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Abstract
Electropharmacological effects of oseltamivir were studied in comparison
with pilsicainide using halothane-anesthetized dogs (n = 4) and isolated left
atrium of guinea pigs (n = 5). Oseltamivir (0.3, 3 and 30 mg/kg, i.v.) or
pilsicainide (1 and 3 mg/kg, i.v.) was additionally administered to the dogs.
The low dose of oseltamivir provided clinically relevant plasma
concentrations with Cmax of 4 μM. The low and middle doses of oseltamivir
increased cardiac output, whereas the middle dose increased blood pressure
and delayed intra-atrial conduction and ventricular repolarization. The high
dose of oseltamivir exerted negative chronotropic, inotropic and hypotensive
effects, while it delayed intra-atrial, atrioventricular nodal and intraventricular conduction and ventricular repolarization. Use-dependent delay of
ventricular repolarization was observed after oseltamivir, whereas reverse usedependent prolongation was induced by pilsicainide. Moreover, oseltamivir
more selectively suppressed intra-atrial conduction than intra-ventricular
conduction, which was less selective for pilsicainide. Action potential assay
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using isolated atrium indicated that oseltamivir (10 μM) decreased Vmax more
than pilsicainide (10 μM) and that oseltamivir (10–100 μM) prolonged action
potential duration, which was not induced by pilsicainide (1–10 μM). Thus,
oseltamivir in clinically relevant to its 10 times higher doses is relatively safe,
whereas 10–100 times higher doses possess unique electrophysiological
profile.
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Introduction
Oseltamivir is a potent and selective neuraminidase enzyme inhibitor and is one of the
most effective drugs against the novel influenza virus infection, which has gained
worldwide attention in view of the Influenza A (H1N1) pandemic, namely swine flu [1].
A previous large study of insurance records in the early 2000s showed no evidence of an
increased risk of cardiac, neuropsychiatric or respiratory events for patients receiving
oseltamivir compared with those who did not [2]. On the other hand, it was reported
recently that 2 cases, patients who had tolerated long-term sotalol, developed marked
QT-interval prolongation and required resuscitation from torsades de pointes during
oseltamivir treatment for H1N1 influenza [3]. Indeed in Japan, 80 fatalities have been
recorded during oseltamivir treatment, including 50 instances of sudden death and 8
cases of accidental death associated with abnormal behavior, although comparative data
from the control population were not available [4]. More recently, in order to clarify the
causal relationship between oseltamivir administration and sudden death, one study
using spontaneously breathing anesthetized rats was carried out and showed that 500–
1,000 mg/kg of intraduodenal injection of oseltamivir provoked ventilatory arrest
followed by cardiac arrest [5]; however, it is not fully understood whether oseltamivir
directly induces cardiac action or not [6].
In this study, we precisely examined the electropharmacological effects of oseltamivir
on the heart using the halothane-anesthetized canine model to clarify the extent of safety
margin of oseltamivir itself for the cardiovascular system. The model has been used for
simultaneously analyzing in vivo cardiohemodynamic and electrophysiological profiles
of various kinds of drugs under physiologically maintained mechanical and electrical
conditions [7–9]. To better analyze the electrophysiological effects of the drugs on the
depolarization and repolarization process, we recorded the His bundle electrograms and
monophasic action potentials (MAPs), respectively, in addition to assessing the ECG [7
–9]. Moreover, a MAP recording/pacing combination catheter was used to
simultaneously measure both MAP and effective refractory period at the same site and
directly compare the drug effects on the repolarization and refractoriness [7–9].
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During an exploratory experiment using the same model as used in this study, we
confirmed that a toxic dose of 30 mg/kg of oseltamivir inhibited atrioventricular nodal
and intra-ventricular conduction and delayed the ventricular repolarization. Therefore,
we selected an antiarrhythmic drug pilsicainide as a comparative drug, since pilsicainide
possesses potent Na+ and mild K+ channel blocking actions like flecainide and shows
directionally similar cardiac effects to those observed in our exploratory experiment [10,
11]. Moreover, since we found that the oseltamivir-induced conduction delay can be
more prominent in the atrium than in the ventricle or atrioventricular node, we explored
its underlying electrophysiological mechanisms using the in vitro left atrium of guinea
pigs. To our knowledge, this is the first report describing the electropharmacological
profile of oseltamivir in vivo and in vitro.

Materials and Methods
All experiments were performed according to the Guidelines for Animal Experiments
for Toho University.

Experiment 1
Eight beagle dogs of either sex, weighing approximately 10 kg, were divided into 2
animal groups, namely oseltamivir group (n = 4) and pilsicainide group (n = 4). The
animals were obtained through Kitayama Labes (Nagano, Japan).
Cardiohemodynamic Variables
The dogs were anesthetized initially with thiopental sodium (30 mg/kg, i.v.). After the
intubation with a cuffed endotracheal tube, 1 % halothane vaporized with 100 % oxygen
was inhaled with a volume-limited ventilator (SN-480; Shinano, Tokyo, Japan). The
tidal volume and respiratory rate were set at 20 ml/kg and 15 strokes/min, respectively.
Heparin calcium (100 IU/kg) was intravenously administered to prevent blood clotting.
A heparinized catheter was placed in the aorta through the right femoral artery for
continuous monitoring of the systemic blood pressure. A thermodilution catheter (TC504NH; Nihon Kohden, Tokyo, Japan) was positioned at the right side of the heart
through the right femoral vein. The cardiac output was measured by a standard
thermodilution method using a cardiac output computer (MFC-1100, Nihon Kohden).
The total peripheral resistance (TPR) was calculated by using the basic equation:
TPR = mean blood pressure/cardiac output. A pigtail catheter was positioned at the left
ventricle through the right femoral artery to measure the left ventricular pressure. The
maximum upstroke velocity of the left ventricular pressure (LVdP/dtmax) and the left
ventricular end-diastolic pressure (LVEDP) was obtained during the sinus rhythm to
estimate the contractility and the preload to the left ventricle, respectively.
Electrophysiological Variables
The surface lead II ECG was obtained from the limb electrodes. The corrected QT
interval (QTc) was calculated by using Van de Water’s formula:
QTc = QT − 0.087 × (RR−1000) [12]. A quad-polar electrodes catheter was positioned
at the non-coronary cusp of the aortic valve through the left femoral artery to obtain the
His bundle electrogram. A bidirectional steerable MAP recording/pacing combination

http://118.102.129.118:8080/uat_oxe/printpage.php?token=E5i23jeV7pjZvBnJQkYxlQ 2013/02/16

4/19 ページ

catheter (1675P; EP Technologies, Inc., Sunnyvale, CA, USA) was positioned at the
endocardium of the right ventricle through the left femoral vein to obtain MAP signals.
The signals were amplified with a DC preamplifier (model 300; EP Technologies, Inc.).
The duration of the MAP signals was measured as an interval, along a line horizontal to
the diastolic baseline, from the MAP upstroke to the desired repolarization level. The
interval (ms) at 90 % repolarization level was defined as MAP90.
The heart was electrically driven using a cardiac stimulator (SEC-3102; Nihon Kohden)
with the pacing electrodes of the combination catheter placed in the right ventricle. The
stimulation pulses were rectangle, 1–2 V (about twice the threshold voltage) and of 1 ms
duration. The MAP90 was measured during sinus rhythm (MAP90(sinus)) and at a pacing
cycle length of 400 ms (MAP90(CL400)) and 300 ms (MAP90(CL300)). The effective
refractory period of the right ventricle was assessed by the programmed electrical
stimulation. The pacing protocol consisted of 5 beats of basal stimuli in a cycle length of
400 ms followed by an extra stimulus of various coupling intervals. Starting in a late
diastole, the coupling interval was shortened in 5–10 ms decrements until refractoriness
occurred. The duration of the terminal repolarization period of the ventricle, reflecting
phase 3 repolarization of the action potential, was calculated by the difference between
the MAP90(CL400) and effective refractory period at the same site, which reflects the
extent of electrical vulnerability [7–9, 13].
Experimental Protocol
The systemic blood pressure, left ventricular pressure, ECG, His bundle electrogram and
MAP signals were monitored using a polygraph system (RM-6000; Nihon Kohden) and
analyzed using a real-time full automatic data analysis system (WinVAS3 ver 1.1R12;
Physio-Tech, Tokyo, Japan). Each measurement of ECG, MAP as well as atrio-His
(AH) and His-ventricular (HV) intervals was the mean of three recordings of
consecutive complexes. The cardiovascular variables were assessed in the following
order. The ECG, His bundle electrogram, systemic and left ventricular pressures and
MAP signal were recorded under the sinus rhythm. Next, the cardiac output was
measured twice. Then, MAP signals were recorded during the ventricular pacing at a
cycle length of 400 and 300 ms. Finally, the effective refractory period was measured.
All variables described above were usually obtained within 1 min at each time point.
After the basal assessment, oseltamivir in a low dose of 0.3 mg/kg was intravenously
administered over 10 min, and each variable was assessed at 5, 10, 15, 20 and 30 min
after the start of the infusion. Then, oseltamivir in a middle dose of 3 mg/kg, which is
close to a clinically recommended daily p.o. dose [1], was intravenously administered
over 10 min, and each variable was assessed in the same manner. Finally, oseltamivir in
a high dose of 30 mg/kg was intravenously administered over 10 min, and each variable
was assessed at 5, 10, 15, 20, 30, 45 and 60 min after the start of the infusion. On the
other hand, as another series of experiment, pilsicainide in a low dose of 1 mg/kg, which
is a clinically recommended i.v. dose [10, 11, 14, 15], was intravenously administered
over 10 min, and each variable was assessed at 5, 10, 15, 20 and 30 min after the start of
the infusion. Then, pilsicainide in a high dose of 3 mg/kg was intravenously
administered over 10 min, and each variable was assessed in the same manner.
Plasma Drug Concentration

http://118.102.129.118:8080/uat_oxe/printpage.php?token=E5i23jeV7pjZvBnJQkYxlQ 2013/02/16

5/19 ページ

A volume of 3 ml of blood was withdrawn from the left femoral artery to measure the
plasma concentration of oseltamivir. The blood samples were centrifuged at 1,500g for
30 min at 4 °C. The plasma was stored at −80 °C until the drug concentration was
measured. The samples in a volume of 50 μl were treated by adding 10 μl of 60% (v/v)
perchloric acid. After vortex mixing, the tubes were centrifuged at 15,000 rpm for
10 min. An aliquot of the supernatant (30 μl) was injected onto an analytical C18
reversed-phase column (250 × 4.6 mm, 5 μm, MightysilRP-18; Kanto Chemical, Tokyo,
Japan) maintained at 40 °C. The mobile phase in the HPLC system was 30 % (v/v)
acetonitrile in 10 mM phosphate buffer (pH 3.0) at a flow rate of 1.6 ml/min. The
elution profiles of oseltamivir were monitored by a UV detector at wavelength of
216 nm.

Experiment 2
The microelectrode recording of action potential configuration was performed using the
isolated atrium from guinea pig. All experiments were performed at 36.5 ± 0.5 °C.
Isolation of Atrium
The heart was isolated from a Hartley guinea pig, and its left atrium was quickly
dissected and placed in an organ bath containing Krebs–Henseleit solution of the
following composition (in mM): NaCl 118.4, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4
1.2, NaHCO3 24.9, glucose 11.1, gassed with 95 % O2/5 % CO2 (pH 7.4 at 37 °C).
Microelectrode Recording of Action Potential Configuration
The cardiac action potential configuration was recorded as previously described [16].
The isolated left atrium was driven at a constant frequency of 1 Hz using an electronic
stimulator (SEN-2201, Nihon Kohden) with rectangular current pulses, which were
about 1.5 times of the threshold voltage and 3 ms duration, through bipolar platinum
electrodes. The atrium was impaled with glass microelectrodes filled with 3 M KCl, and
the transmembrane potential was recorded with a microelectrode amplifier (MEZ-7101,
Nihon Kohden). The action potential signals were monitored by an oscilloscope (CS5135, Kenwood, Tokyo, Japan) and fed into a waveform analysis system (DSS98-type
IV, Canopus, Tokyo, Japan). The parameters measured were resting membrane
potential; overshoot; amplitude; action potential duration at 20 % (APD20), 50 %
(APD50) and 90 % (APD90) repolarization level; and maximum rate of phase 0
depolarization (Vmax). The effects of oseltamivir in concentrations of 10 and 100 μM and
those of pilsicainide in concentrations of 1 and 10 μM were assessed.
Drugs
In experiment 1, oseltamivir was extracted from Tamiflu® Capsule (Chugai
Pharmaceutical, Tokyo, Japan), which was dissolved with saline in concentrations of
0.3, 3 and 30 mg/ml. The dose of oseltamivir was calculated as its free base
(FW = 312.4). Pilsicainide hydrochloride hydrate (Sunrythm InjTM, Daiichi-Sankyo,
Tokyo, Japan) was purchased, which was dissolved with saline in concentrations of 1
and 3 mg/ml. The dose of pilsicainide was calculated as its hydrochloride hydrate form.
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The other drugs used were thiopental sodium (Mitsubishi Tanabe, Osaka, Japan),
halothane (Takeda, Osaka, Japan) and heparin calcium (Nihon Schering, Osaka, Japan).
In experiment 2, oseltamivir was also extracted from Tamiflu® Capsule, whereas
pilsicainide hydrochloride was purchased from Sigma-Aldrich (St. Louis, MO, USA).
The drugs were dissolved in distilled water, and small aliquots were added to the organ
bath to obtain desired final concentrations. All other chemicals were commercial
products of the highest available quality.

Statistical Analysis
Data are presented as the mean ± SE. The statistical significances within a parameter
were evaluated by one-way repeated-measures analysis of variance (ANOVA) followed
by contrasts for mean values comparison, whereas those of unpaired data between the
groups were evaluated by unpaired t test. A p value <0.05 was considered significant.

Results
Experiment 1
No animals exhibited any lethal ventricular arrhythmias or cardiohemodynamic
collapse, leading to the animal’s death during the experimental period, as shown in
Fig. 1. There was no significant difference in the respective control values between the
oseltamivir group (n = 4) and the pilsicainide group (n = 4) except for the mean blood
pressure, LVEDP or effective refractory period.
Fig. 1
Time course of plasma concentration (Plasma Conc.) of oseltamivir, and the number of
surviving animals without exerting the lethal ventricular arrhythmias or
cardiohemodynamic collapse. Data are presented as the mean ± SE for the plasma drug
concentrations (n = 4)

Plasma Drug Concentration

http://118.102.129.118:8080/uat_oxe/printpage.php?token=E5i23jeV7pjZvBnJQkYxlQ 2013/02/16

7/19 ページ

The time course of the plasma drug concentration of oseltamivir is summarized in
Fig. 1. The decrease in the plasma concentration of oseltamivir followed a pattern that
could be predicted by the two-compartment theory of pharmacokinetics. The peak
plasma concentrations of oseltamivir after 0.3, 3 and 30 mg/kg infusion were
1.2 ± 0.2 μg/ml (4 μM), 10.6 ± 0.8 μg/ml (34 μM) and 117.5 ± 7.2 μg/ml (376 μM),
respectively.
Effects on Hemodynamic Variables
The time courses of changes in the hemodynamic variables are summarized in Fig. 2
(n = 4 for each group). The pre-drug control values (C) of the heart rate, mean blood
pressure, cardiac output, TPR, LVdP/dtmax and LVEDP for the oseltamivir group were
107 ± 10 beats/min, 96 ± 3 mmHg, 1.40 ± 0.11 l/min, 70 ± 5 mmHg/(l/min),
2,049 ± 195 mmHg/s and 12.8 ± 1.4 mmHg, whereas those for the pilsicainide group
were 125 ± 6 beats/min, 104 ± 1 mmHg, 1.73 ± 0.26 l/min, 64 ± 8 mmHg/(l/min),
2,867 ± 321 mmHg/s and 8.8 ± 0.4 mmHg, respectively. In the oseltamivir group, the
low dose of 0.3 mg/kg increased the cardiac output for 15–20 min after the start of
infusion, whereas no significant change was detected in the other variables. The middle
dose of 3 mg/kg increased the mean blood pressure at 30 min and cardiac output at
20 min, whereas no significant change was detected in the other variables. The high
dose of 30 mg/kg decreased the heart rate for 10–15 min, mean blood pressure for 10–
20 min, cardiac output for 10–60 min and LVdP/dtmax for 5–60 min, but increased the
TPR for 5–60 min and LVEDP for 10–20 min. In the pilsicainide group, the low dose of
1 mg/kg increased the heart rate for 10–20 min, cardiac output at 20 min and
LVdP/dtmax for 20–30 min, whereas no significant change was detected in the other
variables. The high dose of 3 mg/kg increased the TPR at 5 min, but decreased the
cardiac output at 5 min, whereas no significant change was detected in the other
variables.
Fig. 2
Time courses of heart rate (HR), mean blood pressure (MBP), cardiac output (CO), total
peripheral vascular resistance (TPR), maximum upstroke velocity of left ventricular
pressure (LVdP/dtmax) and left ventricular end-diastolic pressure (LVEDP) in
oseltamivir group (left, n = 4) and pilsicainide group (right, n = 4). Data are presented
as the mean ± SE. Closed symbols represent significant differences from the
corresponding pre-drug control value (C) by p < 0.05
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Effects on the ECG Variables During the Sinus Rhythm
Typical tracings of ECG are depicted in Fig. 3, and the time courses of changes in the
ECG variables are summarized in Fig. 4 (n = 4 for each group). The pre-drug control
values (C) of the P-wave duration, PR interval, QRS width, QT interval and QTc for the
oseltamivir group were 58 ± 3 ms, 100 ± 7 ms, 62 ± 1 ms, 259 ± 1 ms and 296 ± 4,
whereas those for the pilsicainide group were 57 ± 2 ms, 94 ± 3 ms, 62 ± 1 ms,
249 ± 9 ms and 294 ± 7, respectively. In the oseltamivir group, no significant change
was detected after the low dose for any of the ECG variables. The middle dose
prolonged the p-wave duration for 10–30 min, whereas no significant change was
detected in the other variables. The high dose prolonged the p-wave duration, PR
interval and QRS width for 5–60 min, and QT interval and QTc for 10–15 min. The
peak increments in the p-wave duration and QRS width were +16 ms (+28 %) and
+8 ms (+13 %), which were observed at 15 min and 10 min after the high dose,
respectively. In the pilsicainide group, the low dose prolonged the p-wave duration for
10–20 min, PR interval for 10–15 min and QRS width at 10 min, whereas no significant
change was detected in the QT interval or QTc. The high dose prolonged each ECG
variable for 5–30 min. The peak increments in the p-wave duration and QRS width were
+25 ms (+44 %) and +19 ms (+30 %), respectively, which were observed at 10 min after
the high dose.
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Fig. 3
Typical tracings of lead II ECG during the sinus rhythm. Pre-drug control (Control;
Top) and 10 min after the start of oseltamivir infusion (Bottom) are shown. Note the
prolongation of p-wave duration, PR interval, QRS width and QT interval

Fig. 4
Time courses of P-wave duration (p wave); PR interval; QRS width; QT interval; QTc;
atrio-His (AH) and His-ventricular (HV) intervals; and duration of monophasic action
potential at 90 % repolarization level during the sinus rhythm (MAP90(sinus)) in
oseltamivir group (left, n = 4) and pilsicainide group (right, n = 4). Data are presented
as the mean ± SE. Closed symbols represent significant differences from the
corresponding pre-drug control value (C) by p < 0.05
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Effects on the AH and HV Intervals, and MAP Duration During the Sinus Rhythm
The time courses of changes in the AH and HV intervals, and MAP duration during the
sinus rhythm (MAP90(sinus)) are summarized in Fig. 4 (n = 4 for each group). The predrug control values (C) for the oseltamivir group were 74 ± 8 ms, 27 ± 2 ms and
243 ± 8 ms, whereas those for the pilsicainide group were 63 ± 5 ms, 29 ± 2 ms and
221 ± 6 ms, respectively. In the oseltamivir group, no significant change was detected
after the low or middle dose. The high dose prolonged the AH interval for 10–30 min,
HV interval for 5–60 min and MAP90(sinus) for 5–45 min. In the pilsicainide group, the
low dose prolonged the HV interval for 10–30 min and MAP90(sinus) for 10–15 and at
30 min, whereas no significant change was detected in the AH interval. The high dose
prolonged the AH and HV intervals, and MAP90(sinus) for 5–60 min.
Effects on the MAP90 During the Ventricular Pacing
The time courses of changes in MAP90(CL300) and MAP90(CL400) are summarized in Fig. 5
(n = 4 for each group). The pre-drug control values (C) of the MAP90(CL300) and MAP90
(CL400) were 216 ± 7 ms and 233 ± 8 ms for the oseltamivir group, whereas those of the
pilsicainide group were 201 ± 3 ms and 215 ± 3 ms, respectively. In the oseltamivir
group, no significant change was observed in these variables after the low dose. The
middle dose prolonged the MAP90(CL300) for 5–30 min, whereas no significant change
was detected in the MAP90(CL400). The high dose prolonged the MAP90(CL300) and MAP90
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for 5–60 min. The peak increments in the MAP90(CL300) and MAP90(CL400) were
+34 ± 2 ms and +33 ± 5 ms, respectively, which were observed at 10 min. In the
pilsicainide group, the low dose prolonged the MAP90(CL300) for 5–10 min and MAP90
(CL400) for 5–10 and at 30 min. The high dose prolonged the MAP90(CL300) and MAP90
(CL400) for 5–30 min. The peak increments in the MAP90(CL300) and MAP90(CL400) were
+38 ± 6 ms and +39 ± 6 ms, respectively, which were observed at 10 min.
(CL400)

Fig. 5
Time courses of duration of monophasic action potential at 90 % repolarization level
during the ventricular pacing at a cycle length of 300 ms (MAP90(CL300)) and 400 ms
(MAP90(CL400)); effective refractory period of the right ventricle (VERP); and terminal
repolarization period (TRP) in oseltamivir group (left, n = 4) and pilsicainide group
(right, n = 4). Data are presented as the mean ± SE. Closed symbols represent significant
differences from the corresponding pre-drug control value (C) by p < 0.05

Effects on the Effective Refractory Period and Terminal Repolarization Period
The time courses of changes in the effective refractory period and terminal
repolarization period are summarized in Fig. 5 (n = 4 for each group). The pre-drug
control values (C) of the effective refractory period and terminal repolarization period
for the oseltamivir group were 218 ± 4 ms and 16 ± 4 ms, whereas those for the
pilsicainide group were 196 ± 4 ms and 19 ± 2 ms, respectively. In the oseltamivir
group, no significant change was detected in these variables after the low or middle
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dose. The high dose prolonged the effective refractory period for 5–60 min, whereas
the terminal repolarization period tended to decrease, which did not achieve statistical
significance. In the pilsicainide group, no significant change was detected in these
variables after the low dose. The high dose prolonged the effective refractory period
for 5–30 min, whereas the terminal repolarization period tended to increase, which
did not achieve statistical significance.

Experiment 2
Effects on the Action Potential Configuration of the Left Atrium
Typical tracings of the effects of oseltamivir and pilsicainide on the configuration of
action potential were depicted in Fig. 6, and their effects are summarized in Table 1;
10 μM of oseltamivir decreased the resting membrane potential, overshoot, amplitude
and Vmax, but it increased the APD90, whereas no significant change was detected in
the APD20 or APD50. One hundred μM of oseltamivir decreased the resting membrane
potential, overshoot, amplitude and Vmax, but it increased the APD20, APD50 and
APD90. On the other hand, 1 μM of pilsicainide decreased the overshoot and
amplitude, whereas no significant change was detected in the other parameters;
10 μM of pilsicainide decreased the overshoot, amplitude and Vmax, whereas no
significant change was detected in the resting membrane potential, APD20, APD50 or
APD90.
Fig. 6
Typical tracings of effects of oseltamivir (100 μM; left) and pilsicainide (10 μM;
right) on the action potential configuration of the isolated left atrium from a guinea
pig electrically driven at 1 Hz. Closed circle represents the action potential
configuration 30 min after the drug application

Table 1
Effects of oseltamivir on action potential parameters

Oseltamivir 10 µM

Oseltamivir 100 µM

Before

Before

After

After
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RP (mV)

−80.1 ± 0.3

−77.3 ± 0.7*

−81.1 ± 0.5

−78.4 ± 0.6*

OS (mV)

28.9 ± 0.8

24.2 ± 1.1*

31.3 ± 1.0

27.2 ± 1.1*

AMP (mV)

109.0 ± 1.0

101.4 ± 1.7**

111.3 ± 0.6

105.5 ± 1.1*

APD20 (ms)

18.8 ± 1.5

18.1 ± 0.8

17.2 ± 2.0

23.2 ± 2.3**

APD50 (ms)

35.6 ± 2.5

34.1 ± 0.9

33.3 ± 3.0

45.6 ± 3.4***

APD90 (ms)

73.3 ± 2.1

75.7 ± 1.5*

71.0 ± 1.2

94.0 ± 3.3***

Vmax (V/s)

229.7 ± 9.7

159.9 ± 11.3**

236.3 ± 22.9

147.0 ± 10.3*

Pilsicainide 1 µM

Pilsicainide 10 µM

Before

After

Before

After

RP (mV)

−79.6 ± 1.5

−78.5 ± 1.2

−77.9 ± 1.2

−77.2 ± 1.1

OS (mV)

31.8 ± 0.7

30.3 ± 0.5*

31.8 ± 0.6

29.4 ± 0.6*

AMP (mV)

111.5 ± 1.7

108.7 ± 1.3**

109.8 ± 1.5

106.6 ± 1.2*

APD20 (ms)

21.0 ± 1.3

21.1 ± 2.1

18.5 ± 0.9

18.8 ± 1.1

APD50 (ms)

38.7 ± 1.8

37.6 ± 3.1

34.9 ± 1.3

33.9 ± 1.6

APD90 (ms)

75.5 ± 1.2

71.4 ± 2.3

77.8 ± 2.7

76.8 ± 2.5

Vmax (V/s)

214.8 ± 10.3

208.2 ± 18.3

222.2 ± 14.2

175.3 ± 13.9**

Action potential duration at 20 % (APD20), 50 % (APD50) and 90 % (APD90)
repolarization, RP resting membrane potential, OS overshoot, AMP amplitude and
maximum rate of phase 0 depolarization (Vmax). Data are mean ± SE of 5 experiments.
* p < 0.05; ** p < 0.01; *** p < 0.001, compared with corresponding control value
(before)

Discussion
Given the limited information on the cardiovascular profile of oseltamivir, in experiment
1 we assessed it by using the well-established halothane-anesthetized in vivo canine
model [7] in three escalating i.v. doses of 0.3, 3 and 30 mg/kg. The therapeutic dose of
oseltamivir in humans was reported to be 150 mg/body, p.o. per day [1]. The peak
plasma concentration (Cmax) of oseltamivir after the single p.o. administration doses of
37.5, 75, 150 and 300 mg to healthy volunteers was described to be 0.15, 0.36, 0.66 and
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1.38 μg/ml, respectively, in the interview form from the manufacturer. Therefore, the
doses of oseltamivir used in experiment 1 can be considered to provide clinically related
to supra-therapeutic levels of plasma drug concentrations as shown in Fig. 1. Moreover,
in experiment 2, we assessed the effects of oseltamivir in concentrations of 10 and
100 μM on the action potential configuration of the left atrium of guinea pigs in vitro.
Since the protein binding ratio in dogs was described to be <50 % in the interview form
from the manufacturer, the low and high concentrations used in experiment 2 can be
considered to be close to the peak concentrations after the middle and high doses in
experiment 1, respectively. On the other hand, since the intravenous infusion of 1 mg/kg
over 10 min is a clinically recommended dose for pilsicainide, and a therapeutic blood
concentration of pilsicainide in the experimental and clinical settings has been reported
to be around 1–3 μM [10, 11, 14, 15], the doses of pilsicainide in experiment 1 and
concentrations in experiment 2 may reflect clinically related to supra-therapeutic levels.

Cardiohemodynamic Effects
Administration of the low and middle doses of oseltamivir hardly affected the
cardiohemodynamic variables except for the mild but statistically significant increases
in cardiac output and blood pressure, indicating that oseltamivir lacks a suppressive
action on cardiohemodynamics at these doses. The high dose of oseltamivir decreased
the heart rate, ventricular contractile force and cardiac output, but increased the preload
to the ventricle, resulting in the decrease in the mean blood pressure together with the
increase in the total peripheral resistance, which has not been reported elsewhere. The
negative chronotropic and inotropic effects of oseltamivir could be the results of Ca2+
channel suppression and/or Na+ channel inhibition [7–9].
On the other hand, the low dose of pilsicainide exerted positive chronotropic and
inotropic effects, resulting in the increase in the cardiac output, whereas the high dose
transiently decreased the cardiac output together with the increase in the total peripheral
resistance. In a previous report using pentobarbital-anesthetized, open-chest mongrel
dogs [17], the intravenous injection of the same doses of pilsicainide exerted doserelated negative chronotropic and inotropic effects with hypotension. The discrepancy of
these in vivo observations on pilsicainide might be at least in part explained by the
difference in the experimental conditions, namely pentobarbital-anesthesia versus
halothane-anesthesia; open-chest versus closed-chest; mongrel versus beagle; and single
injection versus 10 min of infusion, respectively.

Electrophysiological Effects
During the sinus rhythm, oseltamivir at a low or middle dose did not induce any
electrophysiological change except for the prolongation of the P-wave duration (+7 %),
suggesting that oseltamivir may more selectively suppress intra-atrial conduction than
the other variables. Meanwhile, the low dose of pilsicainide prolonged both P-wave
duration (+16 %) and QRS width (+10 %). The high dose of oseltamivir as well as
pilsicainide prolonged each electrophysiological variable including P-wave duration, PR
interval, QRS width, QT interval, QTc, AH and HV intervals, and MAP90, as shown in
Figs. 4 and 5, suggesting their inhibitory actions on the Na+, Ca2+ and K+ channels in the
in situ heart based on the previous knowledge of the currently used canine model [7–9].
Such inhibitory effects of oseltamivir on ionic channels have not been reported, whereas
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those of pilsicainide are well known [10, 11]. More importantly, maximum percent
increases of P-wave duration and QRS width were +28 and +13 % for oseltamivir and
+44 and +30 % for pilsicainide, respectively, confirming that oseltamivir may more
selectively suppress the intra-atrial conduction than the intra-ventricular conduction,
which was less selective for pilsicainide.
We have further explored the underlying mechanisms of the oseltamivir-induced intraatrial conduction delay using in vitro left atrial preparations of guinea pigs. It should be
noted that the extent of 10 μM of oseltamivir-induced decrease of Vmax (−30 %) was
greater than that of 10 μM of pilsicainide (−21 %). Moreover, 10 μM of oseltamivir
prolonged APD90, which was not observed by 10 μM of pilsicainide. These results
suggest that oseltamivir may possess more potent blocking actions on atrial Na+ and K+
channels compared with pilsicainide.
The QT interval was prolonged after the high doses of oseltamivir and pilsicainide. The
QT prolonging effect of oseltamivir has not been reported before [2], whereas that of
pilsicainide is well known [10, 15]. As clearly shown in Fig. 5, the extent of
repolarization delay by oseltamivir was more prominent at a faster pacing rate, in which
the middle dose significantly prolonged MAP90(CL300) but not for MAP90(CL400),
indicating that oseltamivir can delay the repolarization process in a use-dependent
manner. This electrophysiological property of oseltamivir was quite different from those
of typical IKr channel blockers, since they delayed the repolarization process more
potently at a slower heart rate [7].

Proarrhythmic Potential
It has been reported that the prolongation of phase 3 repolarization will enhance the
chance of conduction slowing at a less complete repolarization level, which may be
associated with a high incidence of torsades de pointes [7–9, 13]. In the present study,
the extent of prolongation of MAP90(CL400) (+33 ms) by the high dose of oseltamivir was
smaller than that of effective refractory period (+37 ms), leading to an abbreviation of
the terminal repolarization period like amiodarone and canrenoate [7], whereas the
extent of prolongation of MAP90(CL400) (+39 ms) by the high dose of pilsicainide was
greater than that of effective refractory period (+32 ms), leading to a prolongation of the
terminal repolarization period. Thus, the risk of torsades de pointes may be less great for
oseltamivir than that for pilsicainide [7, 9, 13].
The potential toxic interaction between high doses of oseltamivir and class I and/or III
antiarrhythmic agents during pathologic conditions associated with influenza virus
infection deserves a comment, since oseltamivir was found to possess class I and III
actions in this study, and there is a clinical report that an addition of oseltamivir to
sotalol triggered torsades de pointes in 2 cases [3]. The potential for that oseltamivir
might increase the plasma concentration of sotalol is considered to be low, since neither
oseltamivir nor its active metabolite interacts with cytochrome P450 mixed-function
oxidases or glucuronosyltransferases [1]; more importantly, sotalol is not metabolized in
the liver [18]. An additional study is now ongoing using the same animal model system
to begin to explore the potential interaction between high dose of oseltamivir (30 mg/kg)
and therapeutic doses of sotalol (3 mg/kg). In a limited number of experiments (n = 2),
oseltamivir did not significantly enhance the extent of sotalol-induced QT-interval
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prolongation or bradycardia when oseltamivir and sotalol were co-administered,
suggesting that the sotalol-induced bradycardia might have attenuated the use-dependent
QT-interval prolongation of oseltamivir. The present results together with this additional
observation suggest that oseltamivir by itself will not induce the excessive QT-interval
prolongation, whereas oseltamivir might possibly raise the risk of QT-interval
prolongation when co-administered with class I and/or III antiarrhythmic drugs that lack
bradycardiac potential. Moreover, one can speculate that oseltamivir might have at least
in part enhanced the sotalol-induced QT-interval prolongation in patients with influenza
virus infection, in whom fever-induced tachycardia would have been present.

Conclusions
The present study indicates that the acute single i.v. infusion of clinically relevant to 10
times higher doses of oseltamivir is relatively safe, whereas its 10–100 times higher
doses possess unique electrophysiological profile, including the use-dependent
prolongation of the ventricular repolarization process and more selective suppressive
effects on the intra-atrial conduction than on the intra-ventricular conduction. The most
significant clinical finding arising from this study involves the potential toxic interaction
between oseltamivir and some class I and/or III antiarrhythmic agents in the presence of
pathologic conditions associated with influenza virus infection such as fever-induced
tachycardia, dehydration and renal dysfunction.
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