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Effect of eicosapentaenoic acid and pitavastatin
on electrophysiology and anticoagulant gene
expression in mice with rapid atrial pacing
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Abstract. Atrial remodeling is considered to be any persistent
change in atrial structure or function, and is responsible for
the development and perpetuation of atrial fibrillation (AF).
Oxidative stress and intracellular pH regulation may also be
linked to AF; however it remains unclear whether eicosa-
pentaenoic acid (EPA) or statins have beneficial therapeutic
effects. The aim of the present study was to investigate the
effects of EPA and pitavastatin on the electrophysiology of and
gene expressions in mice with rapidly-paced atria. Mice were
treated with EPA (10 mg/g/day) or pitavastatin (30 ng/g/day)
for 6 weeks, following which AF was simulated by 8-h atrial
pacing at 1,800 bpm. The atrial electrophysiological properties
and the expression of cardiac genes, potassium voltage-gated
channel subfamily A member 5 (Kcna5), Ken subfamily
D member 2 (Kend2), Kv channel-interacting protein 2
(KChIP2), solute carrier family 9 member A1, thrombomodulin
(TM) and tissue factor pathway inhibitor (TFPI) were exam-
ined using reverse transcription-quantitative polymerase chain
reaction. In control mice, significant atrial electrical remodeling
was observed (P<0.05); however, treatment with either EPA
or pitavastatin ameliorated these electrophysiological changes
(P>0.05). mRNA levels of Kend2, KChIP2 and Kcna5 were
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significantly upregulated in control mice (P<0.05), whereas
treatment with EPA or pitavastatin attenuated this upregula-
tion (P>0.05). Administration of pitavastatin significantly
reduced the downregulation of both TFPI and TM (P<0.05).
EPA treatment attenuated the TFPI downregulation compared
with control mice (P>0.05), however no significant effect on
TM expression was observed. In addition, both EPA (P>0.05)
and pitavastatin (P<0.05) suppressed the overexpression of
endothelial nitric oxide synthase. This was also exhibited in
Ras-related C3 botulinum toxin substrate 1 genes (P<0.01 for
both treatments). In conclusion, the results of the present study
suggested that EPA and pitavastatin are able to prevent atrial
electrical remodeling, thrombotic states and oxidative stress in
rapidly-paced murine atria.

Introduction

Atrial fibrillation (AF) is the most common sustained cardiac
arrhythmia and is becoming progressively more prevalent in
the aging population (1). AF is associated with an increased
risk of thromboembolism and mortality (2). The development
and perpetuation of AF is dependent on the electrophysi-
ological and structural substrate remodeling of the atria (3-5).

Electrical remodeling represents a series of alterations in
ion channel expression and/or function, which in turn shorten
the atrial refractory period and lead to a decrease in conduc-
tion velocity (3). A previous study demonstrated an increased
expression of the transient outward K* current (I,) and
ultra-rapid delayed rectifier K* current (I,,,) in the atria of rats
with rapid atrial pacing (6). In a canine experiment, activation
of the Na*/H* exchanger was reported as a possible underlying
mechanism of electrophysiological remodeling (7).

The role of oxidative stress in the pathophysiology of atrial
remodeling has been widely researched (8). In particular,
NADPH oxidase (NOX) has emerged as a potential enzymatic
source for reactive oxygen species (ROS) production in AF.
Ras-related C3 botulinum toxin substrate 1 (Racl) is important
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for the membrane subunit assembly required to form an active
NOX complex (9,10). However, the relationship between Racl
and cardiac ion channels remains to be elucidated.

Patients with AF have up to a 5-fold higher risk of suffering
ischemic strokes (11). A better understanding of the etiologies of
thromboembolic complications is required to improve patient
care and treatment options. A study by Yamashita et al (12)
demonstrated that thrombomodulin (TM) and tissue factor
pathway inhibitor (TFPI) genes were downregulated in the
atrial endocardium of a rat model of rapid atrial pacing, and
this may induce a local coagulation imbalance on the internal
surface of the atrial cavity. Increased understanding of atrial
remodeling has introduced the possibility of upstream thera-
peutic approaches targeting the atrial substrates that initiate and
perpetuate AF (2,13). Although the exact mechanism has not
yet been established, the anti-AF effect of statins and eicosa-
pentaenoic acid (EPA) may be associated with an improvement
in lipid metabolism and anti-inflammatory and antioxidant
actions (14-20). Furthermore, previous experimental reports
have indicated that these pharmacological agents reduce AF
inducibility and conduction heterogeneity (21,22). However,
few studies have compared the effect of EPA and statins on the
electrophysiological characteristics and the expression of ion
channel genes related to electrical remodeling, intrinsic anti-
coagulant factor genes and endothelial nitric oxide synthase
genes that may be associated with thromboembolic events
complicated with AF. In the present study, the anti-AF effects
of EPA and statins were investigated using a murine model of
rapid atrial pacing.

Materials and methods

Preparation of the atrial tachycardia models and
electrophysiological study. Animal research was reviewed
and approved by the Ethics Committee of Ningbo University
School of Medicine (Ningbo, China). A total of 60 male
ddY mice (weight, 25+0.5 g; aged 3 weeks) were purchased
from Chubu Kagaku Shizai Co., Ltd., (Nagoya, Japan). Mice
were housed for 6 weeks in an animal facility at 22+1°C
under a 12-h light/dark cycle with 70% humidity and were
provided with food and water ad libitum. Mice were divided
randomly into three groups: Control, EPA treatment and
pitavastatin treatment (n=20 in each group). In the experi-
mental groups, the mice were administered orally with EPA
(10 mg/g/day; Ningbo Hangjing Co., Ltd., Ningbo, China) or
pitavastatin(30ng/g/day; NingboHangjing Co.,Ltd.)for 6 weeks.
A murine model of atrial tachycardia was prepared using a
previously described method with modifications (6). Briefly,
mice were anesthetized subcutaneously with pentobarbital
(50 mg/kg; Ningbo Hangjing Co., Ltd.) and ventilated with a
small animal ventilator (SAR-830; CWE Inc., Ardmore, PA,
USA). A quadripolar electrode catheter (2.0 Fr) was introduced
via the cervical vein for pacing and recording in anaesthetized
mice (Fig. 1). Stimulation at a frequency of 1,800 bpm was
performed with 2-msec rectangular pulses using a program-
mable stimulator and a constant current source (SEN 7203 and
SS4017J, respectively; Nihon Kohden, Tokyo, Japan). The intra-
cardiac electrocardiogram (ECG) was recorded using a Biopac
ECG 100C amplifier and sampled at a rate of 1,000 Hz with
the Biopac MP150 data acquisition system (BIOPAC Systems,
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Inc., Goleta, CA, USA). The effective refractory period (ERP)
of the right atrium was measured before and after pacing
at basic cycle lengths (BCLs) of 100 and 150 msec (Fig. 2).
The surface ECG was recorded using a DSI Dataquest
ART.2.3 system at a sampling rate of 1 kHz (Data Sciences
International, St. Paul, MN, USA) with a telemetry transmitter
fixed on the mice as described previously (23). After 8 h of
pacing, the left atrial appendages were harvested within 30 sec
and the tissues were immediately frozen in liquid nitrogen for
subsequent RNA isolation.

RNA preparation and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). Mice were sacrificed
by overdose with ketamine and xylazine (125 and 50 mg/kg;
Ningbo Hangjing Co., Ltd.) and death of mice were confirmed
by cardiopulmonary arrest following ketamine/xylazine injec-
tion. Hearts were harvested immediately. Total RNA was
extracted from the atrial samples using an RNeasyl Fibrous
Tissue Mini kit (Qiagen AB, Sollentuna, Sweden), according to
the manufacturer's instructions, reverse transcribed and ampli-
fied using real-time SYBR Green technology (SYBR® Premix
Ex TaqTM II kit; Takara Biotechnology Co., Ltd., Beijing,
China), and analyzed using an ABI PRISM7900 (Applied
Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). The PCR data are reported as the number of transcripts
per number of GAPDH. The primer sequences are presented in
Table I and were designed based on the mouse sequences avail-
able in GenBank (https://www.ncbi.nlm.nih.gov/genbank/),
including three K* channel genes: Potassium voltage-gated
channel subfamily A member 5 (Kcna5), Ken subfamily D
member 2 (Kend2), Kv channel-interacting protein 2 (KChIP2),
solute carrier family 9 member Al (Slc9al), two intrinsic
anticoagulant factors (TM and TFPI) and the oxidative critical
component of NOX (Racl). RT-qPCR was performed under the
following conditions: cDNA synthesis at 25°C for 10 min and
then 37°C for 120 min, and PCR amplification for 40 cycles at
95°C for 15 sec and 60°C for 1 min. PCR data were reported as
the number of transcripts per number of GAPDH genes.

Statistical analysis. All values were expressed as the
mean =+ standard error of the mean. Multiple-group statistical
comparisons were obtained using one-way analysis of variance.
Student's t-test with a Tukey-Kramer correction was used to
evaluate the differences between individual means. SPSS 19.0
software was used (IBM Corp.- Armonk, NY, USA) and P<0.05
was considered to indicate a statistically significant difference.

Results

Rapid atrial pacing model. The surface ECG and atrial electro-
grams obtained in the murine model of rapid atrial pacing are
presented in Fig. 1. Each pacing signal had its corresponding
ventricular complex, which indicated that the atrium could be
captured by rapid pacing at 1,800 bpm. Fig. 2 demonstrates the
method for measuring the ERP.

Effect of EPA treatment on atrial electrical remodeling. The
ERP was measured before and after rapid atrial pacing at
1,800 bpm for over 8 h. In the control group, the ERP decreased
significantly from 65.3+2.1 to 54.3+1.5 msec at a BCL of
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Figure 1. Murine model of rapid atrial pacing. The right external jugular vein was cannulated and a quadripolar electrode catheter was inserted into the right
atrium for pacing and recording. The surface and intracardiac ECGs confirmed that the atrial fibrillation model was successfully established by pacing at

1,800 bpm. ECG, electrocardiogram.
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Figure 2. Measurement of the effective refractory period. The atrium was paced with a train of 15 S1s followed by a S2 with the coupling interval (S1-S2 interval)
decreased in 5 msec steps until capture no longer occurred. The longest S1-S2 interval failing to capture the atrium was regarded as the effective refractory

period. S1, basic stimuli; S2, premature stimulus.

150 msec (P<0.01), and from 55.2+1.6 to 48.5+2.8 msec at a
BCL of 100 msec (P<0.05; Fig. 3). Prior to pacing, a signifi-
cant rate-dependent change in the ERP was observed (P<0.01;
Fig. 3). However, in the control group this was eliminated after
pacing. Administration of EPA attenuated ERP shortening
following pacing and maintained a significant difference in
rate between a BCL of 100 and a BCL of 150 msec (P<0.05;
Fig. 3). A similar effect was observed with pitavastatin treat-
ment (P<0.01; Fig. 3). Furthermore, compared with the EPR
before pacing, pitavastatin treatment increased the EPR after
pacing; however, the mechanism remained unclear.

EPA treatment and the expression of cardiac ion channel
genes. Short-term rapid atrial pacing significantly upregulated
the mRNA levels of the 3 K* channel genes compared with

the levels before pacing (Kend2, KChIP2 and Kcna$; P<0.05;
Fig. 4); however, no significant difference was observed in
levels of Slc9al mRNA before and after pacing. EPA treat-
ment suppressed the pacing-induced overexpression of Kend?2,
KChIP2 and Kcna$5, and suppressed Slc9al expression to a
level significantly lower than before pacing (P<0.01; Fig. 4).
Treatment with pitavastatin attenuated the pacing-induced
upregulation of Kend2 and KChIP2, and suppressed the
expressions of Kcna5 and Slc9al to significantly below their
pre-pacing values (P<0.05; Fig. 4).

Effect of EPA treatment on anticoagulant function and oxida-
tive stress. In the control group, TM and TFPI gene expressions
were significantly downregulated by rapid pacing (P<0.05 and
P<0.01, respectively; Fig. 5). In the EPA treatment group, mRNA
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Table I. Primers used for polymerase chain reaction.
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Gene Direction Sequence
Kcna5 Forward 5-ATCACCAGCGGGTCCTCATAA-3
Reverse 5-GGAGGGTGTTGGGAAACTGC-3
Kcnd2 Forward 5-TCAGGACGCTCTGATAGTGCT-3
Reverse 5-TCTGGGTATCGTTCCAGGGTG-3
KChIP2 Forward 5-AGCGTGGAGGATGAGTTTGAAC-3
Reverse 5-TTCCCCGAAGAATCACTGACA-3
Slc9al Forward 5-TCATCCACCTCGGATCTTCCC-3
Reverse 5-TCCTGAGAACAGGTAGCAGTC-3
TFPI Forward 5-CAGGCGTCGGGTTACAAAAGA-3
Reverse 5-GGAACTCAGAAAGCCTTGGTAAG-3
™ Forward 5-AGTGTGCCAGTTCATAAGAATC-3
Reverse 5-GTTCTACAAAGGTTGGAAACTC-3
eNOS Forward 5-GGCAAGACAGACTACACGAC-3
Reverse 5-ATCGCCGCAGACAAACAT-3
Racl Forward 5-ACGGAGCTGTTGGTAAAACCT-3
Reverse 5-AGACGGTGGGGATGTACTCTC-3
GAPDH Forward AGTGGCAAAGTGGAGATT
Reverse GTGGAGTCATACTGGAACA

Kcna5, potassium voltage-gated channel subfamily A member 5; Kend2, potassium voltage-gated channel subfamily D member 2; KChIP2, Kv
channel-interacting protein 2; Slc9al, solute carrier family 9 member A1; TFPI, tissue factor pathway inhibitor; TM, thrombomodulin; eNOS,
endothelial nitric oxide synthase; Racl, Ras-related C3 botulinum toxin substrate 1.
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Figure 3. EPA pretreatment prevents the electrical remodeling of rapidly-paced atria. An 8-h pacing period significantly shortened the atrial ERP at BCLs of
100 and 150 msec in the control group. Treatment with EPA or pitavastatin prevented these changes. Before pacing, ERPs significantly differed between BCLs
of 100 and 150 msec. The 8-h rapid pacing period eleminated this difference in control mice, but had no influence on the mice in the EPA and pitavastatin
groups. Data are presented as the mean + standard error of the mean. “P<0.05 and "P<0.01 as indicated. BCL, basic cycle length; EPA, eicosapentaenoic acid;

ERP, effective refractory period.

expression levels of TFPI were not significantly affected by
rapid pacing in the atrium; however, TM expression was signifi-
cantly reduced after pacing compared with before (P<0.01;
Fig. 5). Pitavastatin treatment attenuated the pacing-induced
downregulation of TM, with no significant differences observed
between mRNA levels before and after pacing. Furthermore,
TFPI expression in the pitavastatin group was significantly
higher after compared with before pacing (P<0.05; Fig. 5). In
the control group, eNOS and Racl expression levels were signif-
icantly increased after pacing (P<0.01 and P<0.05, respectively;
Fig. 5); however, EPA treatment attenuated this upregulation

so that eNOS expression was not significantly different after
pacing compared with before, and Racl levels were reduced to
a level significantly lower than before pacing (P<0.01; Fig. 5).
Treatment with pitavastatin induced a significant decrease in
the post-pacing levels of eNOS and Racl compared with before
pacing (P<0.05 and P<0.01, respectively; Fig. 5).

Discussion

The results of the present study demonstrated that EPA
and pitavastatin treatment were able to prevent electrical
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Figure 4. EPA pretreatment improves cardiac ion channel expression in rapidly-paced atria. The expression levels of the K* ion channel genes, Kend2, KChIP2
and Kcna$5, increased after pacing in the control group and both EPA and pitavastatin pretreatment attenuated this effect. EPA and pitavastatin also suppressed
the expression of Slc9al; however, rapid pacing did not significantly influence its expression in the control group. Expression levels are relative to GAPDH.
Data are presented as the mean + standard error of the mean. “P<0.05 and "P<0.01 as indicated. EPA, eicosapentaenoic acid; Kend2, potassium voltage-gated
channel subfamily D member 2; KChIP2, Kv channel-interacting protein 2; Kcna5, potassium voltage-gated channel subfamily A member 5; Slc9al, solute

carrier family 9 member Al.
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Figure 5. Effect of EPA pretreatment on the anticoagulant function and oxidative stress in rapidly-paced atria. The expression levels of intrinsic anticoagulant
factors, TFPI and TM, were significantly suppressed following pacing in the control group, and Racl gene expression significantly increased compared with
before pacing. Treatment with EPA or pitavastatin inhibited these changes. Expression levels are relative to GAPDH. Data are presented as the mean + standard
error of the mean. “P<0.05 and "P<0.01 as indicated. EPA, eicosapentaenoic acid; TFPI, tissue factor pathway inhibitor; TM, thrombomodulin; eNOS, endo-

thelial nitric oxide synthase; Racl, Ras-related C3 botulinum toxin substrate 1.

remodeling in a murine model of rapid atrial pacing, prevent
the modification of voltage-dependent K* channel gene expres-
sion and Slc9al expression, suppress atrial oxidative stress and
attenuate the downregulation of the intrinsic anticoagulant
factor, TFPI. Furthermore, pitavastatin treatment was demon-
strated to ameliorate the pacing-induced downregulation of
TM.

Dietary intake of polyunsaturated fatty acids has
been reported to have beneficial effects on cardiovascular
outcomes (24). A study by Mozaffarian eral (15) demonstrated
that n-3 fatty acids were associated with a lower incidence of
AF development in a prospective, population-based cohort of

4,815 adults older aged >65 years. In a secondary prevention
clinical trial with fish oil, it was reported that mortality asso-
ciated with sudden cardiac events was reduced by 53% and
total mortality was reduced by 41% following myocardial
infarction in 11,323 patients treated with 1.0 g/day of fish
oil (25). Data from several experimental studies also reported
the antiarrhythmic properties of n-3 fatty acids (26-29).
It is well known that the effect of fish oil differs between
forms (29-32). The incorporated n-3 polyunsaturated fatty
acid has been reported to result in a significant prolongation
of the atrial and pulmonary vein (PV) refractoriness and a
decrease in the dispersion of the PV ERP (30-32). In contrast,
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free EPA and docosahexaenoic acid (DHA) may cause atrial
conduction to slow significantly with a minimal effect on
the tissue refractoriness (33). A study by Metcalf er al (34)
reported that atrial accumulation of EPA and DHA was
curvilinear over time and reached a maximum at 30 days. In
the present study, multiple effects of a 6-week EPA/pitavas-
tatin pretreatment were identified in a murine model of rapid
atrial pacing.

The results of the present study suggested that a 6-week
EPA pretreatment may prevent atrial electrical remodeling,
similar to the effects of pitavastatin. In human hearts, the tran-
sient outward K* current, I, and the ultra-rapid delayed rectifier
K* current, I,,, are important repolarization currents (35,36).
A study by Li et al (37) reported that EPA/DHA was able to
inhibit the I, and I, in atrial cells isolated from patients with
AF, which suggested an anti-AF effect of fish oil. In the present
study, the expression levels of Kcna5, Kend2 and KChIP2 were
significantly suppressed by EPA/pitavastatin pretreatment,
which was consistent with the results of human studies. In addi-
tion, Jayachandran et al (7) reported that a sodium/hydrogen
exchanger was important for the electrophysiological remod-
eling in a canine model of atrial pacing and a sodium/hydrogen
exchange inhibitor may prevent such atrial remodeling. In the
present study, the expression of the sodium/hydrogen exchanger
gene, Slc9al, was not influenced by atrial pacing. However,
EPA or pitavastatin pretreatment suppressed Slc9al expression,
which favored the recovery of the atrial remodeling.

The role of AF-induced oxidative stress in AF-related
atrial remodeling has been observed extensively. Over the
past two decades, studies have reported that ROS generated
in the cardiovascular system are primarily derived from NOX,
uncoupled eNOS, mitochondria and xanthine oxidase (38,39).
Rapid atrial pacing-induced refractoriness abbreviation
and AF promotion are associated with an eNOS-dependent
L-type Ca** current inhibition (40). Antioxidant vitamins
were also reported to have beneficial effects in preventing
atrial tachycardia remodeling (41). Furthermore, among the
enzymatic systems, NOX has emerged as a major initiating
source of increased ROS production in the cardiovascular
system (42). As an important determinant of subunit assembly,
the amount of the active Racl has been reported to be associ-
ated with NOX-dependent O, production (43,44). A study by
Adam et al (45) reported that the left atria of patients with
AF had a 4-fold increase in Racl total protein and membrane
expression and an upregulation in Racl activity. In the
present study, Racl and eNOS expressions were significantly
increased in rapidly-paced murine atria, and EPA pretreatment
effectively ameliorated this effect.

It is well known that decreased blood flow with a hyper-
coagulable state in the left atria of patients with AF increases
the likelihood of clotting in the fibrillating atria (46,47). In the
present study, the effects of EPA pretreatment on two intrinsic
anticoagulant factors, TM and TFPI, were investigated. The
results indicated that the expression of these genes decreased
significantly in the atrial-paced mice. EPA treatment caused
the mRNA level of the TFPI to recover, whereas it had no
effect on TM. However, pitavastatin treatment improved both
gene expressions.

At present, therapy for patients with AF is predominantly
palliative. Ideally, research aims to identify an effective
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treatment or a preventive strategy for AF that will prevent
triggers, substrates, or both, from occurring. As a promising
upstream therapy for AF, the effect of fish oil/pitavastatin
has been intensively observed. Although various studies
have demonstrated the beneficial effects of these treatments,
translating these findings into human use has had mixed
results due to inconsistencies in data in both clinical and
experimental studies. AF is a complex disease and at present is
not well understood. Further studies on the mechanism of fish
oil/pitavastatin may lead to a better understanding of the under-
lying mechanisms of AF and provide more potential therapies.

In conclusion, the results of the present study demonstrated
that pretreatment with EPA or pitavastatin had pleiotropic
effects on rapid pacing-induced atrial remodeling, including
suppression of electrical remodeling and the expression
of corresponding ion channel genes, reducing oxidative
stress and improving anticoagulant activity. Furthermore,
additional extensive studies on the detailed molecular path-
ways associated with these beneficial effects may provide
greater understanding of atrial fibrillation and allow for the
development of novel treatments.
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