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Fluvastatin Reduces Pulmonary Vein Spontaneous Activity
Through Nitric Oxide Pathway
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HMG-CoA Reductase Inhibitors on Pulmonary Veins. Introduction: Pulmonary veins (PVs)
are the most important focus for the generation of atrial fibrillation. The HMG-CoA reductase inhibitors
(statins) can reduce the occurrence of atrial fibrillation. The purposes of this study were to evaluate whether
statins may inhibit the PV arrhythmogenic activity to prevent atrial arrhythmias from PVs and to investigate
the link between fluvastatin, nitric oxide synthase (NOS) activity, mechanical activity, and electrical activity.

Methods: Conventional microelectrodes and Western blot were used to record the electrical activity,
diastolic tension, contractility and expression of Akt, endothelial nitric oxide synthase (eNOS), neuronal
nitric oxide synthase (nNOS), and phosphorylated Akt and eNOS before and after the administration of
fluvastatin in rabbit PVs or atria.

Results: Fluvastatin decreased the PV spontaneous activity, diastolic tension, and contractility, but did
not change the action potential duration or resting membrane potential. The effects of fluvastatin on the
PV firing rate and diastolic tension were attenuated in the presence of L-NAME (100 xM), wortmannin
(100 nM), and ODQ (3 xM). Fluvastatin (1 £M) increased the phosphorylated Akt and eNOS, but did not
change the total Akt or eNOS in the PVs and atria. In contrast, fluvastatin (1 M) decreased the total nNOS
in the PVs and atria.

Conclusions and implications: Fluvastatin produced nitric oxide through the PI3kinase/Akt pathway,
thus reducing the PV vascular diastolic tension and PV spontaneous activity. These results may contribute

to the beneficial effects of statins. (J Cardiovasc Electrophysiol, Vol. 20, pp. 200-206, February 2009)

atrial fibrillation, statins, nitric oxide, pulmonary veins, arrythmogenesis

Introduction

Atrial fibrillation (AF) is the most common cardiac ar-
rhythmia observed in clinical practice and induces cardiac
dysfunction and strokes. The use of statins (3-hydroxyl-3-
methyl coenzyme A [HMG-CoA] reductase inhibitors) has
been found to reduce the occurrence of AF.! However, the
mechanisms underlying the antiarrhythmic effects of statins
are not clear. Previous studies have suggested that statins may
prevent AF through the antioxidation or anti-inflammation
effects.>™* Moreover, statins may have electrophysiological
effects on cardiomyocytes. Statins could alter Kv channel
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activity of cardiomyocyte,’ or change the expression of
Nat/Ca?* exchanger.’ All of these findings suggest that
statins may reduce AF through the effects beyond the an-
tioxidation and anti-inflammation effects.

The pulmonary veins (PVs) have been demonstrated to
be an important source of the initiation of AF and also to
play a role in the maintenance of AE.”-® The PVs have been
known to contain cardiomyocytes with pacemaker activity
and have a arrhythmogenic potential for inducing atrial ar-
rhythmias due to spontaneous activity.” It was reported that
dissociated pulmonary vein activity that was suggestive of
automatic mechanism might be responsible for AF initiation
and maintenance.!®!! Since the PVs play a critical role in
the pathophysiology of AF, statins may alter the PV electri-
cal activity and thus reduce the AF. Previous studies have
shown that mechanoelectrical feedback (mechanical stretch
on the atrial wall activating the ion channels and modifying
current flow) plays an important role in the PV arrhythmo-
genenic activity.'””!> Statins can enhance the nitric oxide
production'®!” and reduce the vascular tension in the PVs
with a decrease in the PV arrhythmogenesis due to mecha-
noelectrical feedback. Moreover, it has been reported that
a nitric oxide donor, S-nitroso-N-acetylpenicillamine, sup-
pressed PV electrical activity, and the nitric oxide synthesis
inhibitor (Nomega-nitro-L-arginine) increased phasic elec-
trical activity and tone,'® which further supports the possi-
ble antiarrythmic effect of statins through nitric oxide. The
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production of nitric oxide can be due to the activation of dif-
ferent isoforms of nitric oxide synthase such as endothelial
nitric oxide synthase (eNOS) and neuronal nitric oxide syn-
thase (nNOS).!2 Therefore, the purpose of this study was to
investigate whether fluvastatin may alter the PV arrhythmo-
genic activity and to evaluate the underlying mechanisms.

Methods
Rabbit PV Tissue Preparations

The investigation conformed to the institutional Guide for
the Care and Use of Laboratory Animals. Rabbits (weight,
1-2 kg) were anesthetized with an intraperitoneal injection
of sodium pentobarbital (40 mg/kg). A mid-line thoracotomy
was then performed and the heart with the lungs was re-
moved. For dissection of the PVs, the left atrium was opened
by an incision along the mitral valve annulus extending from
the coronary sinus to the septum in the Tyrode’s solution with
a composition (in mM) of 137 NaCl, 4 KCl, 15 NaHCOs3,
0.5 NaH,POy, 0.5 mgCl,, 2.7 CaCl,, and 11 dextrose. The
PVs were separated from the atrium at the left atrium-PV
junction and separated from the lungs at the ending of the
PV myocardial sleeves. One end of the preparation, consist-
ing of the PVs and atrium—PV junction, was pinned with
needles to the bottom of a tissue bath. The other end was
connected to a Grass FT03 C force transducer with a silk
thread. The adventitia of the PVs faced upward. The tissue
was superfused at a constant rate (3 mL/min) with the Ty-
rode’s solution that was saturated with a 97% 0,-3% CO,
gas mixture. The temperature was maintained constant at
37°C and the preparations were allowed to equilibrate for
1 hour before the electrophysiological study.

Electrophysiological and Pharmacological Studies

The transmembrane action potentials (AP) of the PVs and
left atrial appendage were recorded by means of machine-
pulled glass capillary microelectrodes filled with 3 M of KCl,
and the PV preparation was connected to a WPI model FD223
electrometer under tension with 150 mg. The electrical and
mechanical events (contractility and diastolic tension) were
displayed and recorded simultaneously on a Gould 4072
oscilloscope and Gould TA11 recorder. The signals were
recorded with DC coupling and a 10 kHz low-pass filter cut-
off frequency using a data acquisition system. Signals were
recorded digitally with a 16-bit accuracy at a rate of 125 kHz.
Electrical stimuli with a 10-ms duration and suprathreshold
strength (30% above the threshold) were provided by a Grass
S88 stimulator through a Grass SIUSB stimulus isolation
unit. The PV and atrial preparations were treated with and
without (control group) fluvastatin (0.1 and 1.0 uM) for at
least 2 hours. Moreover, we evaluated whether fluvastatin
could produce nitric oxide and cGMP through the induction
of the phosphorylation of the eNOS via the PI3 K/Akt path-
way. Fluvastatin was administrated in the presence of a nitric
oxide synthase inhibitor (L-NAME, 100 M), phosphatidyli-
nositol 3-kinase (PI3 K) inhibitor (wortmannin, 100 nM), or
guanylate cyclase inhibitor (ODQ, 3 M) for 2 hours, respec-
tively. The 90% and 50% AP durations (APDgyy, APDsy),
membranous diastolic potential and contractile force were
measured during 2 Hz electrical stimuli before and after the
drug administration.
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Western Blot Analysis

The left atrial appendage and PV tissue samples were
incubated in the oxygenated Tyrode’s solution with or with-
out fluvastatin (1 uM) for 2 hours at 37 °C. Tissue samples
were washed in ice-cold saline and rapidly frozen in lig-
uid nitrogen and homogenized in a lysis buffer containing
1 M Tris—HCI (pH 7.4), 0.25 M sucrose, 0.5 M EDTA (pH
8.0), 100 mM dithiothreitol, 100 mM phenylmethysulfonyl
fluoride, apotinin (2.2 mg/mL), and leupeptin (5 mg/mL).
The homogenate was centrifuged at 12,000 g for 30 min
at 4°C. The protein extracts were applied to 10% SDS-
PAGE and blotted on a polyvinylidene diflouride membrane.
The blotted polyvinylidene diflouride membrane was incu-
bated with a phosphate-buffered saline/Tween-20 (0.05%)
solution containing 2% skim milk for blocking nonspecific
antigens and incubated with monoclonal antibodies, respec-
tively, at room temperature for 1 hour as below: goat eNOS
antibody (R&D Systems, Minneapolis, MN, USA), mouse
phospho-eNOS antibody (Ser1177) (BIOMOL International,
Philadelphia, PA, USA), mouse Akt antibody (BIOMOL In-
ternational), mouse phosphor-Akt (Ser 473) (BD Pharmin-
gen™, San Jose, CA, USA), and goat nNOS antibody (R&D
Systems). After the primary antibody reaction, the mem-
branes were incubated with a secondary antibody conjugated
with horseradish peroxidase, detected by the ECL detec-
tion system (SantaCruz Biotechnology), and exposed to film
(BioMax MR; Kodak). Targeted bands were normalized to
cardiac «-sarcomeric actin (Sigma-Aldrich Corp.) to confirm
an equal protein loading.

Statistical Analysis

All quantitative data are expressed as the mean + SEM.
The paired Student’s z-test was used to compare the differ-
ences before and after the drug administration. An unpaired
t-test was used to compare the differences between the prepa-
rations with and without incubation with statins. Inverse re-
gression was used to evaluate the correlation between the
diastolic tension and PV firing rates. A P-value lower than
0.05 was considered statistically significant.

Results

Effects of Fluvastatin on the PV Electrophysiology
and Contractility

In the PVs with spontaneous activity, fluvastatin (1 ©M)
administration for 30 minutes decreased the PV firing rates
(P < 0.05, Fig. 1A,B), but fluvastatin at 0.1 M did not
change the PV firing rates (P > 0.05, Fig. 1A). Fluvastatin
(1 uM, not 0.1 uM) administration for 1 hour decreased the
diastolic tension (Fig. 1C). Those effects became significant
after an administration for 30 minutes and reached a steady
state after an administration for 1 hour. As the results show
in Figure 1D, the diastolic tension correlated well with the
PV firing rates in an inverse regression.

In the PVs without spontaneous activity, fluvastatin
(0.1 uM and 1 M) administration for 30 minutes decreased
the PV contractile force (P < 0.05, Fig. 2A). However,
the effects were similar for the fluvastatin at concentrations
of 0.1 uM, and 1 uM (P > 0.05, Fig. 2A,B). Figure 2C
shows the tracings of the AP before and after the adminis-
tration of fluvaststin. Fluvastatin did not change the APD5
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Figure 1. Effects of fluvastatin on the PV
electrical activity in the PVs with spon-
taneous activity. Panel (A) shows the PV
spontaneous activity from the fluvastatin
(0.1 uM and 1.0 uM, n=>5) treatment and
control group (fluvastatin 0 uM, n = 3).
Panel (B) shows the tracings of PV spon-
taneous activity before and after fluvas-

. tatin (1.0 uM) administration. Panel (C)
©wt, ® % shows the effects of fluvastatin (0.1 uM
. and 1.0 uM, n = 5) and control group

. (fluvastatin 0 uM, n = 3) on the vascu-

=354 - B9 QX
r=052
P<0.0001

lar diastolic tension. Panel (D) shows the
inverse regression of the PV firing rates
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and vascular diastolic tension (n = 10).
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at concentrations of 0.1 uM (from 27 £ 3 ms to 27 £ 3 ms,
P > 0.05) or 1 uM (from 29 + 2 ms to 28 &= 5 ms, P > 0.05).
Fluvastatin also did not change the APDg at concentrations
of 0.1 uM (from 96 + 8 ms to 92 + 5 ms, P > 0.05) and
1 uM (from 97 & 8 ms to 93 + 7 ms, P > 0.05). Additionally,
fluvastatin did not change the resting membrane potential at
concentrations of 0.1 uM (from —73 £ 2 mV to —73 £
3mV, P > 0.05) and 1 uM (from —75 £ 1 mV to —74 +
2mV, P > 0.05).

Effects of Fluvastatin on the Left Atrial Electrical Activity

In the left atrium, fluvastatin (0.1 M) decreased the atrial
contractility (P < 0.05, Fig. 3A,B). Similar to that in the
PVs, fluvstatin did not change the APDs (24 & 4 ms versus
24 + 2 ms, P > 0.05), APDgq (80 & 4 ms versus 84 + 3 ms,
P > 0.05), or the resting membrane potential (—79 + 3 mV,
versus —78 £ 1 mV, P > 0.05, Fig. 3C).

Interactions of L-NAME, Wortmannin,
ODQ, and Fluvastatin

In the presence of L-NAME (100 uM), fluvastatin (1 ©M)
did not change the PV firing rates (Fig. 4A), or diastolic
tension (Fig. 4C). As the example shows in Figure 4B, in
the presence of wortmannin (100 nM), fluvastatin (1 uM)
did not change the PV firing rates or diastolic tension
(Fig. 4A,C). Similarly, in the presence of ODQ (3 uM), flu-
vastatin (1 ©M) did not change the PV firing rates or diastolic
tension (Fig. 4A,C).

Effects of Fluvastatin on the Expression
of nNOS and eNOS

The baseline value of the total protein in the PVs and
atrium showed no significant differences between the protein
level of the Akt, phosphor-Akt, eNOS, and phospho-eNOS.
Only the protein level of the nNOS was higher in the atrium
than in the PVs. An incubation of fluvastatin (1 uM) for
2 hours increased the phosphorylation of the Akt and eNOS
both in the PVs and atrium (Fig. 5A,B). However, the ex-

15 20 25 30
PV firing rate (Hz)

*P < 0.05 versus before the fluvastatin
administration.

pressions of the total Akt and eNOS between the PVs or
atrium with and without incubation with fluvstatin were sim-
ilar. Moreover, the incubation with fluvastatin (1 M) for
2 hours decreased the protein level of the nNOS.

Discussion

Statins Regulate the PV Arrhythmogenesis Through
Nitric Oxide-Related Mechanoelectrical Feedback

In this study, for the first time, we demonstrated that flu-
vastatin may decrease the PV firing rates and diastolic tension
or contractility in the PVs and atrium. However, the present
study showed that statins have little effect on the AP duration
and resting membrane potential in the PVs and atrium. Those
findings indicated that statins may regulate the PV electri-
cal activity through a mechanoelectrical feedback. Moreover,
the considerable correlation between the PV firing rates and
diastolic tension also suggested that the statins decreased the
PV firing rates through a mechanoelectrical feedback. It has
been reported that increasing atrial pressure leads to a stretch
of the atrium and PVs, and increases the vulnerability for AF
and PV arrythmogenesis.'>"!> Therefore, through the effects
of vasodilation, statins may relieve the stretch, which could
decrease the PV firing rates. Since statins can cause vasodila-
tion by enhancing the endothelium-derived nitric oxide and
elevating the cGMP levels,'®!7 we evaluated whether statins
could increase the nitric oxide level to regulate the PV elec-
trical activity. The presence of L-NAME may attenuate the
effects of statins on the PVs, which confirms that nitric ox-
ide modulates the mechanoelectrical effects of statins in the
PVs. These results may also account for the reduction in the
contractility of the PVs and atrium because nitric oxide has
been found to reduce the contractility in vessels and the my-
ocardium, too.!”?*2! Different from the insignificant effect
of statins on the diastolic tension, fluvastatin at 0.1 ©M can
decrease contractility of PVs and atrium. These differences
suggest that cardiomyocytes and vascular smooth muscle
might have different sensitivity to fluvastatin. Furthermore,
ODQ and wortmannin also reduced the effects of the statins,
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Figure 2. Effects of fluvastatin on the PVs without spontaneous activity.
Panel (A) shows the PV contractility from the fluvastatin (0.1 uM and
1.0 uM, n = 5) treatment and control group (fluvastain 0 uM, n = 3). Panel
(B) shows the superimposed tracings of the PV contractility before and after
the administration of fluvastatin. Panel (C) shows the superimposed tracings
of the AP configuration before and after the administration of fluvastatin.
*P < 0.05 versus before the fluvastatin administration.

which further suggested that the mechanoelectrical feedback
through the nitric oxide-cGMP pathway played a key role in
the antiarrythmogenesis of statins. Since our study suggests
that a link between a statin-induced nitric oxide mediated
mechanism for the suppression of PV electrical activity, the
addition of an nitric oxide-releasing moiety to the structure
of pravastatin and fluvastatin may have more anti-AF poten-
tial.>> These new drugs released nitric oxide slowly and had
increased anti-inflammatory effects relative to their parent
molecule.

Nitric oxide was reported to shorten the AP duration
through inhibiting the calcium currents and enhancing the
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Figure 3. Effects of fluvastatin on the atrial electrical activity. Panel (A)
shows the atrial contractility from the fluvastatin (0.1 uM and 1.0 uM, n =
5) treatment and control group (fluvastatin 0 uM, n = 3). Panel (B) shows
the superimposed tracings of the atrial contractility before and after the
administration of fluvastatin. Panel (C) shows the superimposed tracings
of the AP configuration before and after the administration of fluvastatin.
*P < 0.05 versus before the fluvastatin administration.

potassium currents.”? An increasing stretch of the PVs was
reported to shorten the AP duration, and AP will lengthen
after the relief of PV tension.!* The balance of influence of
AP duration between the direct ion effect of nitric oxide and
the relief of stretch explains why the AP duration did not
change. In this study, the dosage of fluvastatin is close to
the known serum concentration of fluvastatin in humans.?*
Therefore, our findings might be clinically relevant as they
support the concept that statins might have anti-AF effects
in vivo.

Statin Activates eNOS Through PI3 K/Akt Pathway

There are three cardiac isoforms of NOS: NOSI1 (neu-
ronal NOS), NOS2 (inducible NOS), and NOS3 (endothelial
NOS), where NOS2 is the inducible one. A previous study
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Figure 4. Interactions of L-NAME, wortmannin, and ODQ on fluvastatin-
induced electrical activity in the PVs with spontaneous activity. Panel (A)
shows that fluvastatin (1 uM) did not change the PV firing rates in the
presence of L-NAME (100 uM, n = 3), wortmannin (100 nM, n = 4), or
ODQ (10 uM, n = 4). Panel (B) shows the tracings in which the PV firing
rate was not changed by fluvastatin in the presence of wortmannin. Panel
(C) shows that fluvastatin (1 uM) did not change the diastolic tension in the
presence of L-NAME (100 uM, n = 3), wortmannin (100 nM, n = 4), or
ODQ (10 uM, n =4).

had shown that statins activate the eNOS with the produc-
tion of nitric oxide through various pathways.'” One of the
pathways is to induce the phosphorylation and activation of
the eNOS via the PI3 K/Akt pathway to produce nitric oxide
in the endothelial cells without changing the expression of
the Akt and eNOS.??% Similarly, in the present study, flu-
vastatin increased the phosphorylation of Akt and eNOS in
the PVs and atrium from the Western blot analysis. The total
amount of the Akt and eNOS was not changed by fluvastatin.
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Figure 5. Western blot analysis of the PVs and atrium after the incubation
of fluvastatin (1 uM) for 2 hours. Panel (A) shows that the phosphorylation
of Akt and eNOS (n = 5) was increased without changes in the total protein
level of Akt (n = 3) and eNOS (n = 4) in the PV tissue preparations. The
total protein level of the nNOS (n = 6) decreased. Panel (B) shows similar
results in the atrium. The expression of nNOS was higher in the atrium than
in the PVs. *P < 0.05 versus without the fluvastatin administration. §P <
0.05 versus the baseline expression in the PVs.

The fluvastatin-induced phosphorylation of Akt and eNOS
would increase nitric oxide release. Furthermore, the admin-
istration of ODQ could attenuate the nitric oxide-induced
vasodilatation through preventing cGMP production.

Regulation of nNOS

The nNOS is expressed in cholinergic, nonadrenergic and
noncholinergic nerve terminals, specialized conduction tis-
sues of the heart, and sympathetic nerve terminals, where
it has been postulated to play a role in a catecholamine re-
lease and reuptake.?’-?® Basic research has shown that both
sympathetic and parasympathetic inputs with a neurotrans-
mitter release may serve as triggers for AF.>>30 In the present
study, the statins decreased the nNOS in either the atrium or
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the PVs. Through the regulation of the nNOS, the statins can
prevent AF by modulating the autonomic function.

This was the first study to demonstrate the different reg-
ulation effects of eNOS and nNOS caused by statins. Both
eNOS and nNOS were reported to decrease the cardiac in-
otropic function®!3? and induce vasorelaxation.'®!” The in-
creased phosphorylation of eNOS and decreased expression
of nNOS by statins lead to the hypothesis that the decreased
PV vascular tension and contractility of the atrium and PVs
were mainly caused by the eNOS activation rather than that of
nNOS. The antiarrhythmic effects, exerted by statins through
the nitric oxide and mechanoelectrical feedback, were due to
eNOS rather than nNOS. Moreover, we compared the expres-
sion of the Akt and NOS in the atrium and PVs and found a
higher expression of nNOS in the atrium. This finding may
be caused by the sparse expression of nNOS in the smooth
muscle.33* However, statins have a similar electrophysio-
logical effect and protein expression in the PV and atrium.
These results suggest that statins could not only prevent PV
arrhythmogenesis, but also might modify the atrial substrate
through a similar pathway.

Clinical Implications

The spontaneous activity of the PVs was reported to have a
arrhythmogenic potential for initiating and maintaining atrial
arrhythmias including atrial tachycardia from pulmonary
vein and AF8"!1:3% Suppression of spontaneous ectopic PV
activity by beta-blocker and calcium channel blocker was
associated with lower frequency of AF attack and focal atrial
tachycardia from PVs.® Fluvastatin produced nitric oxide
through a PI3kinase/Akt pathway that reduced the PV vas-
cular diastolic tension and decreased the PV spontaneous
firing, which might contribute to the prevention of atrial ar-
rhythmias from PVs.

Limitations

The present study suggests that statins may regulate the
PV electrical activity through a mechanoelectrial feedback.
However, more mechanisms should be involved in the statin’s
effects since there is an entire group of preparations absent
PV firing in which the statin affected the vascular diastolic
tension. It is possible that antioxidation or anti-inflammation
might also play a role. In addition, it is unclear to what extent
this observation represents a new mechanism or that it is part
of the antioxidative pathway of fluvastatin. Moreover, we
studied the effects of fluvastatin in superfused preparations;
thus, it is not elucidated about the effects of fluvastatin on
intravascular pressure or flow in vivo.

Conclusions

Fluvastatin produced nitric oxide through a PI3kinase/Akt
pathway that reduced the PV vascular diastolic tension and
decreased the PV arrhythmogenesis. These results may con-
tribute to the beneficial effects of statins on atrial arrhythmias
from PVs.
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