial samples from the LA free wall were immersed in 4% paraformaldehyde in PBS for more than 24 h, embedded in
paraffin, and sliced into 4-μm-thick sections. Sections were stained with Masson’s Trichrome. We randomly selected
12 sections from six rats per group and evaluated them at 100-fold magnification. Fibrous tissue was quantified with
SigmaScan 4.0 (Jandel Scientific, San Rafael, CA, U.S.A.). The blue pixel content of digitized images was detected as
interstitial fibrotic area and measured relative to total tissue area with a digital imaging analyzer (Scion Image 4.0.3;
Scion Corporation, Frederick, MD, U.S.A.).

Immunofluorescence
To evaluate the expression of connexin 40, we performed immunofluorescence. In brief, sections after antigen re-
trieval were incubated with rabbit polyclonal anti-connexin 40 antibody (1:500; Cell Signaling Technology, Danvers,
MA, U.S.A.) followed by treatment with AlexaFluora-488 goat anti-rabbit IgG (1:500; Thermo Fisher) as a secondary
antibody. The sections were investigated and captured by BZ-X700 (Keyence, Osaka, Japan).

Statistical analysis
Data are expressed as means +− SEM. All parameters were compared by one-way analysis of variance (ANOVA), fol-
lowed by Tukey–Kramer post-hoc test. A value of P<0.05 denoted the presence of a statistically significant difference.

Results
Physiological findings of hypertensive rat model
Systolic blood pressure (SBP) was progressively elevated in HS groups at 9 and 13 weeks of age compared with that
at 5 weeks of age baseline. SBP was also significantly higher in HS-C group than LS group at 13 weeks of age, and it
was significantly decreased in both HS-F and HS-A groups (Table 1).

Echocardiographic parameters are also shown in Table 1. Left ventricular diastolic diameter (LVDd) and left ven-
tricular systolic diameter (LVDs) were gradually increased in all groups. At 13 weeks of age, LVDd and LVDs were
significantly larger, and ejection fraction (EF) was significantly lower in all HS groups than in LS group. EF was slightly
improved by each XO inhibitor but not significantly different between all HS groups (Table 1). Left atrial diameter
(LAD) was significantly larger in HS-C groups than in LS group at 9 weeks of age and more enlarged at 13 weeks. It was
tended to be decreased in both treated groups compared with HS-C; however, there was also no significant difference
between all HS groups (Table 1). The ratios of atrial weight/body weight and left ventricular (LV) weight/body weight
was significantly increased in all HS groups compared with LS, suggesting that atrial and LV hypertrophy occurred in
Dahl salt-sensitive rats with HS diet at 13 weeks of age (Figure 2A,B). However, there were no significant differences
between HS-C, HS-F, and HS-A groups.
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Table 1 Blood pressure and echocardiographic parameters

LS (n=12) HS-C (n=12) HS-F (n=12) HS-A (n=12)

SBP (mm/Hg)

5 weeks 105.4 +− 13.2 105.0 +− 2.8 104.2 +− 8.4 106.3 +− 8.1

9 weeks 122.2 +− 13.6‡ 165.0 +− 18.9*‡ 165.8 +− 16.4*‡ 167.7 +− 22.5*‡
13 weeks 128.8 +− 10.5‡ 186.4 +− 11.9*‡§ 169.5 +− 11.2*†‡ 173.6 +− 9.0*†‡§

LVDd (mm)

5 weeks 5.73 +− 0.55 5.92 +− 0.38 5.65 +− 0.53 5.84 +− 0.45

9 weeks 7.34 +− 0.53‡ 7.31 +− 0.40‡ 7.40 +− 0.35‡ 7.25 +− 0.41‡

13 weeks 7.42 +− 0.73‡ 7.86 +− 0.94*‡ 8.03 +− 0.52*‡ 7.95 +− 0.76*‡

LVDs (mm)

5 weeks 3.30 +− 0.34 3.67 +− 0.35 3.43 +− 0.44 3.60 +− 0.49

9 weeks 4.53 +− 0.30‡ 5.07 +− 0.60*‡ 4.37 +− 0.65†‡ 4.24 +− 0.21†‡

13 weeks 4.63 +− 0.62‡ 5.45 +− 0.84*‡ 5.69 +− 0.62*‡ 5.76 +− 0.76*‡

FS (%)

5 weeks 42.23 +− 5.34 43.07 +− 5.96 39.29 +− 3.67 40.47 +− 6.35

9 weeks 38.28 +− 0.36 30.69 +− 4.67*‡ 41.18 +− 6.30†‡ 37.71 +− 3.37†‡

13 weeks 37.81 +− 2.75‡ 30.84 +− 3.75*‡ 29.18 +− 4.91*‡§ 27.71 +− 4.07*‡§

EF (%)

5 weeks 70.3 +− 6.5 67.7 +− 5.5 69.0 +− 4.5 69.9 +− 7.6

9 weeks 66.9 +− 3.2 56.7 +− 6.8*‡ 70.1 +− 7.8† 66.4 +− 4.3†‡

13 weeks 66.3 +− 3.7 50.7 +− 2.1*‡§ 53.9 +− 2.0*‡§ 51.9 +− 4.1*‡§

LAD (mm)

5 weeks 3.36 +− 0.24 3.38 +− 0.17 3.22 +− 0.28 3.26 +− 0.31

9 weeks 4.10 +− 0.17‡ 4.28 +− 0.22‡ 4.26 +− 0.20‡ 4.37 +− 0.72‡

13 weeks 4.22 +− 0.21‡ 5.83 +− 0.53*‡§ 5.49 +− 0.37*‡§ 5.34 +− 0.29*‡§

Data are expressed as mean +− SD. Abbreviations: EF, ejection fraction; LAD, left atrial dimension; LVDd, left ventricular diastolic diameter; LVDs, left
ventricular systolic dimension; LVFS, left ventricular fractional shortening. n=12 in each group.
*P<0.05 vs. LS.
†P<0.05 vs. HS-C.
‡P<0.05 vs. 5 weeks.
§P<0.05 vs. 9 weeks.

Table 2 Electrophysiological parameters

LS (n=12) HS-C (n=12) HS-F (n=12) HS-A (n=12)

Mean AF time (s) 5.8 +− 3.5 33.9 +− 23.7* 15.0 +− 14.1*† 20.1 +− 11.9*†

AERP

CL150 ms 77.0 +− 2.6 70.3 +− 2.6* 75.0 +− 2.8† 74.7 +− 4.5*†
CL120 ms 77.0 +− 1.7 71.3 +− 3.1* 76.5 +− 2.7† 75.3 +− 3.5*

CL100 ms 76.7 +− 2.5 71.7 +− 2.5* 76.5 +− 1.7† 72.3 +− 3.2†

Data are expressed as mean +− SD. n=12 in each group.
*P<0.05 vs. LS.
†P<0.05 vs. HS-C.

Electrophysiological study and AF induction
After 4-week treatment, we performed the electrophysiological study and AF induction. The basal heart rate was
not significantly different between LS and all HS groups. The AERPs were significantly shortened in HS-C group
than in LS group at CLs of 150, 120, and 100 ms, and those were restored by treatment with febuxostat in each CL,
whereas those were restored by treatment with allopurinol only at CL of 150 and 120 ms (Table 2). After 30-s burst
pacing, AF was reproducibly induced in each group, followed by spontaneous termination (Figure 1B). There was no
significant difference in inducible rate between all groups (inducible rate LS 90.0%; HS-C 97.6%; HS-F 87%; HS-A
90%). However, mean AF duration was significantly prolonged in HS-C group compared with LS group, and it was
significantly shortened by treatment with both febuxostat and allopurinol (LS, 5.8 +− 3.5 s; HS-C, 33.9 +− 23.7 s; HS-F,
15.0 +− 14.1 s; HS-A, 20.1 +− 11.9 s; P<0.05) (Figure 2C). We further investigated XO activity in the atria of each
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Figure 2. Tissue weight per body weight, AF duration, and XO activity

(A) At 13 weeks of age, the ratio of atrial tissue weight to body weight was significantly higher in HS-C than LC, and it was not

significantly different among HS-C, HS-F, and HS-A (LS: 0.22 +− 0.14; HS-C: 0.41 +− 0.11; HS-F: 0.37 +− 0.07; HS-A: 0.37 +− 0.04;

n=12 in each group). (B) At 13 weeks of age, the ratio of LV weight to body weight was significantly higher in HS-C than LC, and

it was not significantly different between all HS-groups (LS: 2.26 +− 0.21, HS-C: 3.62 +− 0.22, HS-F: 3.44 +− 0.25, HS-A: 3.25 +−
0.30, n=12 in each group). (C) Mean AF duration was significantly prolonged in HS-C compared with LS, and it was significantly

suppressed by each XO inhibitor (LS: 5.8 +− 3.5 s; HS-C: 33.9 +− 23.7 s; and 20.1 +− 11.9 s; HS-A: 15.0 +− 14.1 s, n=12 in each

group). *P<0.05 vs. LS; †P<0.05 vs. HS-C. (D) XO activity was significantly higher in the HS versus the LS rats by 1.3-fold, and it

was significantly reduced in the HS-F and HS-A. *P<0.05 vs LS; †P<0.05 vs. HS-C (n=5, in each group).

group. XO activity in the atrial tissue was significantly higher in HS-C group versus LS group, and it was significantly
reduced in the XO inhibitor-treated rats, especially in HS-F group (Figure 2D).

Intracellular Ca2+ imaging and analysis
Representative confocal microscopy line-scan images of atrial cardiomyocytes to evaluate Ca2+ sparks with isopro-
terenol stimulation are shown in Figure 3. Under β-receptor stimulation, Ca2+ sparks and mini waves were clearly
increased in HS-C, and were reduced by the treatment with each XO inhibitor (Figure 3A). The Ca2+ fluorescence ra-
tio (F/F0) and Ca2+ spark frequency (sparks/scan) were significantly increased in HS-C rats and significantly reduced
in the XO inhibitor-treated rats, especially in HS-F group (Figure 3B,C).

Expression of AF-related molecules
We investigated the expression levels of AF-related genes by quantitative real-time RT-PCR in the atrial tissue. The
mRNA expression levels of calcium handling-related genes, Ryr2, Serca2a, and CamkII, were significantly increased
in HS-C compared with LS, and those were significantly decreased in HS-F (Figure 4A). On the other hand, the
expression level of Pln mRNA was not altered between all groups. The mRNA expression levels of Tgfb and p22phox,
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Figure 3. Calcium imaging of isolated cardiomyocytes

(A) Representative calcium images of isolated cardiomyocytes obtained by confocal microscopy (left panel), and representative

images of 3D surface plot of calcium sparks of each groups (right panel). (B) Scatter chart fractional fluorescence increases (F/F0)

(LS: 2.12 +− 0.62; HS-C: 7.31 +− 1.41; HS-F: 5.73 +− 0.67; HS-A: 5.87 +− 0.92). *P<0.05 vs LS; †P<0.05 vs. HS-C. (C) Numbers of

calcium sparks and mini waves per scan. Mini waves are defined as the calcium waves which did not transport throughout the

cardiomyocyte, but only a portion of the cell (LS: 1.00 +− 0.73; HS-C: 7.35 +− 2.14; HS-F: 4.36 +− 1.78; HS-A: 4.87 +− 1.42). *P<0.05

vs LS; †P<0.05 vs. HS-C.

NADPH oxidase subunit, were also significantly increased in HS-C compared with LS, and those were significantly
decreased in HS-F (Figure 4B). On the other hand, the inflammatory cytokine-related mRNA expression levels of Il6
were not significantly different among the four groups. Il1r2 significantly increased in HS-C group, and decreased in
allopurinol-treated group but not statistically significant, and did not change on treatment with febuxostat.

Next, we evaluated the expression levels of calcium handling-related proteins by Western blotting in the atrial tissue
(Figure 5). The ratio of ox-CaMKII to total CaMKII was significantly increased in HS-C, and it was significantly re-
duced by each XO inhibitor. Likewise, the ratio of p-RyR2 to total RyR2 and the ratio of p-SERCA2a to total SERCA2a
was also significantly increased in HS-C rats and significantly reduced by each XO inhibitor, especially febuxostat.
On the other hand, p-PLB and PLB expression levels were not significantly different among the four groups.

Fibrosis and immunofluorescence of connexin 40 in the atrial tissues
Histological analysis revealed that interstitial fibrosis occurred to a greater degree in the atrial section of HS-C versus
LS, and the amounts of fibrosis in the atrial sections of both HS+F and HS+A were reduced (Figure 6A). We further
investigated the expression level of gap junction protein connexin 40 by immunofluorescence (Figure 6B). Compared
with LS, the atrial tissue from HS-C displayed weaker immunofluorescence intensity of connexin 40, whereas it was
partially restored by each XO inhibitor. Distribution pattern of connexin 40 was disarranged in HS-C rats, and it was
partially improved by febuxostat or allopurinol treatment.
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Figure 4. mRNA expression analysis by real-time PCR

(A) The mRNA expression levels of calcium handling-related genes Ryr2, Serca2a, CamkII in the atrial tissues were significantly

increased in HS-C compared with LS, and those were significantly decreased by treatment with febuxostat. The expression level

of Pln was not significantly altered between all groups (Ryr2; LS: 1.00 +− 0.52; HS-C: 1.69 +− 0.80; HS-F: 1.33 +− 0.46; HS-A: 1.48
+− 0.28) (Serca2; LS: 1.00 +− 0.73; HS-C: 7.35 +− 2.14; HS-F: 4.36 +− 1.78; HS-A: 4.87 +− 1.42) (Pln; LS: 1.00 +− 0.23; HS-C: 1.25 +−
0.49; HS-F: 1.05 +− 0.51; HS-A: 1.23 +− 0.60) (CamkII; LS: 1.00 +− 17, HS-C: 2.00 +− 0.74; HS-F: 1.46 +− 0.79; HS-A: 1.76 +− 0.55).

*P<0.05 vs LS; †P<0.05 vs. HS-C. n=4 in each group. (B) The mRNA expression levels of Tgfb and p22phox, NADPH oxidase

subunit, were significantly increased in HS-C compared with LS, and those were significantly decreased in HS-F. The inflammatory

cytokine-related mRNA expression levels (Il1r2 and Il6) were not significantly different among the four groups (Il1r2; LS: 1.00 +−
0.33; HS-C: 1.31 +− 0.66; HS-F: 1.27 +− 0.63; HS-A: 0.92 +− 1.08) (Il6; LS: 1.00 +− 0.24; HS-C: 1.11 +− 0.24; HS-F: 1.42 +− 0.52; HS-A:

1.35 +− 0.27) (Tgfb; LS: 1.00 +− 0.29; HS-C: 1.65 +− 0.93; HS-F: 0.95 +− 0.51; HS-A: 1.31 +− 0.18) (p22phox; LS: 1.00 +− 0.31; HS-C:

1.61 +− 0.47; HS-F: 0.97 +− 0.39; HS-A: 1.19 +− 0.15). *P<0.05 vs LS; †P<0.05 vs. HS-C. n=4 in each group.

Discussion
Previous studies reported that each febuxostat or allopurinol prevented atrial remodeling and reduced AF vulnerabil-
ity in atrial tachypacing-induced heart failure canine model [26–28]. In this study, we showed that both XO inhibitors
febuxostat and allopurinol significantly suppressed hypertension-related atrial remodeling and AF perpetuation via
restoring CaMKII oxidization and RyR2 hyperphosphorylation. Our study showed a class effect of XO inhibitors and
a novel mechanism of suppressing AF by XO inhibitors.

Previous studies reported that electrical remodeling occurred in the atria from Dahl salt-sensitive rats fed to HS
diet, shown as shortening of AERP [29,30]. ERP shortening makes re-entry more likely to keep rotating in the atria
and leads to AF perpetuation. In the present study, we confirmed a shorter AERP and a longer AF duration in HS
group than LS group, suggesting that arrhythmogenic substrate has been formed in the atria from Dahl salt-sensitive
rats fed to HS diet. The present study also demonstrated that hypertension-related increase in atrial XO activity was
significantly reduced by febuxostat and allopurinol. Oxidative stress strongly contributes to the development of ar-
rhythmogenic atrial remodeling [3,4,31,32]. NADPH oxidase and XO activities have been reported to be increased in
the fibrillating atria and considered as major sources of AF-related increase in ROS [4]. XO activity has been corre-
lated with oxidative stress and elevation of systemic inflammatory markers [33]. Both XO inhibitors were suggested to
sufficiently suppress the XO-derived oxidative stress in the atrial tissues, consequently contributing to the suppression
of arrhythmogenic electrical remodeling.

Previous studies indicated important cross-talks between XO and NADPH oxidase, and between XO and neuronal
nitric oxide synthase (nNOS), both major sources of ROS in the diseased heart. ROS derived from the NADPH oxidase
can increase conversion of xanthine dehydrogenase into XO [26], and hydrogen peroxide (H2O2) produced from XO
can stimulate NADPH oxidase [4]. In addition, XO-derived ROS increases NADPH oxidase activity, and inhibition
of XO activity either by allopurinol or by siRNA prevented NADPH activation. Moreover, deficiency of nNOS leads
to profound increases in XO-mediated O2 production, which in turn depresses myocardial excitation–contraction
coupling in a manner reversible by XO inhibition with allopurinol [17,33]. Therefore, atrial increase in ROS may be
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Figure 5. Protein expression analysis by Western blotting

(A) The ratio of ox-CaMKII to total CaMKII was significantly increased in HS, and significantly reduced by XO inhibitors (ox–

CaMKII/CaMKII; LS: 1.00 +− 0.18; HS-C: 1.84 +− 0.74; HS-F: 1.24 +− 0.79; HS-A: 1.44 +− 0.65). (B) Likewise, the ratio of

Ser2814-phosphorylated RyR2 to total RyR2 was also significantly increased in HS rats, and significantly reduced by XO inhibitors

(p-RyR2/RyR; LS: 1.00 +− 0.33; HS-C: 1.84 +− 0.76; HS-F: 1.23 +− 0.41; HS-A: 1.35 +− 0.565). (C) The ratio of phosphorylated SERCA2

to total SERCA2 was significantly increased in HS, and significantly reduced by XO inhibitors (p-SERCA2/SERCA; LS: 1.00 +− 0.52;

HS-C: 2.79 +− 0.80; HS-F: 1.94 +− 0.46; HS-A: 2.27 +− 0.28). (D) The ratio of phosphorylated PLN to total PLN was not significantly

different among the four groups (p-PLN/PLN; LS: 1.00 +− 0.23; HS-C: 0.91 +− 0.49; HS-F: 0.91 +− 0.51; HS-A: 0.98 +− 0.60). *P<0.05

vs. LS; †P<0.05 vs. HS-C. n=4 in each group.

the result of interaction between XO and other sources of ROS such as NADHP oxidase and nNOS, and the inhibitory
effect of XO inhibitors on AF may be at least partly due to its indirect interruption with NADPH oxidase and/or nNOS
pathway.

There is growing evidence that increased oxidative stress linked to intracellular Ca2+ handling in the pathophys-
iology of AF [4–6,34,35]. CaMKII plays an important role in conducting the frequency and amplitude intracellular
Ca2+ transients [36] and can also be a critical ROS sensor for transducing increased ROS to AF susceptibility [11].
CaMKII is hyperactivated by an angiotensin II (Ang II)- and aldosterone-dependent increase in ROS through oxida-
tion of methionine (Met) 281/282 CaMKII. Ser2814 on RyR2 is a validated ox-CaMKII phosphorylation target, and
phosphorylation of its site promotes diastolic sarcoplasmic reticulum Ca2+ leak, which triggers delayed after depolar-
izations that promotes AF [37]. In this study, we showed that Met281/282-ox-CaMKII and Ser2814-phosphorylated RyR2
expressions were significantly enhanced in the atria from Dahl salt-sensitive rats with HS diet, and those were signifi-
cantly suppressed by 4-week treatment with XO inhibitors. Favorable effect of XO inhibitors on hypertension-related
AF could be accounted for restoring intracellular Ca2+ handling through modification of ox-CaMKII-phosphorylated
RyR2 pathway. Also, we demonstrated by calcium imaging that XO inhibitors decreased Ca2+ sparks and mini waves
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Figure 6. Histology and immunofluorescence for connexin 40 in the atrial tissues

(A) Representative images of Masson’s Trichrome staining. Interstitial fibrosis was observed to a greater degree in the atrial section

of HS-C than LS, and the amounts of fibrosis in both HS -F and HS-A were reduced. n=5 in each group. (B) Representative images

of immunofluorescence for connexin 40. Fluorescence intensity of connexin 40 was decreased in HS group, and improved by XO

inhibitors. Distribution pattern of connexin 40 was disarranged in HS group, but partially restored by febuxostat and allopurinol

treatment. n=5 in each group.

in HS-C. The frequencies of Ca2+ sparks and mini waves measured by confocal microscopy are directly correlated with
diastolic SR Ca2+ leaks, suggesting that XO inhibitors could reduce AF perpetuation through suppressing diastolic
Ca2+ leaks from SR.

Moreover, it has been reported that activated CaMKII can also phosphorylate L-type Ca channel (Cav1.2) and Na
channel (Nav1.5). The former increases L-type Ca2+ current, shortens AERP and causes early after depolarizations
(EADs), and the latter is likely to shift their availability to more negative membrane potentials but also enhances
the long-lasting late sodium current favoring EADs [10]. Therefore, XO inhibitors may exert a reversal effect on the
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hypertension-related electrical remodeling of the other channels such as L-type Ca2+ channel or Na channel through
suppressing CaMKII hyperactivation.

Atrial inflammation and fibrosis are also important pathogenesis of AF, especially with respect to electrical con-
duction disturbance, and fibroblast ion channels abnormality involving in Ca2+ entry pathways. These increase the
heterogeneity of impulse propagation and enhance atrial re-entry, which be directly related to the mechanisms re-
sponsible for initiating and maintaining AF [38]. Recent studies demonstrated that atrial fibrogenesis in patients with
AF is associated with changes in TGF-β1 [39]. In this study, structural remodeling due to interstitial fibrosis has been
observed, and the mRNA expression of Tgfb significantly increase in the HS-C rats, and reversed by treatment with
XO inhibitor, which eventually leads to a reduction in atrial fibrosis.

Connexin 40 is a major gap-junction protein in the atrial myocardium. Conduction disturbance is caused by im-
paired either cell-to-cell coupling via electrical remodeling of gap junction channels and voltage-gated Na channel or
side-to-side electrical coupling via structural remodeling of extracellular matrix and fibrosis [40]. The distribution
and amount of gap junctions may influence the electrical conduction properties [41], and abnormal Cx40 expres-
sion is involved in both trigger formation and enhanced vulnerability of the atrial myocardium to AF [42]. This
study showed that gap junction Cx40 expression was decreased, and heterogeneously distributed in the atria from
HS group, and such findings were partially restored by febuxostat and allopurinol treatment. Under the condition
of oxidative stress, expressions of Na and Cx40 channels alter, which can contribute to arrhythmogenic electrical re-
modeling and form AF substrate. Moreover, decreased connexin expression and reduced coupling can contribute to
excessive collagen deposition due to enhanced fibroblast activity, leading to increased conduction in homogeneity
and proarrhythmia in both atria and ventricles [40]. One possible mechanism of restoration of Cx40 expression by
XO inhibitors may be due to direct reduction in oxidative stress in the atria. In addition, mechanical stress is a major
contributor to gap junction remodeling through both hypertrophic signal and fibrotic signal [28]. In this study, BP has
significantly decreased in Dahl salt-sensitive rats with XO inhibitors, suggesting that a significant reduction in me-
chanical stress by XO inhibitors might lead to the restoration of gap junction remodeling. Taken together, these results
demonstrate that febuxostat and allopurinol attenuate the development of atrial structural and electrical remodeling
in Dahl salt-sensitive rats with HS diet.

In the present study, allopurinol was comparably effective for reduction in atrial arrhythmogenic remodeling in
hypertensive model, as shown by the previous studies [4,26]. Although febuxostat has been reported to be 1000-fold
more potent than allopurinol in the inhibition of ROS or uric acid production by XO in endothelium whereas allop-
urinol only had a partial effect [43], and although febuxostat was tended to be more effective than allopurinol in sup-
pression of XO activity, CaMKII oxidation, and RyR2 phosphorylation in the present study, there were no significant
differences in AF duration between both XO inhibitors. Clinical study is required to determine whether febuxostat or
allopurinol has more effective for suppression of AF. In contrast with allopurinol, febuxostat can selectively inhibit XO
without cross-inhibiting other enzymes involved in purine and pyrimidine metabolism, and it is better tolerated by
patients with renal dysfunction [44] (XO-Kidney, Lin Zhao). We previously reported decreased renal function associ-
ated with increased risk for new-onset AF [45]. Recent prospective open-labeled pilot study revealed that febuxostat
might not only reduce serum uric acid levels but also suppress plasma renin activity and aldosterone level in hyper-
uricemic patients with hypertension [46]. Because activated renin-angiotensin aldosterone system plays critical roles
in AF pathogenesis by increasing ROS production and CaMKII oxidization, febuxostat could be a potential drug of
upstream therapy preventing AF in patients with hypertension and hyperuricemia.

Study limitations
The doses of both XO inhibitors were referred to previous study, and do not try the other dose and treatment du-
ration. In the present study, ERP was measured only at a single site in the LAA, and we did not measure ERP in
other parts. Recent meta-analysis of randomized controlled trials of XO inhibitors for prevention of cardiovascular
events reported that XO inhibitors did not significantly, but tended to reduce the incidence of adverse cardiovascular
events including cardiovascular death, arrhythmia, and stroke [47]. The recent clinical retrospective study showed
that febuxostat was associated with higher risk of AF compared with allopurinol in older adults pre-existing CAD
[48,49]. The results could not elucidate a reason for the elevated CV risk seen with febuxostat users, they highlight
the important of being cognizant that risk does appear to exist; however, the why and to whom remains unclear.
Other studied CV endpoints showed no difference between the groups in AF hospitalizations or with CV death, and
the risk of heart failure exacerbation was slightly lower in febuxostat initiators [50]. The effect of XO inhibitors on
human patients with AF should be verified in clinical setting.
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Conclusion
The present study provided experimental evidence that XO inhibitors, febuxostat and allopurinol, reduced
hypertension-related AF-induced duration and AERP shortening by restoring Ca2+ handling pathway and gap junc-
tion. XO inhibitors can be an attractive candidate agent of upstream therapy for AF, although further clinical studies
are required to establish the evidence.

Clinical perspectives
• AF is the most common sustained arrhythmia, leading to increase in mortality and morbidity, and

hypertension is an evident risk factor for AF incidence. Although pulmonary vein isolation has been
established as first-line therapy for patients with AF, there is no established preventive therapy.

• The present study demonstrated that XO inhibitors febuxostat reduced hypertension-related
AF perpetuation and AERP shortening by restoring Ca2+ handling pathway through
ox-CaMKII-phosphorylated RyR2 pathway.

• Febuxostat has been clinically used for patients with hyperuricemia, and could be a potential drug of
upstream therapy preventing AF in patients with hypertension although further studies are required
to establish the clinical evidence.
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