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ABSTRACT

Although fatal arrhythmia and sudden death have been reported in
patients taking sildenafil citrate, its effects on defibrillation efficacy as well as
arrhythmia induction have not been investigated. The aim of this study was
to test the hypotheses that sildenafil citrate (1) increases the shock strength
required to successfully defibrillate during ventricular fibrillation (VF), (2)
increases the upper limit of vulnerability (ULV), (3) decreases the VF
threshold (VFT) and (4) nitric oxide augments these effects of sildenafil.
Methods: Sixty-three pigs (25-30 kg) were used in this study. For drug tests,
2 concentrations of sildenafil were used: 100 mg (supratherapeutic level) and
50 mg (therapeutic level). Saline was used as a vehicle. Three experimental
series were designed to test the defibrillation thresholds (DFT, series 1,
n=18), the ULV and the VFT (series 2, n=24) as well as the effects of
combined nitric oxide and sildenafil on these parameters (series 3, n=21). In
series 1 and 2, pigs were divided into groups which received either 50 mg or
100 mg sildenafil or saline. In series 3, pigs were divided into groups similar
to series 1 with an addition of nitroglycerine in all groups. Results: In series
1, the DFT was increased after 100-mg sildenafil infusion, accounting for a
reduction of ~19% by peak voltage and ~38% by total energy. In series 2,
the ULV was increased (~28% by voltage and ~56% by total energy),
whereas the VFT was decreased (~36% by voltage and ~52% by total
energy) after 100-mg sildenafil infusion. In series 3, nitroglycerine did not
alter the effects of 100-mg sildenafil on the DFT. Both 50-mg sildenafil and
saline did not alter any measured parameters. Conclusion: Supra-
therapeutic concentration of sildenafil citrate significantly increased the DFT
and the ULV and decreased the VFT. These findings indicate that this
concentration of sildenafil can decrease the defibrillation efficacy and increase

myocardial vulnerability to VF.
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Ventricular fibrillation (VF) kills thousands of victims and is mainly
responsible for sudden cardiac death. Electrical defibrillation is the only
effective clinical treatment of this fatal arrhythmia. It has been demonstrated
that a number of pharmacological therapies have significantly affected the
therapeutic strategies during defibrillation. Therefore, extensive investigation

has been done in the past to understand the benefit as well as the adverse
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effects of each drug on defibrillation efficacy. Among them, sildenafil citrate is
of interesting since it is a fairly new drug and its use is growing around the
world, including Thailand. This drug is primarily known to effectively treat
erectile dysfunction (ED). In addition, many studies have suggested that
high-dose sildenafil citrate may be of benefit as an effective treatment in
patients with pulmonary hypertension. More reports have also suggested
other possible benefits of sildenafil in treating various diseases such as
cognitive impairment.

Although sildenafil citrate has been shown to be an effective treatment
for ED and possibly other diseases, cases of sudden cardiac death have
been reported in patients taking sildenafil citrate. These reports raised
concerns that sildenafil citrate may increase the risk of cardiovascular events,
leading to VF and sudden -cardiac death. Recent reports already
demonstrated its potential in causing fatal arrhythmogenic events. With an
increasing use of sildenafil citrate in men with erectile dysfunction, more
cases of sudden cardiac death caused mainly by VF in this same group have
been reported.

Since the age group that uses sildenafil is also in the same age group
of having a high-risk of cardiovascular diseases, it is important to know the
effects of this drug on cardiac electrophysiology, especially its effects on the
defibrillation efficacy. Due to the reports of proarrhythmic effects that could
lead to VF of sildenafil citrate and that defibrillation is the only effective means
of terminating VF, its effect on defibrillation efficacy must be investigated so
that proper precaution and management in this group of patients can be
made. The research proposed in this grant will be the first to study this
electrophysiological effect of this drug. The findings from this study will
provide valuable information regarding the defibrillation mechanisms as well
as the effects on defibrillation efficacy and resuscitation.

In this study, the unavailable electrophysiological evidence regarding

the arrhythmogenic effects as well as the effects of sildenafil on the
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defibrillation efficacy were investigated using a well-accepted human-like
animal model in a clinical setting laboratory. Also, since it is known that
nitrate or any nitric oxide donor drugs cannot be used in conjunction with
sildenafil due to its vasodilatory effect, the electrophysiological effects of these
two drugs given together were investigated. This later issue is important
since there are patients taking these two drugs together even though they are
contraindicate to be used in combination. Therefore, in this study we
investigated whether nitric oxide donor could worsen the electrophysiological

effects caused by sildenafil citrate.

Iagiszasa

To determined the effect of sildenafil citrate and the combined nitric
oxide donor and sildenafil on the defibrillation efficacy as well as their effects
on the arrhythmogenesis of VF. The following hypotheses will be tested.

Hypothesis #1:Acute sildenafil citrate administration significantly
decreases the defibrillation efficacy.

Hypothesis #2: Acute administration of combined sildenafil citrate and
nitric oxide donor significantly decreases the defibrillation efficacy more than
the administration of sildenafil alone.

Hypothesis #3: Acute sildenafil citrate administration causes the heart to
be vulnerable to VF.
s21dgUI598

The effect of sildenafil citrate and the combined sildenafil and nitric
oxide donor on the defibrillation efficacy as well as on the fatal arrhythmic
induction were investigated using a well-accepted human-like animal model.
All of the cardiac electrophysiologic parameters such as defibrillation
threshold, the VF threshold, the upper limit of vulnerability, the diastolic
pacing threshold, and the effective refractory period were tested before (i.e.

control) and after drug administration. Other vital parameters including heart

11
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rate and arterial blood pressure were recorded and compared between two

groups.

NAN13392
Effects of Sildenafil Citrate on Defibrillation Efficacy

Although fatal arrhythmia and sudden death have occasionally been
reported in patients taking sildenafil citrate, its effect on defibrillation efficacy
has not been investigated. The aim of this study was to test the hypothesis
that sildenafil citrate increases the shock strength required to successfully
defibrillate during ventricular fibrillation (VF). Methods: Eighteen pigs (20-25
kg) were divided into three groups (n=6 in each group). In each group, the
defibrillation threshold (DFT) was determined at the beginning of the study
using a three-reversal up/down protocol. Each shock (RV-SVC, biphasic) was
delivered after 10 seconds of VF. Group 1 received 50-mg and Group 2
received 100-mg of sildenafil citrate intravenously at a rate of 2 ml/min for 50
min. Group 3 received 100 ml of saline intravenously at the same rate as in
group 1 and 2. The DFT was determined again after the drug (drug-DFT) and
saline (saline-DFT) administration. Results: For 100-mg sildenafil citrate
infusion, the DFT (478+162 V, 19+12 J) was significantly (P<0.003 and
P<0.01, respectively) higher than the control-DFT (371+147 V, 1249 J). This
sildenafil citrate infusion increased the DFT ~29 % by voltage, and ~58 % by
total energy. After 50-mg sildenafil citrate infusion, the DFT (402+21 V, 12+1
J) was not different than the control DFT (394+30 V, 12+2 J). Saline infusion
did not alter the DFT. Conclusion: The 100-mg sildenafil citrate infusion,
representing a supra-therapeutic plasma level, significantly increased the
DFT. This finding indicates that VF occurring during supra-therapeutic
sildenafil citrate treatment would require a much stronger shock to

successfully defibrillate.

12
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Effects of Combined Sildenafil-Nitric Oxide Donor on Defibrillation
Efficacy

Previous study demonstrated that supra-therapeutic concentration of
sildenafil citrate attenuates defibrillation efficacy. However, the effect of
combined sildenafil and NTG administration on defibrillation efficacy is not
known. The present study investigated whether sildenafil administration at
the therapeutic level increases the defibrillation threshold (DFT) when
combined with NTG. Method: Twenty-four pigs (20-25 kg) were assigned
into four groups. After the control DFT was obtained, a stock solution of 50-
mg (group 1, therapeutic concentration) and 100-mg (group 2, supra-
therapeutic concentration) of sildenafil, and 100-mL of saline (groups 3 and 4)
were infused at 2 mL/min. Then, NTG was administered in groups 1-3 at 5
Mg/min, with an increment of 5 pg/min every 5 min. The DFT was determined
again after NTG was infused for 20 minutes. Results: In group 1, the DFT
(402+33V, 11+2J) was not different from the control-DFT (404+28V, 11+2J).
In group 2, the DFT (521+18V, 19+1J) was higher (P<0.004) than that in the
control (444+31V, 14+2J). Saline did not alter the DFT, either individually or
in combination with NTG. Conclusion: Supratherapeutic dose of sildenafil-
NTG combination significantly increased the DFT (17% of peak voltage, 37%
of total energy). This effect on DFT appears to be driven by sildenafil and not

NTG.

Effects of Sildenafil Citrate on the Induction of Ventricular Fibrillation and
Upper Limit of Vulnerability

Sildenafil citrate at supra-therapeutic level has been reported to
decrease defibrillation efficacy. However, its effects on the inducibility of
ventricular fibrillation and the upper limit of vulnerability (ULV) have never
been investigated. We tested the hypothesis that sildenafil citrate reduces the
ventricular fibrillation threshold (VFT) and increases the ULV. Methods:

Twenty-one pigs (25-30 kg) were randomly assigned into three groups (n=7

13
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each). A solution containing 100 mg (group I) or 50 mg (group Il) sildenafil
citrate or 100 cc saline (group Ill) was infused intravenously in each pig. A
train of 10 S1s was delivered from an RV electrode and an S2 stimulus was
delivered at the peak of the T-wave of the last S1 activation to determine the
VFT and ULV, before and after drug administration. Results: The 100 mg
sildenafil citrate significantly (P < 0.03) decreased VFT, accounting for ~36%
by peak voltage and ~52% by total energy, and significantly (P < 0.009)
increased ULV, accounting for ~28% by peak voltage, and ~56% by total
energy. Conclusion: Supra-therapeutic concentration of sildenafil citrate
significantly decreased the VFT and increased the ULV, resulting in an

expansion of the VF induction window during the vulnerable period.
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Sudden cardiac death is a major health concern in most nations
around the world, including Thailand.1’ 2 It is mainly caused by ventricular
fibrillation (VF).1'6 Currently, the only effective clinical treatment for this lethal
arrhythmia is electrical defibrillation, i.e. a method that applies a high voltage
electric shock to the heart. Although the use of an automatic external and
internal defibrillator has been shown to decrease the mortality rate, many
sudden death victims will still not be resuscitated, in some cases because the
shock fails to defibrillate. Therefore, there is still a great need to improve
defibrillation. At this time the shock strength that is needed to defibrillate
patients with VF is still very high. A goal that investigators in this field try to
achieve is to lower the defibrillation shock strength, i.e. the defibrillation
threshold (DFT), that can still successfully defibrillate. If the DFT could be
decreased, myocardial tissue will be less injured by the shock delivered to the
heart. This is very important.

Currently, a number of pharmacological therapies have been used as a
primary treatment or as a concommittent drug for therapeutic purposes.
Among them, sildenafil citrate is of interesting since its use is growing based
on the rising of prescription of this drug around the world, including Thailand.
This drug is primarily known to treat erectile dysfunction (ED).7 Although ED
was once diagnosed and treated primarily by urologists, primary care
physicians and other specialists such as cardiologists now write ~80% of the

prescriptions for sildenafil citrate.8 In addition, many studies have suggested

that high-dose sildenafil citrate may be of benefit as an effective treatment in

patients with pulmonary hypertension.z’ More reports have also

suggested other possible benefits of sildenafil in treating various diseases

e . 11
such as cognitive impairment.
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Although sildenafil citrate has been shown to be an effective treatment
for ED and possibly other diseases, cases of sudden cardiac death have
been reported in patients taking sildenafil citrate since the approve of the use
of this drug from the FDA in 1998.13 These reports raised concerns that
sildenafil citrate may increase the risk of cardiovascular events in men with
ED and cardiovascular disease. Recent reports on the adverse effects of this
drug have been published concerning its potential fatal arrhythmogenic
events.m'15 With an increasing use of sildenafil citrate in men with erectile
dysfunction, more cases of sudden cardiac death caused mainly by VF in this
same group have been reported. Furthermore, growing evidence suggest
that sildenafil citrate is an effective agent for treating pulmonary arterial
hypertension, leading to an increased use of this drug.m'21

Extensive investigations are now in progress attempting to understand
its mechanisms on the adverse effects of cardiovascular system and its
relations to the cardiovascular mortality and sudden cardiac death. Despite
these numerous investigations, the investigation on the effects of sildenafil
citrate on the defibrillation efficacy has never been studied. Furthermore, its
effects on the arrhythmogenesis of VF using a human-like model have never
been investigated. Our preliminary data indicated that high concentration of
sildenafil is harmful (see preliminary data section in this proposal).

Since previous studym-15 indicate the possible arrhythmogenic events
as well as VF caused by sildenafil and that defibrillation is the only effective
clinical treatment for VF, it is also very important to know the effects of
sildenafil on the defibrillation efficacy. The information gained from this study
will be novel and will provide valuable information and benefits for both
clinicians as well as patients. These new findings will lead to proper
managements in patients treated with this drug (i.e. ED and/or pulmonary
hypertension) and that appropriate therapeutic strategies can be provided.

In this study, the unavailable electrophysiological evidence regarding

the arrhythmogenic effects as well as the effects of sildenafil on the
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defibrillation efficacy were investigated using a well-accepted human-like
animal model in a clinical setting laboratory. Also, since it is known that
nitrate or any nitric oxide donor drugs cannot be used in conjunction with
sildenafil due to its potent vasodilatory effect,22 the electrophysiological effects
of these two drugs given together were also investigated. This later issue is
important since there are patients still taking them together even though they
are contraindicate. Therefore, in this study we investigated whether nitric
oxide donor could worsen the electrophysiological effects caused by sildenafil
citrate.
Janiszasazaslasenis

To determined the effect of sildenafil citrate and the combined nitric
oxide donor and sildenafil on the defibrillation efficacy as well as their effects

on the arrhythmogenesis of VF. The following hypotheses will be tested.

Hypothesis #1:
Acute sildenafil citrate administration significantly decreases the
defibrillation efficacy.

Previous studies have suggested that sildenafil citrate may have
arrhythmogenic effects. Our preliminary data (see page 27) also
indicated that sildenafil could significantly decrease the defibrillation
efficacy. However, whether this effect is dose dependent is not known.
Therefore, we will test the hypothesis that high-dose sildenafil citrate
(100-mg infused intravenously) could deteriorate defibrillation efficacy

more than lower-dose sildenafil (50-mg infusion).

Hypothesis #2:
Acute administration of combined sildenafil citrate and nitric
oxide donor significantly decreases the defibrillation efficacy more

than the administration of sildenafil alone.

17



Tyl RSA4980001

Since nitric oxide donor is contraindicate to be used with
sildenafil citrate. In this proposal, we will test the hypothesis that
nitrate can worsen the defibrillation efficacy even at lower-dose of

sildenafil citrate.

Hypothesis #3:
Acute sildenafil citrate administration causes the heart to be
vulnerable to ventricular fibrillation.
Recent report in isolated swine right ventricle indicated that
high-dose sildenafil caused fatal arrhythmias. However, no preclinical
study of this effect has been investigated. In this proposal, we will use

the human-like animal model to test this hypothesis.

HaswITENAgIT 0

Ventricular fibrillation (VF) is responsible for sudden cardiac death that
kills thousands of people each year.1'6 In the US, sudden cardiac death is
responsible for over 400,000 deaths annually. In Thailand, over 23,000 cases
of sudden cardiac death has been reported each year, most of them are
caused by VF. Currently, electrical defibrillation is the only effective means
for terminating VF. Pharmacological defibrillation is known to be ineffective.6
Furthermore, some anti-arrhythmic drugs are now known to cause
arrhythmias and can be responsible for VF and sudden cardiac death when
used in some patients. Up til now, there are a number of pharmacological
interventions that have been demonstrated to affect the efficacy of electrical
deﬁbrillation.6 Some have been shown to improve defibrillation efficacy.6 The
others, however, have been shown to worsen the defibrillation efficacy. It is
important that the later group has to be used with serious precautions since it
will make the defibrillation much more difficult and that the chance of saving

lives could be at stake. Therefore, the use of any drug, particularly the drug
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known to affect cardiovascular system, has to be extensively investigated and
be certain that it will not have adverse electrophysiological effects. The two
most important adverse electrophysiological effcts caused by the drug are the
worsening of defibrillation efficacy and an increase in vulnerability to fatal
arrhythmias, especially VF.  Therefore, the better we understand the
fundamental mechanisms of the effects of drugs on defibrillation and fatal
arrhythmia induction, the more likely it is that we will be able to devise
strategies to prevent these proarrhythmogenic effects of any drug to occur in

patients. Hence, more lives can be saved.

Why are we interested in sildenafil citrate and defibrillation?

Sildenafil citrate is a highly selective inhibitor of cGMP-specific
phosphodiesterase type 5 (PDE-5) and has been widely used for the
treatment of erectile dysfunction (ED).23 The prevalence of moderate to
complete ED has been reported to be >30% in men aged 40 to 70 years.24
These age ranges are also in the same age group of cardiovascular disease
patients. It has been shown that ED is a common health concern among
patients with cardiovascular disease.7 According to the Massachusetts Male
Aging Study (MMAS), 34.8% of men aged 40 to 70 years have moderate to
complete ED, and 15% of men aged 70 have complete ED.24 As of today,
sildenafil is one of several drugs of choice used to treat this abnormality.
Furthermore, growing evidence suggest that sildenafil citrate is an effective
agent for treating pulmonary arterial hypertension, leading to an increased
use of this drug.16'19 Reports by the U.S. Food and Drug Administration
(FDA) have shown the incidence of significant cardiovascular events,
including sudden cardiac death, associated with the use of sildenafil citrate.8

In the past few years, the cardiovascular effects of sildenafil citrate
have been investigated extensively in both animal and clinical studies. These
include a number of studies that investigated the effects of sildenafil citrate on

cardiac electrophysiological alterations that could cause VT/VF and sudden

19



Tyl RSA4980001

cardiac death.25-27 A recent report by Swissa et al indicated that
administration of sildenafil citrate at a supra-therapeutic level combined with a
nitric oxide donor could cause arrhythmia in isolated swine right ventricles.27
Despite these extensive investigation, the effect of sildenafil citrate on the
defibrillation efficacy has never been reported to date. Furthermore, its
effects on the arrhythmogenesis has never been tested in a human-like
animal model using a clinical setting. It is well accepted that these two
effects of any drug could change the perspective of the use of that drug and
that this information could significantly affect the treatment strategies in
patients being treated with the drug. With an increasing use of sildenafil
citrate together with more cases of sudden cardiac death caused mainly by
VF in this same group, it is essential to know how the drug affects

defibrillation efficacy.

Erectile dysfunction and cardiovascular diseases

Erectile dysfunction is a common health concern among patients with
cardiovascular disease.7 According to the Massachusetts Male Aging Study
(MMAS), 34.8% of men aged 40 to 70 years have moderate to complete ED,
and 15% of men aged 70 have complete ED.24 The risk of ED has been
shown to markedly increase with age, with a high prevalence of ED found in
patients with cardiovascular disease. Greenstein and colleagues have shown
that there is a significant correlation between the severity of ED and the
number of vessels involved in patients with coronary artery disease (CAD).28
The age-adjusted prevalence of complete ED has been reported to be 1.5
times higher in men with hypertension than in the entire population studied.24
Epidemiologic studies have reported that ED is commonly found in smokers,
diabetics and patients with hypercholesterolemia; thus, ED shares important
risk factors with CAD.29 A report by Khan and colleagues also found that

patients with CAD and peripheral vascular disease have an increased

prevalence of ED.30
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Use of sildenafil citrate in patients with cardiovascular diseases

Sildenafil citrate is a cGMP-specific PDE-5 inhibitor.”” PDE-5, which is
located primarily in the cavernous body, thrombocytes and vascular smooth
muscle cells, degrades c:GMP.20 Thus, by inhibiting phosphodiesterase-5
(PDE-5), sildenafil citrate selectively increases cGMP Ievels.31 It shows far
less affinity for other phosphodiesterase isozymes, including PDE-1, which is
abundant in ventricular myocytes.32 However, concern about adverse
cardiovascular effects remains since PDE-5 inhibitors promote vasodilation,
and thus have the potential to cause hypotension.33 This concern has been
greatest for elderly patients with pre-existing cardiovascular disease.
Although several studies indicated that the use of sildenafil citrate was safe
and that a single oral dose had no significant hemodynamic effect in
cardiovascular disease patients,34’ % the ACC/AHA consensus statement
recommended that patients taking sildenafil citrate with combinations of
antihypertensive drugs (such as calcium-channel blockers, R-blockers,
diuretics and angiotensin-converting enzyme inhibitors) be alerted to the
possibility of hypotension, particularly patients with congestive heart failure.36
The Princeton Consensus Panel concluded that patients with well-controlled
hypertension can be safely managed with approved medical treatments for
ED.37 However, concomitant use of nitrates is considered to be an absolute
contraindication for the use of sildenafil citrate.22 Nitrates are prescribed in
several different forms, including sublingual nitroglycerin, oral isosorbide
mononitrate or dinitrate, nitropatch and nitropaste, all of which have been
associated with a prolonged decrease in blood pressure when used
concomitantly with sildenafil citrate.22 Nitrates are metabolized in vessel walls,
where they release nitric oxide. Sildenafil citrate prolongs the vasodilatory
effects of nitrates by decreasing the breakdown of nitric oxide's main effector,
cGMP. It is not known how much time must elapse between administration of
sildenafil citrate and administration of nitrates to avoid significant hypotensive

effects, but it has been suggested to assume an interval of at least 24
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hours.22 Nitroprusside also causes vasodilatation by nonenzymatic release of
nitric oxide, and thus is predicted to have a synergistic hypotensive effect with

sildenafil citrate.22

Effects of sildenafil citrate on cardiac contractility, blood pressure and
heart rate

Sildenafil citrate belongs to a class of compounds called PDE
inhibitors. PDEs comprise a diverse family of enzymes that hydrolyze cyclic
nucleotides (cAMP and cGMP) and therefore play a critical role in the
modulation of second messenger signaling pathways.20 Sildenafil citrate is a
highly selective (~4,000-fold) inhibitor of human PDE-5 over human PDE-3.22
This is important because inhibitors of PDE-3 (the isozyme involved in the
regulation of cardiac contractility), such as milrinone, vesnarinone and
enoximone, which have been used in patients with heart failure, are generally
associated with an increased incidence of cardiac arrhythmias and other
serious side effects.”” The cardiotoxic effects of PDE-3 inhibitors are thought
to be related to an increase in intracellular cAMP in the myocardium.sg’ 0
However, PDE-5 is thought to be absent in cardiac myocytes.22 Corbin and
colleagues demonstrated in both dog and human hearts that sildenafil citrate
was unlikely to directly produce an inotropic effect on cardiac muscle.41
However, recent electrophysiological studies have demonstrated significant
cardiac cellular electrophysiologic alterations caused by sildenafil citrate (see
details on the next topic).” "

Systemic and pulmonary arterial and venous smooth muscle cells
contain PDE-5. However, sildenafil citrate causes only a mild and transient
decrease in blood pressure (8-10 mmHg for systolic blood pressure and 5-6
mmHg for diastolic blood pressure).22 The peak effects are evident 1 h after
the dose is given and last for approximately 4 hours.22 Heart rate and cardiac

output are not significantly affected. Along with a mild decrease in systemic

vascular resistance and afterload, there is also a mild decrease in preload

22



Tyl RSA4980001

and stroke volume due to venous vasodilatation. These effects are not
dependent upon age or dose (within the range of 25 to 800 mg).22 In a study
of patients with severe coronary artery disease, Herrmann and colleagues
confirmed that the hemodynamic effects of sildenafil citrate (when taken

alone) are not associated with clinically significant hypotension.43

Cardiac electrophysiological effects of sildenafil citrate

Previously, sildenafil citrate has been shown to have no effect on the
hemodynamic responses to exercise or change the incidence of ventricular
arrhythmias in men with cardiovascular disease and ED.44 Recent studies
have also demonstrated that oral administration of 50 mg of sildenafil citrate
does not affect QT dynamic properties,45 and may reduce arrhythmia severity
during ischemia 24 hours after oral administration in dogs.46 However, due to
the increased use of sildenafil, together with the reports of sudden cardiac
death related to the use of this drug, extensive basic investigations have been
performed in the past few years to elucidate the cardiac electrophysiologic
effects of sildenafil citrate.”” ** **

Geelen and colleagues demonstrated that sildenafil citrate induces a
dose-dependent block of the rapid component of the delayed rectifier
potassium current (IKr).26 They also reported that sildenafil citrate can have
an action similar to that of class Ill antiarrhythmic drugs.26 It is known that
this class of antiarrhythmic drugs can cause fatal arrhythmia and sudden
cardiac death in some groups of patients. However, these effects are
observed at concentrations that may be found in conditions of impaired drug
elimination such as renal or hepatic insufficiency, during co-administration of
another CYP3A4 inhibitor, or after drug overdose.42 Prolonged cardiac
repolarization caused by sildenafil citrate as demonstrated in this study could
result in malignant ventricular arrhythmias and lead to sudden cardiac death
in some of these patients.42 Furthermore, Swissa and colleagues

demonstrated that a combination of sildenafil citrate and a nitric oxide donor
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significantly increases VT/VF vwvulnerability in the normal right ventricle of
swine.27 More recently, Chiang and colleagues demonstrated that sildenafil
citrate dose-dependently blocks L-type Ca2+ currents (lc,.), but has no effect
on persistent Na’ c:urrents.25 They also demonstrated that in supra-
therapeutic concentrations, sildenafil citrate accelerates cardiac repolarization,
presumably via its blocking effect on ICa,L.25 All of these findings suggest that
sildenafil significantly affects cardiac electrophysiological properties and may

facilitate arrhythmias and VF.

Effect of sildenafil citrate on defibrillation efficacy

Although a number of studies have been performed to investigate the
electrophysiological effects of sildenafil citrate, its effects on the defibrillation
efficacy is still unknown. It is important to note that growing number of
evidence indicates the arrhythmogenic effect of sildenafil citrate, particularly
that involves VF and sudden cardiac death. Since defibrillation is the only
means to treat VF, it is essential to know the effect of this drug on the
efficacy of defibrillation. If sildenafil improves defibrillation efficacy, this will
provide an additional benefit to the existing ones that already have. However,
if sildenafil worsen the efficacy, this information will provide important
information for clinicians as well as patients to be aware of the fact that VF
occurring in patients being treated with this drug may require an even higher
strength shock to successfully defibrillate. Ultimately, the benefits will be to

the patients as well as to the medical community.

Effect of sildenafil citrate on VF induction by T-wave shocks

It is known that VF can be induced by delivering a strong stimulus or a
shock during the vulnerable period of a cardiac cycle, i.e. T-wave on the
ECG.”™ It has been shown that there is the lower limit of a stimulus
strength than can induce VF when delivered during the T-wave. This strength

is known as the VF threshold (VFT). When the strength of a stimulus is
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increased, VF can still be induced up until at the strength when VF is no
longer induced when delivered during the T-wave. This strength is known as
the upper limit of vulnerability (ULV). Figure 1 illustrates the relationship

between the VFT and the ULV.

vulnerable period

—~———

1 Upper Limit of

I

T Vulnerability
| (ULV)
I

Shock strength

VF Threshold

Figure 1: lllustration of the ULV and the VFT. (From: Chattipakorn N,
Ideker RE. Mechanism of defibrillation. In: Aliot E, Clementy J, and
Prystowsky EN, eds. Fighting Sudden Cardiac Death: A Worldwide
Challenge.* New York: Futura Publ. Co., Inc. ISBN 0-87993-460-3)

The window of VF induction is important in the determination of
arrhythmogenesis during the vulnerable period. It has been shown that the
vulnerability to arrhythmias will be decreased if the VFT is raised and/or the
ULV is reduced. Although previous study indicated the arrhythmogenic effect
of sildenafil,27’ > this adverse effect has never been tested in the human-like
animal model. Therefore, in addition to the investigation on the defibrillation
efficacy, both the VFT and the ULV were determined in this study to
investigate the effect of sildenafil citrate on the vulnerability to fatal

arrhythmia.

25



Tyl RSA4980001
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Because the ultimate goal is the clinical application of the findings from
this research, it is necessary to use fairly large animals, such as pigs, to
maintain similarities to human cardiac anatomy. Since pigs have been used
in much research on arrhythmias and defibrillation, using this species also
makes it possible to compare the results from the proposed research to other
work. 3-6, 51, 52

The number of animals was justified by performing a Chi square
calculation based on previous results performed by the principle investigator.
At least six pigs were to be used in each study group in order to justify
statistical significant comparison. Healthy pigs weighing approximately 20-30
kg, of both sexes, were used. All animals were managed, monitored, and
maintained under physiologic conditions by a veterinarian in the operating
room at the Cardiac Electrophysiology Research and Training Center, Faculty

of Medicine, Chiang Mai University.

General Methods

Each pig was pre-anesthetized with a combination of atropine (0.04
mg/kg), telazol (4.4 mg/kg), xylazine (2.2 mg/kg) injected intramuscularly.
After a 15-minute waiting period, a suitable ear vein was cannulated. Normal
saline was infused through a 18g. teflon catheter in the previously cannulated
ear vein at a rate of 2-5 ml/kg throughout the experiment. The pig in a
restrained dorsally recumbent position was then intubated with a cuffed
endotracheal tube and mechanically ventilated (volume controlled, tidal
volume = 12 ml/kg) at rate of 10-15 cycles/min. The pig was anesthetized
with 1.5-3.0% isoflurane delivered in 100% oxygen. The animal was
instrumented for electrocardiogram (ECG), arterial blood pressure, oxygen
saturation and temperature monitoring. Water heated pad was used to

maintain body temperature at 37 + 1 degree celcius.
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Arterial blood pressure from left femoral artery, ECG, blood gases, pH
and electrolytes, oxygen saturation, end-tidal volume level of CO,, and
temperature were monitored and maintained within acceptable physiologic
ranges by giving intravenous sodium bicarbonate or, preferably, by adjusting
ventilation parameters as needed. Succinylcholine (2 mg/kg loading, 0.5
mg/kg/hr maintenance) was administered intravenously to minimize skeletal
muscle contraction during defibrillation testing. At the end of the study, the

animal was euthanized by VF.

Electrode Placements

The right ventricular (RV) coil and the superior vena cava (SVC) caoll
catheters (Guidant, Inc.) were inserted into the right and left external jugular
vein respectively. Under fluoroscopic guidance, the electrodes were advanced to
proper positions (RV apex and SVC). Then, the catheters at the venotomy site
were secured to stabilize their positions. The electrode at the tip of the RV

catheter was used as a pacing electrode for VF induction (Figure 2).

Pacing eIectrocIe at Right ventricular
the catheter tip electrode

Figure 2: Fluoroscopic image of the heart with electrodes placed at designated

sites.
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Mehods used in the defibrillation protocol

In this protocol, we tested two hypotheses. We investigated whether
acute sildenafil citrate administration significantly decreases the defibrillation
efficacy. We also tested the hypothesis that acute administration of combined
sildenafil citrate and nitric oxide donor significantly decreases the defibrillation

efficacy more than the administration of sildenafil alone.

VF Induction

After all electrodes were inserted into the animal, we waited for the
animal to return to normal physiological condition (~15 minutes). To begin the
study protocol, VF was induced by delivering a 60-Hz alternating current via the
electrode at the tip of the RV catheter for 3-5 seconds. This would lead the
whole ventricles into VF. We then let the VF run for 10 seconds before the

defibrillation shock was delivered to defibrillate.

The Determination of the Defibrillation Threshold

The defibrillation threshold (DFT) was determined by delivering a shock
(biphasic) from a research defibrillator (Ventak ECD, Guidant, Inc.) after 10
seconds of VF using a modified up/down protocol as described previously.6
Briefly, the initial shock strength was chosen at 400 V. In the event of
successful defibrillation, the leading edge voltage was decreased in 80 V
steps per defibrillation attempt untili a first reversal from successful
defibrillation to failure was achieved. If the initial shock was unsuccessful, the
voltage would be increased in 80 V steps per defibrillation attempt until a
reversal from failed to successful defibrillation is achieved. At each reversal
point the algorithm would be iterated in the opposite direction except that after
the first reversal the voltage step size would be diminished to 40 V and 20V
for a total of three reversals. The DFT is defined as the lowest energy
required for successful defibrillation of VF after three reversal points, when

the next lower setting failed to defibrillate the heart.
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During the DFT determination, if the shock failed to defibrillate, a
rescue shock (600-700 Volts) would be delivered to successfully defibrillate
the heart. A period of 4 minutes would be allowed between each VF
induction so that the heart could return to physiologic conditions (i.e. normal

blood pressure and heart rate).6

Drug Administration

Sildenafil citrate (Pfizer) was obtained in a tablet form (50 and 100
mg). Both sildenafil 50 mg and 100 mg would be glided and dissolved in
100-ml normal saline just before each experiment to form a stock solution.
Therefore, two different concentrations of sildenafil were obtained to be
injected intravenously according to the assigned group. The rate of infusion
was 2 ml/min over 50 minutes. It has been shown that intravenous
administration of 50-mg sildenafil citrate represents approximately 100-mg
sildenafil taken orally as recommended dose, whereas 100-mg sildenafil

infusion will be at supratherapeutic dose (~>200 mg taken oraIIy).23’ >

For the groups that have the combination of sildenafil and nitric oxide
donor, after the end of sildenafil infusion, nitroglycerine would be slowly drip
intravenously beginning at 3 ml/hour (5 microgram/min) and would be
increased in a 3-ml/hour step every 5 minutes. If the systolic blood pressure
falls to 20 mmHg below the baseline systolic pressure, the increment would
be ceased. Instead, the rate would be decreased at 3-ml/hr step every 5
minutes until the systolic blood pressure was within the accepted range (From
Khan, M Gabriel: cardiac Drug Therapy, 5th ed. London, WB Sauders Co.,
2000).

To confirm that the DFT alteration was caused by the drug(s), not by
the solution used to dissolve the drug or the deterioation of the model, the
same amount of normal saline would be infused into the animal for DFT

determination in another group of pigs. Also, nitroglycerine alone would be
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tested in another set of pigs to test if it has an effect on the defbrillation
efficacy. And if so, we would see whether it has additive effect to the

sildenafil.

Methods used in the arrhythmogenic study protocol

In this protocol, instead of the DFT, the upper limit of vulnerability

(ULV) as well as the VF threshold (VFT) were be determined.

VF was induced by delivering a strong shock (S2) during the T-wave of
a paced rhythm. This method has been prescribed elsewhere.u'49 In brief,
the ventricles were paced by delivering a train of a 5-ms square pulse (S1)
via the electrode at the tip of the RV catheter at a 300-ms interval. The
strength of the pulse would be 2x diastolic pacing threshold. The interval
between the last S1 and the mid T-wave would be determined and used as
the coupling interval between the last S1 and an S2 shock. The strength of
the S2 shock would start at 100V. The increment of 20-V would be used for
each successive shock until VF was induced. The lowest shock strength that
can induce VF was called the VF threshold (VFT). When VF was induced, a
period of 4 minutes would be allowed before the next S2 shock was
delivered. After the first VF induction, the increment step would be 100V until
VF was no longer induced. The S2 shock strength that did not induce VF
would then be decreased in 40V steps until VF was induced again. Then, the
S2 shock would be increased in 20-V steps until VF was no longer induced.
The last S2 shock strength that did not induce VF was called the upper limit
of vulnerability (ULV).

Basic cardiac electrophysiological measurements
In each pig, the electrophysiologic parameters such as the diastolic
pacing threshold (DPT) and the effective refractory period (ERP) were

determined at the beginning of the study and after the drug administration.
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These parameters were measured at the left ventricular apex, where the pacing

electrode was located.

Statistical Analysis

Comparisons of data (DFT, VFT, ULV, DPT, ERP, heart rate, systolic
blood pressure) between different groups were performed using an analysis of
variance. When statistical significance was found, individual differences were
analyzed with a Fisher’s post-hoc test. Differences was considered significant

when P < 0.05.

AanN1INaaay
Effects of Sildenafil Citrate on Defibrillation Efficacy

The weight of the pigs used in this study was 23.3+2 kg. The total
number of shocks delivered to each animal was 13+1. The average number
of shocks delivered to the animal before the DFT was obtained was 7+1 in
the control group and 6+1 in the sildenafil citrate and saline injected group.

In group 1, the delivered leading-edge voltage and total energy for the
control DFT was 394+30 V and 12+2 J, respectively. Drug-DFT (402+21 V
and 12+1 J) was not different (Figure 3A) than the control DFT (P = 0.6 and
0.7 for leading-edge voltage and total energy, respectively). There were no
significant changes in the impedance and pulse width between the two DFT
groups (Figure 3B). The heart rate as well as the systolic blood pressure
before and after drug infusion were not different (P = 0.3 and 0.1,

respectively, Figure 3C).
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Figure 3. The DFT, systolic blood pressure, and heart rate before and after a
50-mg sildenafil citrate infusion. Panel A: The delivered voltage and total
energy for the DFT. The delivered voltage and total energy for the drug DFT
was not different than the control DFT. Panel B: The impedance and pulse
width measured in two groups. There was no difference in the impedance
and pulse width between the two DFT groups. Panel C: The heart rate and
systolic blood pressure measured before and after drug infusion. There was
no difference in the heart rate and systolic blood pressure between the two

groups.
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In group 2, the delivered leading-edge voltage and total energy for the
control DFT was 371+147 V and 12+9 J, respectively. Drug-DFT (478+162 V
and 19+12 J) was significantly higher than the control DFT (P<0.003 and
P<0.01 for leading-edge voltage and total energy, respectively, Figure 4A). A
100-mg sildenafil citrate infusion significantly increased the DFT ~29% by
leading-edge voltage and ~58% by total energy. The impedance and pulse
width of the drug-DFT group were not different (P = 0.8 and 0.4 for the
impedance and pulse width, respectively) from the control group (Figure 4B).
The heart rate as well as the systolic blood pressure before and after drug
infusion were not different (P = 0.1 and 0.5, respectively, Figure 4C).

In group 3, the delivered leading-edge voltage and total energy for the
control DFT was 404+28 V and 13+2 J, respectively. Saline DFT (406+21 V
and 13+1 J) was not different (Figure 5A) than the control DFT (P = 0.9 and
0.9 for leading-edge voltage and total energy, respectively). There were no
significant changes in the impedance and pulse width (P = 0.1 and 0.2 for the
impedance and pulse width, respectively) between the two DFT groups
(Figure 5B). The heart rate as well as the systolic blood pressure before and
after saline infusion were not different (P = 0.4 and 0.1, respectively, Figure

5C).
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Figure 4. The DFT, systolic blood pressure, and heart rate before and after a
100-mg sildenafil citrate infusion. Panel A: The delivered voltage and total
energy for the DFT. The delivered voltage and total energy for the drug DFT
was significantly higher than the control DFT. *P <0.003 vs control DFT; **
P <0.01 vs control DFT. Panel B: The impedance and pulse width measured
in two groups. There was no difference in the impedance and pulse width
between the two groups. Panel C: The heart rate and systolic blood pressure
measured before and after drug infusion. There was no difference in the

heart rate and systolic blood pressure between the two groups.
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Figure 5. The DFT, systolic blood pressure, and heart rate before and after a
100-ml saline infusion. Panel A: The delivered voltage and total energy for
the DFT. The delivered voltage and total energy for the saline DFT was not
different than the control DFT. Panel B: The impedance and pulse width
measured in two groups. There was no difference in the impedance and
pulse width between the two DFT groups. Panel C: The heart rate and
systolic blood pressure measured before and after drug infusion. There was
no difference in the heart rate and systolic blood pressure between the two

groups.
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Effects of Combined Sildenafil-Nitric Oxide Donor on Defibrillation
Efficacy

The average weight of the pigs used in this study was 26 + 1 kg. The
total number of shocks delivered to each animal was 13 + 1. The average
number of shocks delivered to the animal before obtaining the DFT was 6 + 1
in the control group and 6 + 1 in the drug (sildenafil-NTG) or saline (either
individually or in combination with NTG) injected groups.

In group 1, the peak voltage and total energy for the control DFT was
404 + 28 V and 11 + 2 J, respectively. After 50-mg of sildenafil-NTG
infusion, the DFT (402 + 33 V, 11 + 2 J) was not different from the control
DFT (P = 0.7 and P = 0.9, respectively, Table 1). Both the impedance and
pulse width were not changed after drug administration. The systolic blood
pressure after 50-mg of sildenafil-NTG infusion was significantly lower than
that in the control (P < 0.05, Table 1). However, the heart rate before and
after drug administration was not significantly different (Table 1).

In group 2, the peak voltage and total energy for the control DFT was
444 + 31 V and 14 + 2 J, respectively. After 100-mg of sildenafil-NTG
infusion, the DFT (521 + 18 V, 19 + 1 J) was significantly higher than that in
the control group (Table 1). The 100-mg of sildenafil-NTG infusion
significantly increased the DFT by 17% of the leading-edge voltage and 37%
of total energy. No changes in the impedance and pulse width were found in
this group. The systolic blood pressure after 100-mg of sildenafil-NTG
infusion was significantly lower than that in the control (P < 0.05, Table 1).
The heart rate before and after drug administration was not different (P =

0.3).
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TABLE 1. DFT and hemodynamic parameters measured before and after
drug (sildenafil-NTG) or saline (either individually or in combination with NTG)

administration.

Group | Group Il Group 111 Group IV
Parameters
50-mg 100-mg 100-mL 100-mL
Control Sildenafil Control Sildenafil Control Saline Control Saline
+ NTG + NTG +NTG only

Delivered 404+28 402+33 444+31 521+ 18" 424 +26 427+34 439+14 417+ 17
Voltage (Volts)

Total Energy 11+2 11+2 14+2 19+ 1 12+2 13+2 14+1 13+1
(Joules)

Impedance 61+2 61+2  60+2 59+3  62+2 62+1 61+3  58+3
(Ohm)

Pulse Width 15+1 15+1 15+1 15+1 15+1 15+1 16+1 15+1
(msec)

Systolic BP 97+3  84+3" 89+4  76+4" 106+3 95+5° 90+3 102+ 3
(mmHg)

HeartRate ~ 88+4  94+5 106+4 95+7  99+4  100+7 106+2 116+6
(bpm)

* = P<0.05 vs. control in the same group
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In group 3, the peak voltage and total energy for the control DFT was
424 + 26 V and 12 + 2 J, respectively. Saline DFT (427 + 34 V, 13 + 2 J)
was not different from that in the control group (Table 1). The systolic blood
pressure after saline-NTG infusion was significantly lower than that in the
control group (P < 0.05, Table 1). The impedance, pulse width, and heart
rate before and after drug administration were not different (P = 0.7).

In group 4, the peak voltage and total energy for the control DFT was
439 + 14 V and 14 + 1 J, respectively. Saline DFT (417 + 17 V, 13 + 1 J)
was not different from that in the control group (Table 1). The impedance
and pulse width were not altered after drug infusion. The systolic blood
pressure after saline infusion was significantly higher than that in the control
group (P < 0.05, Table 1). However, the heart rate before and after drug

administration was not different (P = 0.1).

Effects of Sildenafil Citrate on the Induction of Ventricular Fibrillation and
Upper Limit of Vulnerability

The basic electrophysiological parameters such as DPT, S1-S2
coupling interval, and ERP were not different before and after sildenafil citrate
or saline administration in each group (Table 2). For hemodynamic
parameters, both concentrations of sildenafil citrate significantly reduced
systolic blood pressure, diastolic blood pressure and mean arterial blood
pressure (Table 2). However, heart rate (HR) was not changed in both
groups.

For the VFT, 100 mg sildenafil citrate significantly decreased the VFT
peak voltage and total energy compared to the control (Table 3). The percent
reduction is ~ 36% by peak voltage and ~ 52% by total energy. However,
neither 50 mg sildenafil citrate nor saline changed the VFT parameters
compared to the control (Table 3).

For the ULV, 100 mg sildenafil citrate significantly increased ULV peak

voltage and total energy compared to the control (Table 4), accounting for an
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increment of ~28% by peak voltage and ~56% by total energy. The 50 mg
sildenafil citrate and saline did not change the ULV compared to the control
(Table 4).

The VF induction windows in each pig were calculated by subtracting
both voltage and energy of the VFT from the ULV. The mean VF induction
windows before and after sildenafil citrate and saline administration are shown
in Table 5. The VF induction windows were expanded after 100 mg sildenafil
citrate administration, compared to the control (Table 5). However, the VF
induction window was not affected by 50 mg sildenafil citrate or saline

administration (Table 5).
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Table 2:Basic electrophysiological parameters, blood pressure and heart rate before and after sildenafil and saline

administration.

Group | Group Il Group 111
Control 100-mg Control 50-mg Control 100-mL Saline
Sildenafil Sildenafil
Parameters
Diastolic pacing threshold (mA) 1.1+0.8 1.2+0.8 06+0.3 0.7+0.2 0.5+0.2 0.6+0.2
S1-S2 coupling interval (ms) 317+35 315+28 283 + 36 292 + 36 256 + 30 264 + 32
Effective refractory period (ms) 251 + 37 280 £ 39 247 + 29 261 + 32 229 + 29 247 £ 24
Systolic BP (mmHg) 116 + 18 94+12t 106 + 9 86+12* 120 + 12 129+ 22
Diastolic BP (mmHg) 77+ 17 59+11+% 63+6 51+9° 76+ 12 82+19
Mean arterial BP (mmHg) 90 + 18 70+12¢ 787 62+9" 70+6 5112
Heart rate (bpm) 99 + 33 90+ 32 90+ 16 9819 103 + 14 106 £ 7

*=P<0.01 vs.control
t=P<0.05 vs.control




Table 3: Ventricular Fibrillation Threshold (VFT) before and after sildenafil and saline administration.

Group | faroup 11 Giroup 111
VT Comtrol 106-mg Contral 3-mg Control 1€#}-ml.
Sildenafil Sildenalil Suline
Feak voltoge 107£29 69+ 32% Mt e w17 418
(¥}
Totol energy N8£03 0420.3% 0.6%0.3 N3+04 VRIEA VR 01200
n
Tmpedance 127 T3k6 G0t 9 6711 7ot 4 T £ 10
{ohm)
Pulse width 181 181 172 1722 1623 172
{ms)

* =P < 0.03 vs. control




Table 4:

The Upper Limit of Vulnerability (ULV) before and after sildenafil and saline administration.

Group 1 Group 11 Group 11
ULV - : ‘
Control 100-mg Contral Slme Control 10¢-ml.
Hildcnafil Rildenafil Haling
Peak vollage 2+ 52 436 1 39%F 414 £ 147 446 & 125 397 £ 61 403+ 3%
(¥}
L'otol energy Qt2 14+ 4% 14%12 1611 123 122
1
Impedance ShESH S E ] [ B e 7 o827 [ X4
(o)
Pulse width 17+ 1 17+ 1 162 161 18%1 17%1
(ms)

* =P < 0.009 vs. control
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Table 5: The mean ventricular induction window widths (ULV-VFT) among the three groups.
Group | Group Il Group 11
Parameter Control 100-mg sildenafil Control 50-mg sildenafil Control 100-mL saline
Voltage 235+ 29 367 + 40* 330+ 152 372 +132 359 + 69 362+ 35
(Volts)
Energy 8§+2 14 + 47 14+12 16 +11 12+3 12+2
(Joules)

* =P < 0.001 vs. control

T =P < 0.004 vs. control
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Effects of Sildenafil Citrate on Defibrillation Efficacy

The major findings of the present study are as follows: (1) Intravenous
administration of 100-mg sildenafil citrate significantly increased the DFT; (2)
infusion of 50-mg sildenafil citrate and saline did not change the DFT; and (3)
There were no changes in the heart rate or the systolic blood pressure after
saline, 50-mg or 100-mg sildenafil citrate administration.

In the past few years, cardiac electrophysiological effects of sildenafil

26, 45, 46, 52-54
These effects

citrate have been investigated extensively.4’
include its ability to decrease the threshold of ventricular tachyarrhythmias
and prolong the cardiac repolarization.27 However, its effect on the
defibrillation efficacy has never been reported. To the best of our knowledge,
the present study is the first to investigate the effect of sildenafil citrate on
defibrillation efficacy. Our results demonstrate that intravenous administration
of 50-mg sildenafil citrate (~100-mg taken orally3) does not affect the DFT.
However, 100-mg sildenafil citrate administered intravenously (~ >200-mg
taken oraIIy53) significantly increased the DFT. These findings suggest that a
dose-dependent effect on the DFT exists, in which the administration of the
drug at a supra-therapeutic dosage, but not at a therapeutic dosage,
increases the DFT. Supra-therapeutic concentrations of sildenafil citrate have
been shown to have harmful effects in patients with conditions such as
impaired drug elimination or drug overdose.55 A recent study using isolated
swine right ventricles demonstrated that the threshold for ventricular
tachyarrhythmia was decreased with the administration of a high dose
sildenafil citrate combined with a nitric oxide donor.27 Geelen et al have
demonstrated that sildenafil citrate induces a dose-dependent block of the
rapid component (/,) of the delayed rectifier potassium current.26 Shakir et al
reported that sildenafil citrate exerted direct cardiac electrophysiological
effects similar to class Ill antiarrhythmic drugs at concentrations that may be

found in conditions of impaired drug elimination, during co-administration of
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CYP3A4 substrate/inhibitor, or after drug overdose, and suggested a potential
explanation for sudden death during sildenafil treatment.42 The present study
indicates that sildenafil citrate at supra-therapeutic dosage can increase the
DFT, a previously unreported adverse effect of this drug.

The increase in the DFT after supra-therapeutic sildenafil citrate
administration could be due to its effects on cellular electrophysiological
alterations in cardiomyocytes. Sildenafil citrate is known to inhibit PDE-5,
causing a net increase in intracellular cGMP concentrations.23’ % Musialek et
al demonstrated that an increase in cellular cGMP could stimulate the
pacemaker current, which may promote an “automatic” tachycardia.44 At a
supra-therapeutic plasma level, sildenafil citrate could also prolong cardiac
repolarization of ventricular myocardium by blocking Ik, in a dose-dependent
manner.26 Furthermore, Chiang and colleagues have shown that at supra-
therapeutic concentrations, sildenafil citrate accelerates cardiac repolarization
in Purkinje fibers and papillary muscle by blocking ICa,L36. These
electrophysiological changes could cause an increase in the dispersion of
refractoriness of the myocardium, facilitating unidirectional block, leading to
reentry and eventually VF.26’ % Future defibrillation studies such as cardiac
mapping are necessary to elucidate the mechanism of increased DFT by

supra-therapeutic doses of sildenafil citrate.

Effects of Combined Sildenafil-Nitric Oxide Donor on Defibrillation
Efficacy

It was shown previously that sildenafil at the supra-therapeutic level in
combination with nitric oxide donor promotes fatal arrhythmias.27 In that
study, sildenafil alone was not arrhythmogenic even at a supra-therapeutic
concentration, suggesting that nitric oxide may play a role in the
arrhythmogenicity of sildenafil. Recently, sildenafil demonstrated an increase
in the DFT when a supra-therapeutic dose was given intravenously, but not

when the therapeutic dose was administered.57 However, the effect of the
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sildenafil-nitric oxide donor combination on defibrillation efficacy has never
been investigated. To the best of our knowledge, our study is the first to
investigate the effect of sildenafil-nitric oxide donor on defibrillation efficacy.
Our results demonstrated that intravenous administration of 50-mg of
sildenafil (i.e. representing the therapeutic plasma Ievel53 in combination with
NTG does not affect the DFT.

Since our previous study demonstrated that 50-mg of sildenafil alone
does not affect the DFT when administered intravenously, the results of this
study indicate no detrimental effect of added NTG on defibrillation efficacy.
Furthermore, this study demonstrated that the combination of 100-mg of
sildenafil (i.e. a supra-therapeutic plasma Ievel53 and NTG significantly
increased the DFT when administered intravenously. It was shown previously
that the intravenous administration of 100-mg of sildenafil alone significantly
increased the DFT by 19% of voltage and 38% of total energy.57 In this
study, a combined 100-mg of sildenafil-NTG raised the DFT by 17% of
voltage and 37% of total energy. Since the results from using 100-mg of
sildenafil alone or 100-mg of sildenafil-NTG combination demonstrated a
similar percentage of DFT increment by both voltage and total energy, these
findings indicate no beneficial or worsening effect of added NTG on
defibrillation efficacy over sildenafil administered in a supra-therapeutic dose.

Many studies have been carried out to validate the cardiac
electrophysiological effects of sildenafil. " *% °% By using human ether-a-
go-go-related gene (HERG)-transfected HEK293 cells, Geelen and colleagues
26demonstrated that sildenafil at the supra-therapeutic level prolongs cardiac
repolarization by blocking the rapid component of the delayed rectifier
potassium current (/). Accordingly, sildenafil should be expected to improve
defibrillation efficacy by lowering the DFT, as do most other I, blockers, such
as sotalol and dofetilide.58’ > However, a recent study performed by Chiang
and colleagues25 showed different findings. They demonstrated that sildenafil

at a therapeutic concentration neither blocked I, and Il in guinea pig
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ventricular myocytes, nor prolonged cardiac repolarization in guinea pig
papillary muscles and canine purkinje fibers. Moreover, they also found that
sildenafil at supra-therapeutic concentrations caused shortening of cardiac
repolarization, presumably through its blocking effect on lCa,LZS. In an in vivo
study using a canine model, Sugiyama and colleagues demonstrated that
intravenous administration of sildenafii at therapeutic to moderate
supratherapeutic concentrations did not affect the action potential duration.56
Therefore, the definite effect of sildenafil on cardiac ion channels must be
investigated further and the discrepancy of results verified. Nevertheless, our
previous study,57 and this present study, demonstrated the undesired effect
on defibrillation efficacy of the supra-therapeutic plasma level of sildenafil.

In this study, the increase in the DFT after the combination of 100-mg
of sildenafil and NTG administration could be due to its effects on cellular
electrophysiological alterations in cardiomyocytes. Sildenafil is known to
inhibit PDE-5, causing a net increase in intracellular cGMP concentrations.23’
%0 Musialek and colleagues61 found that an increase in cellular cGMP could
stimulate the hyperpolarization-activated inward current (/), which may
promote an “automatic” tachycardia.61 However, the constant heart rate after
sildenafil administration at both therapeutic and supratherapeutic
concentrations reported in the present study suggests that this mechanism
should not be the cause of a high DFT. At supra-therapeutic concentrations,
sildenafil blocks I, and accelerates cardiac repolarization25, which may
possibly lead to a shortening of the action potential duration (APD) and
effective refractory period (ERP). These electrophysiological changes could
be responsible for an attenuation of defibrillation efficacy, resulting in the
increase in the DFT found in this study. As for the sildenafil-NTG
combination, Yoo and colleagues recently reported that sildenafil did not
augment NTG to increase the plasma cGMP concentration in dogs.62 This
might explain no augmentative effect of NTG on defibrillation efficacy when

given at either 50-mg or 100-mg of sildenafil, as reported in this study.
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Further defibrillation studies such as cardiac mapping are necessary to
elucidate the mechanism of increased DFT by supra-therapeutic doses of

sildenafil.

Effects of Sildenafil-NTG Combination on Arterial Blood Pressure and
Heart Rate

PDE-5 is not only found in the vasculature of the corpus cavernosum,
but also the systemic arteries and veins throughout the body.8 Accordingly, all
PDE-5 inhibitors act as mild vasodilators. It has been shown that the blood
pressure-lowering effects of sildenafil are dependent on the degree of the
drug-activated nitric oxide-guanylate cyclase pathway.zz’ % In a previous
clinical study, when sildenafil was administered orally at doses of 100, 150,
and 200 mg in healthy volunteers, the mean maximum decrease in upright
SBP was ~10 mmHg, with the maximum change occurring 3 hours after
dosing.53 Although the SBP was significantly decreased, the heart rate was
not affected.

In this study, 50-mg of sildenafil-NTG, 100-mg of sildenafil-NTG and
saline-NTG administration significantly decreased systolic blood pressure (~12
+ 2 mmHg reduction). The heart rate was not altered after 50-mg and 100-
mg of sildenafil-NTG and saline (either individually or in combination with
NTG) administration. These results on the hemodynamic effects of sildenafil

: . . 51, 57, 64
are consistent with previous reports.

Effects of Sildenafil Citrate on the Induction of Ventricular Fibrillation and
Upper Limit of Vulnerability

In this study, VF inducibility was obviously facilitated as indicated by
the reduction in the VFT after an administration of a supra-therapeutic
concentration of sildenafil citrate. Moreover, the ULV was increased after
administering a supra-therapeutic concentration of sildenafil citrate, indicating

that for a delivered shock, a higher shock strength above the VFT is required
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to reach the level at which VF is no longer induced during the vulnerable
period of the cardiac cycle. Furthermore, both VFT reduction and an
increased ULV evidently indicated that the VF induction window during the
vulnerable period was widened by administering a supra-therapeutic
concentration of sildenafil citrate.

Our findings slightly differed from Swissa et aI.27, which tested the
effects of sildenafil citrate in a slab of pig’s right ventricle and reported that
VT/VF was promoted only by administration of a high concentration of
sildenafil citrate together with nitric oxide (NO). Using a swine model, it has
been shown that a supra-therapeutic concentration of sildenafil citrate alone
can decrease defibrillation ef'ficacy.57 Furthermore, the present study also
demonstrated that VFT is decreased and the ULV is increased after
administration of a supra-therapeutic concentration of sildenafil citrate alone.27
also found that neither the action potential duration (APD) nor the ERP were
affected by any concentration of sildenafil citrate used in their study (0.2-
2ug/ml). In the present study, we found no change in the ERP after either
concentration of sildenafil citrate administration, a finding consistent with
previous reports from clinical studies that QT interval is not changed after
sildenafil citrate administration.” " = *°

A previous study demonstrated that a supra-therapeutic concentration
of sildenafil citrate decreased defibrillation efficacy by increasing the DFT.”
Similar to that report, only supra-therapeutic concentration of sildenafil citrate
affected the VFT and the ULV in the present study. From this finding, it is
revealed that only a supra-therapeutic concentration of this drug could
facilitate VFT induction and decrease defibrillation efficacy. It is possible that
supra-therapeutic concentration of sildenafil citrate has different effects on
cardiac repolarization in various parts of the heart, as previously
demonstrated by Geelen and coworkers and Chiang and colleagues.zs’ % A

study from Geelen group demonstrated that cardiac repolarization was

prolonged by supra-therapeutic concentration of sildenafil citrate in isolated
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guinea pig hearts.26 Rapid component (l,,) of the delayed rectifier potassium
current was inhibited by supra-therapeutic concentration of sildenafil citrate in
HERG-transfected HEK 293 ceIIs.26 However, in guinea pig papillary muscles
and canine Purkinje fibers, Chiang et al. demonstrated that cardiac
repolarization was shortened by high concentrations of sildenafil citrate
without any effect on I current.25 Instead, they found that supra-therapeutic
concentrations inhibited calcium current (lc,;) in guinea pig ventricular
myocytes.25 Additionally, Chiang et al. have demonstrated that sildenafil
citrate did not affect I, current and did not change the QRS duration,
suggesting that the drug did not influence the conduction velocity.

All of these findings suggest that sildenafil citrate could cause
myocardial substrate in the heart to be more vulnerable to arrhythmia due to
its different electrophysiological effects on different myocardial cell types.
Since QT analysis before and after sildenafil citrate administration did not
show significant alteration,45 future studies are needed to investigate the
effects of sildenafil on different myocardial cells (i.e. papillary muscle, Purkinje
fibers and myocardial layers) as substrates for arrhythmia induction.
Furthermore, significant reduction in blood pressure could be responsible for
promoting arrhythmia after sildenafil citrate administration since hypotension
could increase sympathetic activity, leading to decreasing VFT and increasing
ULV, independent of reflex tachycardia.66 However, neither VFT and ULV
were changed after 50 mg sildenafil citrate administration, suggesting that
hypotension may not be the main mechanism for ventricular tachyarrhythmia

induction by sildenafil citrate.

CONCLUSION

Sildenafil citrate, at supra-therapeutic concentration, markedly
decreases the defibrillation efficacy by increasing the DFT. Furthermore, this
high concentration also increases the inducibility of ventricular arrhythmia by

decreasing the VFT as well as increasing the ULV, resulting in an expansion
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of the VF induction window. Although the mechanism is still unclear, the
findings from this study indicate that myocardial substrate is more vulnerable
to tachyarrhythmias after supra-therapeutic sildenafil citrate administration.
These findings could implicate that the use of this drug in patients with
cardiovascular defects such as Brugada’s syndrome, MI and heart failure
should be cautious since arrhythmia could be facilitated and will be more
difficult to defibrillate once VF occurs, particularly in those with conditions
such as impaired drug elimination, as well as co-administration with CYP 3A

inhibitors since the concentration of sildenafil could be elevated.
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Summary

Sildenafil citrate at supratherapeutic levels has been reported to decrease defibrillation efficacy.
However, its effects on ventricular fibrillation induction and the upper limit of vulnerability (ULV)
have not been investigated. We tested the hypothesis that sildenafil citrate reduces the ventricular
fibrillation threshold (VFT) and increases the ULV.

Twenty-one pigs (25-30 kg) were randomly assigned into 3 groups of 7 pigs each. A solution con-
taining 100 mg (group 100) or 50 mg (group 50) sildenafil citrate or 100 cc saline (group con-
trol) was infused intravenously in each pig. A train of 10 S1s was delivered from an RV electrode,
and an S2 stimulus was delivered at the peak of the T wave of the last S1 activation to determine
the VFT and ULV, before and after drug administration.

The 100 mg sildenafil citrate significantly (P<0.03) decreased VFT, accounting for ~36% by peak
voltage and ~52% by total energy, and significantly (P<0.009) increased ULV, accounting for ~28%
by peak voltage, and ~56% by total energy.

Supratherapeutic concentrations of sildenafil citrate significantly decreased the VFT and increased
the ULV, resulting in an expansion of the VF induction window during the vulnerable period.

sildenafil citrate ¢ ventricular fibrillation ¢ upper limit of vulnerability * sudden cardiac death
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BACKGROUND

Sildenafil citrate is a highly selective phosphodiesterase type
5 (PDE5) inhibitor and has been used to treat erectile dys-
function. Although this drug has been used for many years,
several authors have reported adverse cardiac effects associat-
ed with its use [1-5]. Although the effects of sildenafil citrate
on cardiac electrophysiology have been investigated, the re-
sults of these investigations remain debatable [6-13].

In an in vitro study, Geelen and associates demonstrated that
supratherapeutic concentrations of sildenafil citrate pro-
longed cardiac repolarization by blocking delayed rectifier
potassium current (I, ) [9]. Chiang and associates, howev-
er, demonstrated that calcium current (ICH’L) was blocked,
thus shortening cardiac repolarization by a supratherapeu-
tic concentration of sildenafil citrate in isolated pig papil-
lary muscle and canine Purkinje fiber [7]. Using a slab of
the right ventricle, Swissa and associates reported that ven-
tricular fibrillation (VF) was frequently induced when a
high concentration of sildenafil citrate was administered
together with nitric oxide, indicating its effect in inducing
VF [13]. The QT interval can reflect the cardiac repolariza-
tion. However, clinical studies have shown that sildenafil ci-
trate does not affect the QT interval [6,10,11].

Recently, the effect of sildenafil citrate on defibril-
lation efficacy has been investigated in a swine model.
Shinlapawittayatorn and associates demonstrated that su-
pratherapeutic concentrations of sildenafil citrate signifi-
cantly decreased defibrillation efficacy by increasing the de-
fibrillation threshold [12]. Because the effects of sildenafil
citrate on arrhythmia induction have been done mostly in
in vilro or ex vivo models, the purpose of the present study
was to use a humanlike animal model to test the hypothe-
sis that sildenafil citrate facilitates arrhythmia induction by
decreasing the ventricular fibrillation threshold (VFT) and
increasing the upper limit of vulnerability (ULV).

MATERIAL AND METHODS

Animal preparation and electrode placement

Twenty-one healthy pigs (25-30 kg) of both sexes were anes-
thetized and maintained under physiologic conditions as
described previously [14-16]. All animals were cared for ac-
cording to the Guide for Care and Use of Laboratory Animals,
Faculty of Medicine, Chiang Mai University. A catheter with
a 34-mm platinum-coated titanium coil electrode (Guidant
Corp.) was inserted into the right ventricular apex. A 68-mm
electrode catheter was positioned at the junction between
the right atrium and the superior vena cava. A defibrillator
(Ventak, Guidant Corp.) was used to deliver biphasic trun-
cated exponential shocks (S2) via these 2 coils. An electrode
at the tip of the RV catheter was used to deliver S, stimuli.

Diastolic pacing threshold and effective refractory period
determination

The diastolic pacing threshold was determined by deliver-
ing a train of 10 S1 stimuli of a 5-ms square pulse at 500-ms
intervals. The current strength began at 0.1 mA and was in-
creased in 0.1-mA steps until all drive trains elicited a ven-
tricular response (capture). The diastolic pacing thresh-

old is defined as the minimum current strength necessary
to capture the ventricle. The effective refractory period
was determined by delivering an S2 stimulus (2-5x dia-
stolic pacing threshold) in the late diastole of the last S1
paced beat. The coupling interval of the last S1-S2 was ini-
tially set at 350 ms. If an S2 could elicit a capture, decre-
ments in 10-ms steps were done until S2 failed to elicit a
capture. The effective refractory period is defined as the
longest S1-S2 interval at which an S2 stimulus fails to elicit
a ventricular response.

VFT determination

The interval between the last S1 and the peak T wave was
determined 3 times from lead-2 electrocardiogram, and the
average of the Sl-peak T-wave interval was used as a cou-
pling interval between the last S1 and S2 shock [17]. The
VFT was determined by delivering an S2 shock starting at
100 V. If this shock induced VF, a decrement of 20 V was
used for each successive shock until VF was no longer in-
duced. If the 100 V did not induce VF, an increment of 20 V
was used for each successive shock until VF was induced.
The lowest shock strength that could induce VF was defined
as the VFT. When VF was induced, a rescue shock was de-
livered immediately, and at least 4 minutes was allowed be-
fore the next S2 shock was delivered [12,17].

Determining the upper limit of vulnerability

The upper limit of vulnerability was determined after the
VFT was obtained. The first shock strength was at 400V, de-
livered at the S1-S2 coupling interval at which the VFT was
obtained. In the event of successful VF induction, the lead-
ing edge voltage was increased in 80-V steps per shock at-
tempt until a first reversal from successful VF induction to
failure was achieved. If the initial shock was unsuccessful,
the voltage was decreased in 80-V steps per shock attempt
until a reversal from failed to successful VF induction was
achieved. At each reversal point, the algorithm was iterat-
ed in the opposite direction, except that after the first re-
versal, the voltage step size was decreased to 40 Vand 20 V
for a total of 3 reversals [14,15]. The ULV is defined as the
lowest shock strength (above the VFT) that cannot induce
VF after 3 reversal points, when the next lower setting suc-
cessfully induces VF.

Drug administration

The stock solution contained 50 and 100 mg sildenafil citrate
in tablet form dissolved in 100 mL normal saline. Each con-
centration was injected intravenously over 50 minutes. The
dosages used in this study were inferred from the pharma-
cokinetic study comparing intravenous and oral sildenafil
citrate administration and had been used in a previous de-
fibrillation study [12,18,19]. An intravenous dose of 50 mg
sildenafil citrate has been shown to produce a therapeutic
plasma level, whereas a 100-mg intravenous dose has been
shown to be a supratherapeutic concentration [12,18,20].

Statistical analyses
Values are expressed as means +SD. Comparisons of data

were done using the paired 2-tailed ¢ test. Values for Pless
than.05 were considered statistically significant.
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Table 1. Basic electrophysiological variables, and blood pressure and heart rate before and after sildenafil and saline administration.

Parameters Group | Group I Group llI
Control  100-mgSildenafil  Control  50-mgSildenafil  Control 100-mL Saline
Diastolic pacing threshold (mA) 1.1+0.8 1.2+0.8 0.6+0.3 0.7+0.2 0.5+0.2 0.6+0.2
$1-52 coupling interval (ms) 317435 315428 283+36 292+36 256+30 264+32
Effective refractory period (ms) 251+37 280+39 247+29 261+32 229+29 247+24
Systolic BP (mm Hg) 116+18 94+12%* 106+9 86+12* 12012 129422
Diastolic BP (mm Hg) 7717 59+11%* 6316 51+9* 76+12 82+19
Mean arterial BP (mm Hg) 90+18 70+£12%* 78+7 62+9% 70+6 75+12
Heart rate (bpm) 99+33 90432 90+16 98+19 10314 106+7
*P<0.01 vs control; ** P<0.05 vs control.
Table 2. Ventricular fibrillation threshold (VFT) before and after sildenafil and saline administration.
Group | Group Il Group llI
v Control 100-mg Sildenafil Control 50-mg Sildenafil Control 100-mL Saline
Peak voltage (V) 107+29 69+32*% 84+44 74435 38+17 4148
Total energy (J) 0.8+0.3 0.4+0.3% 0.6+0.5 0.5+0.4 0.1£0.1 0.1£0.0
Impedance (ohm) n+7 7316 60+9 67£11 76+4 76£10
Pulse width (ms) 1841 1841 1742 1742 1643 1742
*P<0.03 vs control.
Table 3. Upper limit of vulnerability (ULV) before and after sildenafil and saline administration.
Group | Group Il Group l1I
w Control 100-mg Sildenafil Control 50-mg Sildenafil Control 100-mL Saline
Peak voltage (V) 342452 436+59% 414147 446+125 397+61 403+35
Total energy (J) 9+2 14+4% 14£12 1611 1243 1242
Impedance (ohm) 665 64+5 65+9 60+7 68+7 65+6
Pulse width (ms) 17£1 17x1 16+2 161 18+1 171

* P <.009 vs control.

RESULTS

The basic electrophysiological parameters such as diastolic
pacing threshold, S1-S2 coupling interval, and effective re-
fractory period were not different before and after sildenafil
citrate or saline administration in each group (Table 1). For
hemodynamic variables, both concentrations of sildenafil ci-
trate significantly reduced systolic blood pressure, diastolic
blood pressure, and mean arterial blood pressure (Table 1).
However, heart rate was unchanged in both groups.

For the VFT, 100 mg sildenafil citrate significantly decreased
the VFT peak voltage and total energy compared with con-
trols (Table 2). The percentage reduction is approximately
36% by peak voltage and approximately 52% by total energy.

However, neither 50 mg sildenafil citrate nor saline changed
the VFT variables compared with controls (Table 2).

For the ULV, 100 mg sildenafil citrate significantly increased
ULV peak voltage and total energy compared with controls
(Table 3), accounting for an increment of approximately
28% by peak voltage and approximately 56% by total ener-
gy. The 50-mg sildenafil citrate and saline did not change
the ULV compared with controls (Table 3).

The VF induction windows in each pig were calculated by sub-
tracting both voltage and energy of the VFT from the ULV.
The mean VF induction windows before and after sildenafil
citrate and saline administration are shown in Table 4. The
VF induction windows were expanded after administration
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Table 4. Mean VF induction window width (ULV-VFT) among the 3 groups.

Group | Group I Group llI
Parameter
Control 100-mg Sildenafil Control 50-mg Sildenafil Control 100-mL Saline
Voltage (volts) 235429 367+40% 330+152 372+132 359469 362+35
Energy (joules) 8+2 14+4%* 14+12 16+11 1243 1242

*P<0.001 vs control; **P<0.004 vs control.

of 100 mg sildenafil citrate compared with controls (Table
4). However, the VF induction window was not affected by
administering 50 mg sildenafil citrate or saline (Table 4).

DiscussIoN

Sildenafil citrate and VF induction

In this study, VF inducibility was facilitated, as indicated, by
areduction in the VFT after administering a supratherapeu-
tic concentration of sildenafil citrate. Moreover, the ULV was
increased after administering a supratherapeutic concen-
tration of sildenafil citrate, indicating that for a delivered
shock, a higher shock strength above the VFT is required
to reach the level at which VF is no longer induced during
the vulnerable period of the cardiac cycle. Furthermore,
both VFT reduction and an increased ULV evidently indi-
cated that the VF induction window during the vulnerable
period was widened by administering a supratherapeutic
concentration of sildenafil citrate.

Our findings differed slightly from those of Swissa and as-
sociates [13], which tested the effects of sildenafil citrate in
a slab of pig’s right ventricle. Those authors reported that
VT/VF was promoted only by administering a high concen-
tration of sildenafil citrate together with nitric oxide. Using
a swine model, it has been shown that a supratherapeutic
concentration of sildenafil citrate alone can decrease de-
fibrillation efficacy [12]. Furthermore, the present study
also demonstrated that VFT is decreased and the ULV is
increased after administering a supratherapeutic concen-
tration of sildenafil citrate alone. Swissa and associates [13]
also found that neither the action potential duration nor the
effective refractory period were affected by any concentra-
tion of sildenafil citrate used in their study (0.2-2 pg/mL).
In the present study, we found no change in the effective
refractory period after either concentration of sildenafil ci-
trate, a finding consistent with previous reports from clini-
cal studies that the QT interval is not changed after admin-
istering sildenafil citrate [6,10,11].

A previous study demonstrated that a supratherapeutic con-
centration of sildenafil citrate decreased defibrillation effi-
cacy by increasing the DFT [12]. Similar to that report, only
supratherapeutic concentration of sildenafil citrate affected
the VFT and the ULV in the present study. From this find-
ing, it is revealed that only a supratherapeutic concentra-
tion of this drug could facilitate VFT induction and decrease
defibrillation efficacy. It is possible that a supratherapeutic
concentration of sildenafil citrate has different effects on
cardiac repolarization in various parts of the heart, as pre-
viously demonstrated by Chiang and associates and Geelen
and associates [7,9]. Geelen and associates demonstrated

that cardiac repolarization was prolonged by a suprathera-
peutic concentration of sildenafil citrate in isolated guinea
pig hearts [9]. Rapid component (I ) of the delayed recti-
fier potassium current was inhibited by a supratherapeutic
concentration of sildenafil citrate in HERG-transfected HEK
293 cells [9]. However, in guinea pig papillary muscles and
canine Purkinje fibers, Chiang and associates demonstrated
that cardiac repolarization was shortened by high concen-
trations of sildenafil citrate without any effect on I current
[7]. Instead, the authors found that supratherapeutic con-
centrations inhibited calcium current (I, ;) in guinea pig
ventricular myocytes [7]. Additionally, Chiang and associ-
ates demonstrated that sildenafil citrate does not affect I,
current and does not change the QRS duration, suggesting
that the drug does not influence conduction velocity.

All of these findings suggest that owing to its different elec-
trophysiological effects on different myocardial cell types,
sildenafil citrate could cause the myocardial substrate in
the heart to be more vulnerable to arrhythmias. Because
QT analyses before and after sildenafil citrate administra-
tion did not show significant alterations [10], future studies
are needed to investigate the effects of sildenafil on differ-
ent myocardial cells (i.e., papillary muscle, Purkinje fibers,
and myocardial layers) as substrates for arrhythmia induc-
tion. Furthermore, significant reductions in blood pres-
sure could be responsible for promoting arrhythmias after
administration of sildenafil citrate, because hypotension
could increase sympathetic activity, leading to decreasing
VFT and increasing ULV, independent of reflex tachycar-
dia [21]. However, neither VFT nor ULV was changed after
50-mg sildenafil citrate administration, suggesting that hy-
potension may not be the main mechanism for ventricular
tachyarrhythmia induction by sildenafil citrate.

Clinical implications

Several studies suggest that a high concentration of silde-
nafil citrate might be present only in patients with renal
impairment or in patients in whom CYP 3A inhibitors also
have been administered [22-24]. However, recent reports
have demonstrated arrhythmic events in a child as well as in
a patient with an acute myocardial infarction who took oral,
high-dose sildenafil citrate [25,26]. These reports support
our finding that supratherapeutic concentrations of silde-
nafil citrate could cause the myocardium to be vulnerable
to ventricular arrhythmias.

Study limitations

This study was done in normal pig hearts, and the results
may be different in diseased hearts or in humans. Also, we

BR208



Med Sci Monit, 2008; 14(10): BR205-209

Kanlop N et al - Sildenafil citrate and arrhythmia induction

recorded the effective refractory period from a single site.
The unaltered effective refractory period found in this
study may not represent the effects of supratherapeutic lev-
els of sildenafil citrate on various cardiac cell types such as
papillary muscle or Purkinje fibers in the heart. Since QT
analyses from a previous study did not show any significant
change after sildenafil administration [10], it is necessary
that recordings obtained in various cell types be determined
in the future. Sildenafil citrate plasma concentrations were
not measured, so the estimates of therapeutic and supra-
therapeutic levels are based on inferences from previous
studies [19]. In the current experiment, we did not use the
T-wave scanning method to determine timing of the shocks
for measuring the VFT and the ULV. Therefore, the VFT
and the ULV could be different from those determined by
a T-wave scanning method.

CONCLUSIONS

Sildenafil citrate, at supratherapeutic concentrations, mark-
edly increases the inducibility of ventricular arrhythmias by
decreasing the VFT as well as increasing the ULV, resulting
in an expansion of the VF induction window. Although the
mechanism is still unclear, the findings from this study indi-
cate that myocardial substrate is more vulnerable to tachyar-
rhythmias after supratherapeutic sildenafil citrate adminis-
tration. These findings could indicate that use of this drug
in patients with cardiovascular defects such as Brugada’s syn-
drome, MI, and heart failure should be cautious because
arrhythmias could be facilitated, particularly in those with
conditions such as impaired drug elimination, as well as co-
administration with CYP 3A inhibitors because the concen-
tration of sildenafil could be elevated.
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Abstract

Urocortins, a novel member of the corticotrophin-releasing factor (CRF) family, have been shown in animal and human studies to possess
several beneficial effects in stress, cardiovascular and renal function, and inflammatory responses via CRF receptors. In the heart, urocortins
have been demonstrated to produce cardioprotective effects during ischemia and reperfusion injury. Urocortins have also exerted effects on
hemodynamic, endocrine and renal parameters in experimental animal heart failure models. In humans, plasma urocortin levels have been
shown to significantly increase in systolic heart failure patients. This growing evidence suggests that urocortins may have a prognostic value
as well as being a potential therapeutic treatment for heart failure and myocardial infarction patients. Currently, only a few clinical studies on
urocortins are available. In this review article, the role of urocortins in the heart has been summarized. Their possible beneficial roles in heart
failure and myocardial infarction have been discussed, based on relevant published articles from both basic and clinical studies available to

date.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Heart failure and ischemic heart disease are common
cardiac syndromes, in which an increased incidence has been
shown in most nations around the world. The progress of
these clinical syndromes can lead to left ventricular
dysfunction; including systolic and diastolic dysfunction,
and sudden cardiac death. To prevent the progression of the
diseases, their identification at an early stage is crucial, since
late stage heart failure has been shown to have poor prognosis
with high mortality [1]. In past decades, several cardiac
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markers were shown to have a predictive value regarding the
progression and prognosis in myocardial infarction and heart
failure patients. These markers included NT-proBNP [2],
cardiac troponin [3], hs-CRP [4], and creatine kinase [5].
Recently, the novel cardioprotective peptides, “urocortins”,
have been demonstrated to possess potential value as an early
diagnostic marker in heart failure [6]. In this review article,
the roles of urocortins as an early cardiac marker as well as
their effects in heart failure and ischemic heart disease from
animal and clinical studies are presented. In addition, the
roles of urocortins, which point to a future clinical research
and therapeutic application, are also discussed.

2. Urocortins

Urocortins, 40 amino acid peptides, are a member of the
hypothalamic corticotropin-releasing factor (CRF) family. The
CRF family consists of CRF, fish urotensin I, frog sauvagine,
urocortin I, urocortin II (stresscopin-related peptide, SRP), and
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urocortin III (stresscopin, SCP) [7—10]. The actions of the
CREF family peptides are mediated via CRF receptors that are
derived from two distinct genes; CRF typel receptor and CRF
type2 receptor [11,12]. Rat urocortin I was first discovered in
1995 from a discrete midbrain region [9]. Its structure is related
to urotensin (65% sequence identified) and corticotropin-
releasing factor (CRF) (45% sequence identified) [9]. Human
urocortin I was identified later by the molecular cloning
technique [ 10]. Regarding its sequence, it was 63% identical to
fish urotensin I and 43% identical to CRF at the amino acid
level. In rat, the rank orders of mRNA expression of CRF and
urocortin I as well as their receptors in each of the tissue types
have been shown as follows: the majority of CRF mRNA was
found in the brain, whereas the majority of urocortin I mRNA
was found in both the heart and brain [13]. Recently, new
members of this family, urocortin II and urocortin III, have
been identified from human libraries and the genome database
[23]. Urocortin II and urocortin III have approximately 20—
40% homology with CRF and urocortin I. The homology
between urocortin IT and urocortin I1I is approximately 40%. In
2001, human versions of these novel urocortins were also
isolated, including a stresscopin-related peptide, which is
equivalent to urocortin 11, and a stresscopin that is equivalent to
urocortin 11 [7,8,14].

Although urocortins share moderate sequence identity
with one another and with CRF, each urocortin has a unique
anatomical distribution under the control of different genes.
In humans, urocortin I is detected in the brain, placenta,
gastrointestinal tract, synovial tissue, lymphocytes, adipose
tissue, endothelial cells, immunological tissues, and heart
[15-21]. In the brain, urocortin I was detectable at the
Edinger—Wesphal nucleus, the lateral superior olive, the
supraoptic nucleus (SON), the lateral hypothalamic area, and
most caudal part of several brainstem and spinal cord
motoneuron nuclei [12,22]. In the nervous system, urocortin
I has been shown to enhance anxiety and suppress appetite
via the CRF typel receptor [23]. The finding of urocortin
mRNA expression in synovium tissues in rheumatoid
arthritis and osteoarthritis patients suggests that urocortin
may also act as an immune-inflammatory mediator [19].
Urocortin I activates the pituitary—adrenal axis inducing the
release of adrenocorticotropic hormone (ACTH), and
increasing plasma cortisol, and atrial natriuretic peptide in
animal models [24—27]. In humans, the biological effects of
urocortin I infusion in healthy males include increased
plasma level of ACTH and cortisol. These effects of
urocortin I are mediated via the CRF typel receptor [28].
Similar to urocortin I, urocortin II is expressed in the heart
and discrete areas of the central nervous system of rats,
including stress-related cell groups in the hypothalamus,
brainstem and spinal cord [8,29]. Urocortin III is also
expressed in the brain and peripheral tissues such as gastro-
intestinal tract, pancreas, and skin. However, the expression
of urocortin III is considerably lower than that of urocortin I1
[7,30—32]. In humans, urocortin III was present in both the
ventricles and atria [33]. However, the highest levels were

found in all regions of the pituitary and hypothalamus [32].
Urocortin III was also distributed in other tissues, such as the
lung, pancreas, liver, spleen and skeletal muscle, and present
in human plasma and urine [33].

3. CREF receptors for urocortins

CRF receptors consist of two types of seven-transmem-
brane-spanning G-protein receptors, which are coupled to
adrenylyl cyclase: CRF typel and CRF type2 receptors. The
CREF typel receptor is found predominantly in the pituitary and
brain regions, whereas the CRF type2 receptor is highly
expressed in peripheral tissues including the heart
[8,13,29,34]. The CRF typel receptor has a single functional
form: CRF typel (alpha) receptor, whereas the CRF type2
receptor has three isoforms: CRF type2 (alpha) receptor, CRF
type2 (beta) receptor and CRF type2 (gamma) receptor
[11,35,36]. The CRF typel receptor implicates in adrenocorti-
cotropic hormone (ACTH) release and anxiety-like effect,
while the CRF type2 receptor contributes to anxiolysis,
appetite-inhibition, vasodilatation, positive inotropic action on
the myocardium, and dearousal effects [12]. CRF and
urocortin I can bind to both CRF typel and type2 receptors
[9]. Urocortin II and urocortin Il bind to only the CRF type2
receptor [7,8]. The CRF type2 receptor binds to urocortin I,
urocortin II and urocortin III, with approximately 40-fold
greater affinity than CRF [9].

CREF type2 receptors have different tissue distributions. In
rats, the CRF type2 (alpha) receptor is highly expressed in
the brain, while the CRF type2 (beta) receptor is expressed in
the brain, heart, lung, gastrointestinal tract, and skeletal
muscle [37]. The CRF type2 (gamma) receptor has only been
detected in the brain [38]. The cDNA sequence in the
protein-coding region of rat tissue is 94% identical to the
CRF type2 (beta) receptor [39,40]. The CRF type2 (beta)
receptor has 10-fold higher affinity to urocortin than CRF in
rat models [9], whereas the CRF typel receptor shows little
ligand selectivity for urocortin [10]. In the rat’s heart, only
the CRF type2 (beta) receptor is found. The high level of
urocortin mRNA detected in the heart was related to the high
expression of CRF type2 (beta) receptor coupling in the heart
tissue of rats [13]. In the human heart, however, only the
alpha type of CRF type2 receptor is found [41,42].

4. Urocortins and the heart

Kimura et al. reported that urocortins and the CRF type2
(alpha) receptor were detected in all chambers of four human
hearts, and detected with highest intensity in the left ventricle,
whereas CRF was not detected in cardiac myocytes [17]. In
their study, detection of the CRF typel receptor was weak in
the left atrium, left ventricle and right ventricle [17]. Since the
CRF type2 (alpha) receptor was detected predominantly in
the left ventricle, it has been suggested that urocortins, not
CRF, may have an important role on cardiac function [17]. By
using radioligand binding techniques, Wiley and Davenport
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demonstrated that urocortins have a high affinity to the CRF
type2 (alpha) receptor in human left ventricular myocardium,
intramyocardial blood vessels and within the medial layer of
internal mammary arteries [43].

Currently, urocortins are overwhelmingly shown to affect
cardiovascular physiology in normal animals, and pacing-
induced heart failure in animal models and clinical studies
[26,27,44,45]. The cardiovascular effects of urocortins
include a dose-dependent increase in heart rate, cardiac
output, and coronary blood flow [26]. Interestingly,
urocortins have been shown to possess an anti-apoptotic
effect in myocardium that has undergone ischemia—reperfu-
sion injury [26,44,45]. Urocortin and CRF also exerted
coronary vasodilatation and positive inotropic effect. These
physiological effects of urocortin have been shown to last
longer than the action of CRF [46].

The high dose administration of urocortin I in rats has
been reported to decrease arterial pressure via vasodilatation,
as revealed by a decrease in total peripheral resistance and
slightly increased cardiac output [47]. The dilator action of
urocortin I is mostly manifested in the heart and stomach
[48]. In mice, urocortin I increases cardiac contractility, heart
rate, and vasodilatation [46]. However, these effects were not
found in CRF type2 receptor-deficient mice [49,50]. These
data indicate that actions of urocortin I in peripheral tissues
are expressed via the CRF type2 receptor. Urocortin I has
also been shown to enhance cardiac output, protect myocytes
from ischemia—reperfusion injury, stimulate cardiac natriure-
tic peptide secretion, induce vasodilatation, especially in the
coronary arteries of normal and heart failure models
[26,27,44—46,51-54], and decrease left atrial pressure and
peripheral vascular resistance [27,27,47].

Urocortin II exerts positive inotropic effect via CRF type2
receptor-mediated stimulation and enhances contractility of
rabbit ventricular myocytes [55]. Urocortin III causes an
increase in cardiac output and a decrease in peripheral
resistance and left atrial pressure in heart failure sheep [56].
Since these cardiovascular effects are beneficial in reducing
preload and afterload to the heart, researchers are currently
investigating the roles of urocortins in heart failure using
animal models as well as heart failure patients [6,27,47,56,57].

5. Urocortins and heart failure

Rademaker et al. investigated the effects of urocortin
administration in both normal and pacing-induced heart failure
sheep [27,47,56,57]. Urocortin I, urocortin II and urocortin IIT
induced an immediate increase in cardiac output and a decrease
in peripheral resistance and left atrial pressure. In normal sheep,
however, only slight changes in peripheral resistance and atrial
pressure were found. Interestingly, urocortin I, urocortin II and
urocortin III caused a dose-dependent decrease in plasma
vasopressin, endothelin-1, renin, aldosterone, epinephrine,
plasma atrial and brain natriuretic peptide levels in heart failure
sheep, whereas adrenocorticotropic hormone and cortisol levels
were increased. These urocortins also increased urine output,

sodium excretion, and creatinine clearance [47,56,57]. Uro-
cortin infusion in normal sheep resulted in a similar rise in
cortisol and vasopressin, a decrease in aldosterone, and no
significant effects on plasma renin activity and natriuretic
peptides. Nevertheless, long-term peripheral and central
administration of urocortin caused an increase in arterial
pressure and heart rate in 15 normal ewes [58]. Furthermore,
Mackay et al. also demonstrated that urocortin II caused a
reduction in arterial pressure and increased heart rate in fifty
adult heart failure rats [59]. These reports, using animal models,
support the role of urocortins in arterial pressure and
intravascular volume homeostasis in heart failure.

Currently, there are only a few clinical studies of urocortin
available. In a cross-sectional study by Ng et al., investigation
was carried out on plasma urocortin in 119 patients with systolic
heart failure and 212 healthy individuals (LVEF>50%) [6].
They reported that urocortin was elevated in systolic heart
failure (LVEF <45%), especially in NYHA functional classes
I-II [6]. The relative increase in plasma urocortin level was
greater in males than in females, but the level decreased with
increasing age, especially in heart failure groups. The decreased
urocortin levels, with increasing NYHA class, were reinforced
by a significant correlation between urocortin and ejection
fraction in heart failure patients. From these findings, it was
suggested that the urocortin level complemented NT-proBNP in
the early diagnosis of mild clinical heart failure [6]. An
increased plasma urocortin level in mild stage systolic heart
failure, and the reduced level when heart failure progresses,
could have potential clinical benefits if warranted, since these
findings may be used for the diagnosis of early heart failure and
as a prognostic indicator for heart failure progression. Recently,
Davis et al. investigated the effects of urocortin II infusion in 8
healthy unmedicated men [60]. They found that urocortin II
induced an increase in cardiac output, heart rate, and left
ventricular ejection fraction, while decreasing systemic vas-
cular resistance. These effects also increased plasma renin
activity, angiotensin II and norepinephrine [60]. Although the
clinical benefits of urocortins are still unclear, due to the small
number of clinical studies, the growing body of evidence
indicates the need to warrant their clinical significance by
performing more clinical studies in the future, including those
that investigate the plasma profile of urocortin in heart failure
patients with long-term follow up.

6. Urocortins and myocardial ischemia

Apoptosis is known to implicate the pathogenesis of
cardiovascular diseases such as myocardial infarction [61]. Tt
causes the loss of cardiac myocytes and worsens the cardiac
function. While hypoxia induces both necrotic and apoptotic
forms of cell death in cardiac myocytes, the degree of cardiac
dysfunction after ischemia—reperfusion injury reflects the
level of myocardial injury and cell death [62].

In experimental studies, the increased urocortin level had
been expressed when cardiac cells were exposed to thermal
shock and ischemia [63,64]. Brar et al. studied urocortin
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against the damaging effects of ischemia—reperfusion injury in
rat hearts [44]. They demonstrated that exogenous urocortin
caused increased cardiac contractility and vasodilatation,
especially in coronary arteries, and protected the heart during
ischemia by reducing the number of cell deaths induced by
hypoxia [44]. Urocortin prevented neonatal rat myocytes from
cell death when it was administered prior to stimulated
hypoxia/ischemia, and at the point of reoxygenation after
stimulated hypoxia/ischemia [44]. It acted via a p42/p44
MAPK-dependent signaling pathway in in vitro and in vivo
adult rat hearts with ischemia—reperfusion injury [54]. In
cardiac myocytes of rats, Okosi et al. demonstrated that the
urocortin mRNA level was increased by thermal shock and
that exogenous urocortin protected cardiac myocytes from cell
death induced by hypoxia [64]. Exogenous urocortin also
protected cardiac myocytes against necrotic cell death from a
reduction in LDH release [64]. Other protective roles of
urocortin in ischemia—reperfusion injury include inhibiting
free radical activities, preventing mitochondrial damage, and
activating the phosphatidylinositol 3-OH kinase and PKC-
epsilon in mice [65—69]. The infarction size and mean arterial
pressure were significantly decreased in rat hearts that received
urocortin [54,69].

Urocortin increased interleukin-6 levels from peripheral
blood mononuclear cells [19]. In mice, it reduced lipopoly-
saccharide-induced serum TNF-alpha and interleukin-1 beta
levels [19,70]. Honjo et al. demonstrated that urocortin mRNA
expression is also upregulated by TNF-alpha and IFN-gamma
[18], suggesting that urocortin could have an anti-oxidative
effect against oxidative stress in inflammatory lesions [18].
Urocortin has also been shown to reduce necrotic and
apoptotic cell death in isolated rat hearts exposed to
ischemia—reperfusion injury, and partially prevent the deple-
tion of cellular energy stores, with enhancement of ventricular
function [62].

In murine hearts, Brar et al. demonstrated that urocortin II
and urocortin Il protected murine cardiomyocytes from
ischemia—reperfusion injury and reduced the percentage of
infarct size [29]. These effects have been demonstrated to act
via the ERK1/2-p42 signaling pathway and CRF type2
receptor mediated in the heart [29].

7. Future role and clinical application of urocortins

Previous studies have demonstrated the beneficial effects of
urocortin, including coronary vasodilatation, increased cardiac
contractility, coronary blood flow and conductance, cardiac
output, and heart rate as well as protection against ischemia—
reperfusion injury [26,27,29,44,45,47,56,57,63,64]. Theoreti-
cally, these effects are useful in the treatment of cardiovascular
disorders, particularly heart failure and conditions associated
with ischemia—reperfusion such as myocardial infarction.
Practically, the role of urocortins in heart failure and ischemic
heart disease is still unclear. Therefore, caution should be taken
despite growing evidence of the beneficial effects of
urocortins. For example, exogenous urocortin I could cause

undesired effects when treating ischemia—reperfusion injury,
since it could increase the plasma ACTH level via CRF typel
receptor activation [28]. Since most reports were performed in
experimental animal models, with only a few clinical studies,
large prospective clinical studies with long-term follow up are
needed to warrant the clinical significance of urocortins.
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Abstract Objective: Previous studies have shown that oral and intravenous administrations of garlic provide
a significant antiarrhythmic effect and improve defibrillation efficacy. We tested the hypothesis that
garlic could decrease the inducibility of ventricular arrhythmia.

Methods: Twenty-one pigs (25-30 kg) were divided into three groups. In each group, the
ventricular fibrillation threshold (VFT) and the upper limit of vulnerability (ULV) were determined.
After the control VFT and ULV values were obtained, solutions containing 20 mg/kg (group 1,
n = 7) and 40 mg/kg (group 2, n = 7) of garlic (1.3% allicin) were administered intravenously. The
VFT and ULV were determined again at the end of garlic infusion. In group 3 (n = 7), 100 mL of
normal saline was administered instead of garlic.

Results: The VFT values in groups 1 and 2 were not different from the control VFT. The ULV in
group 1 was not different from the control ULV. However, the ULV in group 2 (328 = 58 V, 8 =
3 J) was significantly lower than the control ULV (415 * 24 V, 13 = 2 ]), thus accounting for the
reduction of ~21% by peak voltage and ~38% by energy. The effective refractory period and
diastolic pacing threshold were not altered after garlic infusion. Saline did not alter VFT or ULV.
Conclusion: Garlic cannot alter the VFT, but it significantly decreases the ULV in a dose-
dependent pattern, indicating that it can reduce the range of the stimulation strength between the
VFT and ULV (vulnerability window) during the vulnerable period of a cardiac cycle. © 2008
Elsevier Inc. All rights reserved.

Keywords: Garlic; Ventricular fibrillation; Arrhythmia; Sudden death; Heart

of herbal use in Eastern traditional medicines and Western
medicinal drugs, garlic was found to have many significant
cardiovascular effects. In the past few decades, garlic has
been found to act as a significant antiarrhythmic agent,
partly due to its free radical scavenging activity [5,6]. Garlic
powder has been shown to reduce ischemia reperfusion—
induced VF in isolated perfused rat heart [5,7]. Furthermore,
garlic dialysate has been shown to suppress premature ven-
tricular contraction and ventricular tachycardia in ouabain-
intoxicated dogs and ectopic rhythms induced by isoprena-

Introduction

The high mortality rate from sudden cardiac death, mainly
caused by ventricular fibrillation (VF), is a major problem in
national health worldwide [1—4]. Electrical defibrillation is the
only successful clinical therapy available for the resuscitation
of patients with VF [1,2]. Understanding the basic mechanisms
of defibrillation and the high defibrillation efficacy are greatly
needed for successful therapies.

Herbs have been used for medical treatment since the

beginning of human civilization. With the high prevalence

This study was supported by the Faculty of Medicine Endowment
Fund, Chiang Mai University, Chiang Mai, Thailand (R.S. and N.C.), and
grants TRF RMU 4980001 (N.C.) and RMU 4880013 (S.C.) from the
Thailand Research Fund.

* Corresponding author. Tel.: +66-53-945-329; fax: +66-53-945-368.

E-mail address: nchattip@mail.med.cmu.ac.th (N. Chattipakorn).

0899-9007/08/$ — see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.nut.2008.03.003

line and aconitine on electrically driven left rat atria, with a
significant prolongation of the effective refractory period
(ERP) [8]. These findings are possibly caused by garlic’s
inhibitory effect in relation to calcium availability in cardiac
myocytes [8,9]. Recently, garlic powder has been shown to
significantly improve the defibrillation efficacy in a dose-
dependent pattern [10].
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It is known that VF can be induced with a sufficiently
strong electrical stimulus given during the vulnerable
period of normal rhythm [11]. The minimum current
strength necessary to induce sustained VF is known as
the VF threshold (VFT). There is a higher stimulus
threshold above which VF is no longer induced and this
is known as the upper limit of vulnerability (ULV) [12].
Because the effects of garlic on the inducibility of VF
have not been investigated, this study was designed to
determine whether garlic could reduce the efficacy of VF
induction during a vulnerable period of a cardiac cycle.
In this study, we tested the hypothesis that intravenous
administration of garlic could increase the VFT and de-
crease the ULV.

Materials and methods
Animal preparation and electrode placement

This study was approved by the institutional animal care
and use committees of the Faculty of Medicine, Chiang Mai
University. All animals were cared for according to the
Guide for the Care and Use of Laboratory Animals pub-
lished by the U.S. National Institutes of Health (NIH pub-
lication no. 85-23, revised 1996).

Twenty-one healthy juvenile pigs (25-30 kg) of either
sex were anesthetized, monitored, and maintained under
physiologic conditions. Anesthesia was induced with a
combination of atropine (0.04 mg/kg), Zolitil 100 (tilet-
amine plus zolazepam; VIRBAC Laboratories, Carros,
France; 5 mg/kg), and xylazine (2.2 mg/kg) injected
intramuscularly and maintained by 0.5-2.0% halothane
delivered in 100% oxygen. After cuffed-endotracheal in-
tubation, mechanical ventilation (volume controlled, tidal
volume 12 mL/kg, respiratory rate 10—15 cycles/min)
was started with the pigs in a restrained dorsally recum-
bent position. Pavulon (pancuronium bromide; Organon,
Inc., West Orange, NJ, USA; 1-mg/kg loading dose,
0.25-mg/kg maintenance dose every 45 min) was admin-
istered intravenously to minimize skeletal muscle con-
traction during shock testing.

The pigs were operated on to expose and isolate the right
and left external jugular veins. A catheter with a 34-mm
platinum-coated titanium coil electrode (Guidant Corp., St.
Paul, MN, USA.) was inserted into the right ventricular
apex. A 68-mm electrode catheter was positioned at the
junction between the right atrium and the superior vena
cava. The position of the catheters was verified by fluoros-
copy. The catheters were secured at the venotomy sites to
stabilize their positions. Blood pressure, electrocardiogram,
heart rate, blood gas, plasma O, saturation, respiratory rate,
and EtCO, were monitored continuously throughout the
entire study.

Diastolic pacing threshold and ERP protocol

Diastolic pacing threshold (DPT) testing was performed
by delivering trains of 10 S, stimuli (5-ms monophasic
pulse, 500-ms interval) from 0.1 mA incremented in
0.1-mA steps until all drive trains elicited a ventricular
response (capture). The DPT was defined as the minimum
current strength necessary to capture the ventricle. The ERP
was determined by delivering an S, stimulus on the last S,
activation. The basic S,—S, coupling interval was decreased
decrementally in 10-ms steps until S, failed to elicit a
capture. The ERP was defined as the longest S,—S, interval
at which an S, stimulus failed to elicit a ventricular re-
sponse.

VFT determination

The VFT testing was performed by using the single-
stimulus technique. An S, was introduced in the mid elec-
trical diastole (mid T wave) of the last S, activation during
ventricular pacing at an initial intensity of 100 V. If VF was
induced, the S, strength was decremented in 20-V steps
until VF was not induced. When VF was induced, a rescue
shock (20-30 J) was delivered within 10 s to restore sinus
rhythm. A minimum of 4 min was allowed to elapse be-
tween VF episodes [13]. The minimum S, strength neces-
sary to induce sustained VF was defined as the VFT.

ULV determination and the vulnerability window

Ten S, stimuli at two-time DPT were delivered at an
interval of 500 ms. The S, peak voltage was set initially at
400 V and delivered at the peak of the T wave. ULV shock
strength was determined by the use of a three-reversal
up/down protocol with 80-, 40-, and 20-V steps [14]. In the
event of a 400-V shock failing to induce VF, the peak
voltage was decreased in 80-V steps per VF induction
attempt until the first reversal from VF induction failure to
success was achieved. If the initial shock successfully in-
duced VF, the voltage was increased in 80-V steps per VF
induction attempt until a reversal from VF induction success
to failure was achieved. At each reversal point, the algo-
rithm was iterated in the opposite direction, but after the first
reversal, the voltage step size was decreased to 40 V and 20
V after the second and third reversals, respectively. The
lowest shock strength, which did not induce VF, was de-
fined as the ULV [14].

After the VFT and ULV were obtained, the vulnerability
window in each pig, defined as the difference of stimulation
strength between the VFT and ULV, was calculated by
subtracting the VFT from the ULV, and its mean value
indicated the inducibility window of ventricular arrhythmia
in each group.

The pigs were divided into three groups. The control
VFT and ULV were determined at the commencement of
the study in each group. In group 1 (n = 7), a 100-mL stock
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Table 1

Mean DPT, ERP, heart rate, and systolic blood pressure before and after garlic or saline administration

Group 1 (20 mg/kg)

Group 2 (40 mg/kg) Group 3 (saline)

Before After Before After Before After
DPT (mA) 0402 04 *=0.1 0.6 0.2 0.6 0.2 05=*02 05=*+0.2
ERP (ms) 241 *= 28 250 = 18 244 *+ 28 240 = 12 229 + 28 247 + 24
Heart rate (beats/min) 102 = 15 100 = 11 98 + 19 102 = 18 98 = 15 97 = 19
Systolic pressure (mmHg) 114 =13 114 = 10 136 = 13 135 £ 17 127 = 11 136 = 18

DPT, diastolic pacing threshold; ERP, effective refractory period

solution containing garlic powder (Immunytop; 1.3% alli-
cin; Khao-La-Or Laboratories Ltd., Part., Samutprakarn,
Thailand) at a concentration of 20 mg/kg was administered
intravenously at the rate of 1.5 mL/min after the control
VFT and ULV were obtained. This concentration was cho-
sen after showing that it had antiarrhythmic effects [5,8].
Then, the VFT and ULV were determined again after garlic
infusion. In group 2 (n = 7), garlic at 40 mg/kg (in a
100-mL stock solution) was administered, and the VFT and
ULV were determined by a protocol similar to that of group
1. This concentration had been previously demonstrated to
improve defibrillation efficacy [10]. In group 3 (n = 7),
normal saline was administered intravenously at the same
amount and rate as in group 1, and the VFT and ULV before
and after normal saline infusion were determined.

Statistical analysis

Values are expressed as mean * SD. Comparisons of
variables in each group were performed using the Wilcoxon
signed rank test. P << 0.05 was considered statistically
significant.

Results

In group 1 (20-mg/kg garlic infusion), the DPT and ERP
before and after garlic administration were not significantly
different (Table 1). The VFT before and after garlic admin-
istration was not significantly different (Fig. 1A). The con-
trol ULV in this group was 363 * 22 V for the peak voltage
and 10 = 1 J for total energy. After garlic administration,
the ULV was not different from the control (370 = 21 V,
10 = 1 J) (Fig. 1B). The vulnerability window after garlic
administration was also not different (P = 0.53; Table 2)
from the control. There was no significant change in heart
rate and systolic blood pressure after garlic infusion (Table 1).

In group 2 (40-mg/kg garlic infusion), the DPT and ERP
before and after garlic administration were not significantly
different (Table 1). The VFT after garlic administration was
increased, but not to any statistical significance (Fig. 2A).
The control ULV in this group was 415 = 24V for the peak
voltage and 13 * 2 J for total energy. After garlic admin-
istration, the ULV was 328 = 58 V (P = 0.03 versus

control) for the peak voltage and 8 = 3 J (P = 0.03 versus
control) for total energy (Fig. 2B), which accounted for a
reduction of ~21% by peak voltage and ~38% by total
energy. The vulnerability window after garlic administra-
tion was significantly lower than in the control (P = 0.03;
Table 2). There was no significant change in heart rate and
systolic blood pressure after garlic infusion in this group
(Table 1).

In group 3 (saline infusion), the DPT and ERP before
and after saline infusion were not significantly different
(Table 1). The VFT and ULV before and after saline
infusion were not different (Fig. 3A,B), resulting in no
change in the vulnerability window (Table 2). Neither
heart rate nor systolic blood pressure was changed after
saline infusion (Table 1).
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Fig. 1. The VFT and ULV in group 1. The peak voltage and total energy
for the VFT (A) and ULV (B) were not significantly different from the
control. ULV, upper limit of vulnerability; VFT, ventricular fibrillation
threshold.
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Table 2
Mean vulnerability window before and after garlic or saline administration

Group 1 (20 mg/kg)

Before After

Group 2 (40 mg/kg) Group 3 (saline)

Before After Before After

Vulnerability window (V) 319 = 30 317 = 25

362 = 32 268 = 63* 359 + 68 362 = 35

* P < 0.05 versus control.

Discussion

The major findings in this study are as follows: 1) intra-
venous administration of garlic powder at 20 mg/kg did not
alter the VFT or ULV; 2) 40-mg/kg garlic infusion did not
alter the VFT, but significantly decreased the ULV; and 3)
there were no changes in DPT, ERP, heart rate, or systolic
blood pressure after administration of garlic in both con-
centrations.

Garlic and inducibility of VF

Although the mechanisms by which VF is induced by a
strong stimulus delivered during the vulnerable period is
unclear, oscillation of intracellular calcium has been pro-
posed as a possible mechanism [15]. Martin et al. [8,16]
reported that garlic depressed a Ca®* influx which related to
a prevention of delayed afterdepolarizations (DADs). It is
known that the mechanism underlying the generation of
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Fig. 2. The VFT and ULV in group 2. (A) The peak voltage and total
energy for the VFT were not significantly different from the control,
(B) but the peak voltage and total energy for the ULV were significantly
lower than the control. *P < 0.05 versus control. ULV, upper limit of
vulnerability; VFT, ventricular fibrillation threshold.

DADs involves an overload of intracellular Ca®", with
oscillations of the transmembrane potential, giving rise to
new activations [17,18]. Thereafter, arrhythmia can be in-
duced from these activations (triggered activity) if they
reach a critical threshold. In a recent study, it was suggested
that normalization of intracellular calcium contributed to the
reduction of VF by suppressing DADs in the isolated rat
heart model [15]. Moreover, a defibrillation study in pigs
has shown that DADs may be responsible for the earliest
postshock activation arising focally after complete repolar-
ization and consequently resulting in failed shocks [19]. The
reduced inducibility of ventricular arrhythmia, demon-
strated in the present study, could be due to the electro-
physiologic effects of garlic on the heart. It is possible that
the concentration of 40 mg/kg of garlic powder is suffi-
ciently high to normalize intracellular Ca** to a higher
degree than the 20-mg/kg garlic infusion. This could lead to
a decrease in the occurrence of DADs in the ventricles and
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Fig. 3. The VFT and ULV in group 3. The peak voltage and total energy
for the VFT (A) and ULV (B) were not significantly different from the
control. ULV, upper limit of vulnerability; VFT, ventricular fibrillation
threshold.
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in the prevention of triggered activity and ventricular ar-
rhythmias including VF. According to this mechanism, a
40-mg/kg garlic infusion should result in an increased VFT
and a decreased ULV (consequently, a decrease in the vulner-
ability window). Nevertheless, from this study, we noticed
only the latter, a decrease in the ULV but no change in the
VFT, which may be due to the difference in the stimulation
strength. The DAD suppression by garlic could obviously
occur in relation to the high electrical strength of the
stimulus, leading to intracellular Ca®>* oscillation [20,21].
Therefore, higher shock strength at the ULV level may
augment the action of garlic, so that the ULV was de-
creased, with a similar effect to the previous demonstration
on defibrillation efficacy [10]. In contrast, lower shock
strength at the VFT level may not affect, or may attenuate,
the action of garlic, thus causing unaltered VFT. Electro-
physiologic studies at the cellular level are needed to vali-
date this hypothesis. Nevertheless, our study has demon-
strated for the first time that garlic powder significantly
decreased the ULV and the vulnerability window during the
vulnerable period of a cardiac cycle. Although Martin et al.
[8] demonstrated that garlic dialysate prolonged the ERP in
isolated rat atria in a dose-dependent manner, the ERP was
not altered after garlic infusion in this study when using a
large animal model that resembled humans. This may be
due to the differences in the experimental model and the
concentration of the garlic preparation. However, no alter-
ation of ERP by garlic was found in this study, which
suggests that ERP may not be involved in the improvement
of VF inducibility by a strong stimulus delivered during the
vulnerable period.

Study limitations

This study demonstrated a decrease in the inducibility of
ventricular arrhythmia after intravenous administration of a
garlic powder solution when using a large animal model that
resembled humans. The use of normal pig hearts was the
major limitation of this study. Results might have differed if
the study were performed in diseased hearts or in humans.
Also, the definite mechanistic effect of garlic on the elec-
trophysiology of the heart during VF induction was not
elucidated. Future studies at the cellular level are needed to
investigate the electrophysiologic effects of garlic during
VF induction, in particular the role of garlic on intracellular
calcium in this model. The unaffected VFT after garlic
infusion could be due to the coarse step-down VFT mea-
surement protocol used in this study. It is possible that a
20-V step could be too large to detect fine VFT alteration.
Despite these limitations, we believe that the findings in this
study will initiate further investigations regarding the effect
of garlic on VF induction. Studies at the cellular level in
addition to further animal and human studies are the next
step necessary to provide direct evidence to elucidate the
mechanism by which garlic decreases the inducibility of
ventricular arrhythmia and its clinical significance.

Conclusion

Garlic has been shown to improve defibrillation efficacy.
In the present study, garlic significantly decreased the in-
ducibility of ventricular arrhythmia in a dose-dependent
manner. These electrophysiologic benefits of garlic on
arrhythmia prevention could have a significant clinical
impact in addition to its other benefits on the cardiovas-
cular system.

References

[1] Chattipakorn N, Ideker RE. Mechanism of defibrillation. In: Aliot
E, Cle’menty J, Prystowsky EN, editors. Fighting sudden cardiac
death: a worldwide challenge. New York: Futura Publishing;
2000, p. 593-615.

[2] Demirovic J, Myerburg R. Epidemiology of sudden coronary death:
an overview. Prog Cardiovasc Dis 1994;37:39-48.

[3] Nademanee K, Veerakul G, Nimmannit S, Chaowakul V, Bhuripanyo
K, Likittanasombat K, et al. Arrhythmogenic marker for the sudden
unexplained death syndrome in Thai men. Circulation 1997;96:
2595-600.

[4] Zipes DP, Wellens HJ. Sudden cardiac death. Circulation 1998;98:
2334-51.

[5] Banerjee SK, Maulik SK. Effect of garlic on cardiovascular disorders:
a review. Nutr J 2002;1:4.

[6] Isensee H, Rietz B, Jacob R. Cardioprotective actions of garlic (Al-
lium sativum). Arzneimittelforschung 1993;43:94 8.

[7] Rietz B, Belagyi J, Torok B, Jacob R. The radical scavenging ability
of garlic examined in various models. Boll Chim Farm 1995;134:
69-76.

[8] Martin N, Bardisa L, Pantoja C, Vargas M, Quezada P, Valenzuela J.
Anti-arrhythmic profile of a garlic dialysate assayed in dogs and
isolated atrial preparations. J Ethnopharmacol 1994;43:1-8.

[9] Martin N, Bardisa L, Pantoja C, Roman R, Vargas M. Experimental
cardiovascular depressant effects of garlic (Allium sativum) dialysate.
J Ethnopharmacol 1992;37:145-9.

[10] Sungnoon R, Shinlapawittayatorn K, Chattipakorn S, Chattipakorn N.
Effects of garlic on defibrillation efficacy. Int J Cardiol 2007 (in
press).

[11] Wiggers CJ, Wegria R. Ventricular fibrillation due to single, localized
induction and condenser shocks applied during the vulnerable phase
of ventricular systole. Am J Physiol 1940;128:500-5.

[12] Shibata N, Chen P-S, Dixon EG, Wolf PD, Danieley ND, Smith WM,
et al. Influence of shock strength and timing on induction of ventric-
ular arrhythmias in dogs. Am J Physiol 1988;255:H891-901.

[13] Chattipakorn N, Ideker RE. Delayed afterdepolarization inhibitor: a
potential pharmacologic intervention to improve defibrillation effi-
cacy. J Cardiovasc Electrophysiol 2003;14:72-5.

[14] Chattipakorn N, Rogers JM, Ideker RE. Influence of postshock
epicardial activation patterns on initiation of ventricular fibrilla-
tion by upper limit of vulnerability shocks. Circulation 2000;101:
1329-36.

[15] Kojima S, Wu ST, Wikman-Coffelt J, Parmley WW. Acute amioda-
rone terminates ventricular fibrillation by modifying cellular Ca**
homeostasis in isolated perfused rat hearts. J Pharmacol Exp Ther
1995;275:254-62.

[16] Martin N, Bardisa L, Pantoja C, Barra E, Demetrio C, Valenzuela J,
et al. Involvement of calcium in the cardiac depressant actions of a
garlic dialysate. J Ethnopharmacol 1997;55:113-8.



716

[17]

[18]

[19]

R. Sungnoon et al. / Nutrition 24 (2008) 711-716

Antzelevitch C, Buraschnikov A. Cardiac arrhythmias: reentry and
triggered activity. In: Sperelakis N, Kurachi Y, Terzic A, Cohen MV,
editors. Heart physiology and pathophysiology. 4th ed. New York:
Academic Press; 2001, p. 1153-79.

Waldo AL, Wit AL. Mechanisms of cardiac arrhythmias and conduc-
tion disturbances. In: Fuster V, Alexander RW, O’Rourke RA, edi-
tors. Hurst’s the heart. 11th ed. New York: McGraw-Hill Company;
2001, p. 751-96.

Chattipakorn N, Fotuhi PC, Ideker RE. Prediction of defibrillation
outcome by epicardial activation patterns following shocks near

[20]

[21]

the defibrillation threshold. J Cardiovasc Electrophysiol 2000;11:
1014-21.

Kodama I, Shibata N, Sakuma I, Mitsui K, Lida M, Suzuki R, et al.
After effects of high-intensity DC stimulation on the electromechan-
ical performance of ventricular muscle. Am J Physiol 1994;267:
H248-58.

Li HG, Jones DL, Yee R, Klein GJ. Defibrillation shocks produce
different effects on Purkinje fibers and ventricular muscle: Implica-
tions for successful defibrillation, refibrillation and postshock ar-
rhythmia. ] Am Coll Cardiol 1993;22:607-14.



ELSEVIER

International Journal of Cardiology 126 (2008) 143 —144

International Journal of

Cardiology

www.elsevier.com/locate/ijcard

Letter to the Editor

Effects of garlic on defibrillation efﬁcacy*

Rattapong Sungnoon ?, Krekwit Shinlapawittayatorn *,
Siriporn C. Chattipakorn °, Nipon Chattipakorn **

* Cardiac Electrophysiology Unit, Department of Physiology and Cardiac Electrophysiology Research and Training Center, Faculty of Medicine,
Chiang Mai University, Chiang Mai 50200, Thailand
b Faculty of Dentistry, Chiang Mai University, Chiang Mai 50200, Thailand

Received 14 December 2006; accepted 3 January 2007
Available online 16 April 2007

Keywords: Galic; Fibrillation; Defibrillation

Ventricular fibrillation (VF) has been shown to be re-
sponsible for most cases of sudden cardiac death in the
industrialized world including Thailand [1-4]. Currently,
electrical defibrillation is the only successful clinical
therapy for patients with this lethal arrhythmia [1,2]. Despite
its success, the shock strength required to successfully de-
fibrillate during VF is still high. In the past few decades, the
use of drugs as well as food supplement which can prevent
arrhythmias has been investigated on their efficacy to de-
crease the defibrillation threshold (DFT) [5,6].

In traditional medicine, garlic (Allium sativum) and its
preparations have been widely recognized as agents for the
prevention and treatment of cardiovascular and other met-
abolic diseases, such as atherosclerosis, hyperlipidemia,
thrombosis, hypertension and diabetes [7]. Previous studies
have demonstrated that garlic has a significant anti-ar-
rhythmic effect in both ventricular and supraventricular ar-
rhythmias [8,9]. These beneficial effects have been proposed
to be due to its alteration on cardiac electrophysiology in-
cluding effective refractory period (ERP) prolongation, Ca*"
influx suppression, as well as its free radical scavenging
activity [8,10]. Despite these anti-arrhythmic effects of garlic,
its effect on defibrillation efficacy has never been verified.

In the present study, we tested the hypothesis that intra-
venous garlic administration can increase defibrillation
efficacy by the reduction of the DFT. The study was approved
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by the Institutional Animal Care and Use Committees of the
Faculty of Medicine, Chiang Mai University. All animals
were cared for according to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication No.85-23, revised 1996).
Eighteen pigs (20-25 kg) were used in this study. In each
pig, shocking electrodes were placed at the right ventricular
apex and the junction between superior vena cava and right
atrium. VF was induced by 60-Hz alternating current de-
livered from an electrode at the tip of the RV catheter.
After 10 s of VF, defibrillation was attempted with a biphasic
truncated exponential shocks. DFT was determined by a
three-reversal up/down protocol [5]. A minimum of 4 min
was allowed to elapse between VF episodes. Pigs were di-
vided into 3 groups (n=6/group). The control DFT was
determined at the beginning of the study in each pig. Then,
solution containing 20 mg/kg (group 1) and 40 mg/kg (group 2)
garlic (1.3% allicin) were administered intravenously at a rate
of 1.5 ml/min. The DFT was determined again after garlic
infusion. In group 3, 100-ml normal saline was administered
instead of garlic. Comparisons of data (mean+SD) were
performed using Wilcoxon’s test. P<0.05 was considered
statistically significant.

In group 1, the DFT after 20 mg/kg garlic infusion was not
different from the control DFT (see Table 1). In group 2, the
DFT after 40 mg/kg garlic infusion was significantly lower
than the control DFT, accounted for the reduction of ~ 13% by
peak voltage and ~25% by total energy. In group 3, saline did
not alter the DFT. There were no significant changes for mean
systolic blood pressure and heart rate after garlic administra-
tion compared to those before garlic administration.
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Table 1
The DFT, heart rate, and systolic blood pressure before and after garlic or
saline administration

Group 1 Group 2 Group 3

Before After Before After Before After

DFT
Delivered
voltage
(Volts)
Total energy 13+4  12+4 12+1 9+ 1* 13£2  13+1
(Joules)

Heart rate
(beats/min)

Systolic blood 88+11 98+12 92+7 97+18 81+5  91+8
pressure
(mmHg)

*P<0.05.

423+77 408+71 397+21 344+19* 404428 406+21

89+19 93+21 114+4 110+5 114+4 117+5

Garlic is a perennial plant that is cultivated worldwide. Its
bulb has been used as a spice or medicinal herb for over
centuries. One of the most biologically active compounds is
allicin (diallylthiosulfinate or diallyl disulfide), which does
not exist in garlic until it is crushed or cut. This is due to
the fact that injury to the garlic bulb activates the enzyme
allinase, which metabolizes alliin to allicin [11]. Although
there are many preparations of garlic such as garlic oil, garlic
powder, and aged garlic, only some of them that have phys-
iologic effects. It has been shown that garlic oil, aged garlic
and steam-distilled garlic do not contain significant amounts
of alliin or allicin. Instead, they contain various products of
allicin transformation in which none appears to have as much
physiologic activity as fresh garlic or garlic powder [11,12].
Therefore, garlic powder was chosen in this study to inves-
tigate its effect on defibrillation efficacy.

Most anti-arrhythmic agents share the ability to prolong
refractoriness relative to their effects on action potential du-
ration (APD). Since reentry is believed to maintain fibril-
lation, if a drug prolongs refractoriness of fibers in the
reentrant pathway, the pathway may not recover excitability
in time to be depolarized by the reentering impulse, resulting
in the cessation of reentrant propagation [13]. Following this
assumption, lengthening of APD and ERP was accepted as
important factors that determine anti-arrhythmic defibrillat-
ing ability. Previous defibrillation studies have shown that
ERP prolongation is one of the underlying mechanisms
for successful defibrillation, thus supporting this hypothesis
[14,15]. Since garlic is known to prolong the ERP, the im-
proved defibrillation efficacy demonstrated in the present

study could be due to this electrophysiological effect of garlic
on the heart. It is possible that the concentration of 40 mg/kg
garlic powder is sufficiently high to extend the refractory
period in a greater degree than 20 mg/kg garlic infusion.
This could lead to a decrease in the degree of dispersion of
refractoriness in the ventricles as well as the prevention of
reentrant propagation, resulting in an improved defibrillation
efficacy. However, the major limitation of this study is that
the ERP was not measured. Future studies are needed to
investigate whether ERP prolongation caused by garlic is
dose-dependent.
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Tabernaemontana divaricata common garden plant in tropical countries has been used as a
traditional medicine. However, no recent review articles ofl. divaricata particularly discussing its
pharmacological properties, are available. This review presents the ethnobotany and
ethnopharmacology ofT. divaricataas well as its potential therapeutic benefits especially of the
alkaloidal and non-alkaloidal constituents. Included, are the characteristics of 66 alkaloids isolated
and identified from T. divaricata Non-alkaloids including the enzymes, pyrolytic oil, hydrocarbons,
terpenoid and phenolic acids are also documented. Chemotaxonomic aspects of each alkaloid as
well as information regarding the pharmacology of crude extracts and individual alkaloids from
T. divaricatahave been assembled and appraised. The beneficial properties Tof divaricata are
antioxidant, anti-infection, anti-tumour action, analgesia and the enhancement of cholinergic
activity in both peripheral and central nervous systems. The augmentation of cholinergic function
may be of therapeutic benefit for many neurodegenerative diseases, particularly myasthenia gravis
and Alzheimer’s disease.

Key words Alkaloids - non-alkaloids - pharmacological propertiesabernaemontana divaricata

Introduction Tabernaemontana divaricat..) R. Br. Ex Roem. &

Plants are well known as a major source of modernSchult (synonym:Ervatamia coronaria, Ervatamia
medicines. From ancient times, humans have utilizedmicrophylla, Ervatamia divaricata, T. coronafia
plants for the treatment or prevention of diseases,Growing evidence suggests that this plant has medicinal
leading to the dawn of traditional medicine. benefits and its extracts could possibly be used as
Tabernaemontana one of the genera that is used in pharmacological interventions in various diseases. In
Chinese, Ayurvedic and Thai traditional medicine for this review, information regarding ethnobotany,
the treatment of fever, pain and dysentéry ethnopharmacology and therapeutic benefits of
Tabernaemontanalants are widely distributed in  T. divaricatais discussed.

Thailand. Species found in Thailand arebufalina, T.
crispa, T. divaricata, T. pandacaqui, T. pauciflaad
T. rostrat&®. One of the most interesting species is T. divaricatabelongs to theApocynaceadamily,
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Plumeroidaesubfamily, Tabermontanadribe and T. divaricatahave been identified. The phytochemical
Tabernaemontangenus. The genus was named after data for each alkaloid provide information about its
the birthplace of its discoverer, J. Th. Mueller, biosynthesis. Such information can assist in the search
Bergzabern, and Bergzabern was latinized intofor new, medically interesting compounds that may be
Tabernaemontanarhe basionym of. divaricatais useful against diseases.

T. siamensks. Its homotypic synonym iErvatamia

siamensi& The holotypes of. divaricataare L, Mand ~ Alkaloids of T. divaricata According to van Beek
W’. The generic synonynErvatamia is widely et aF alkaloids ofT. divaricataare arranged in 11 main

distributed in tropical countries as a garden plant, which¢/asses: Vincosan, Corynanthean, Vallesiachotaman,
usually has sweet-scented double flowers Strychnan, Aspidospermatan, Plumeran, Eburan,
Approximately 100 species of this genus are widely IPogan, Tacaman, Bis-indole and Miscellaneous. The
distributed in tropical parts of the world, including details of structure in each class and subdivision are
Brazil, Egypt, India, Sri Lanka, Viethnam, Malaysia and Shown in Tables | and II.

Thailand.T. divaricatawas first described by Linnaeus At least 66 alkaloids were extracted from

in 1753. The complete taxonomy df. divaricatais T divaricataby several methods such as thin layer
shown in Fig.1 according to Leeuwenb&rg cpromatography (TLC), high performance liquid
T. divaricatahas four typical characteristics including: chromatography (HPLC) and gas chromatography-mass

(i) evergreen shrub forms shaped like symmetricals -

i ; : pectrophotometry (GC-MS). Table Ill summarizes the
mounds 6-feet higHii) ho_rlzontal branches having the currently known alkaloids isolated from divaricata
appearance of an attractive, almost horizontal shrub (the

species namalivaricata means an obtuse angli) in alphqbetical order, together with their alkaloi_d
large, shiny, deep green leaves, 6 or more inches m@ubdlwsmn, molecular weight, formula, plant part in

length and 2 inches wide, afid) waxy blossoms with which they occur and country of origin. Fig. 2 illustrates
white, five-petal pinwheels, gathered in small clusters all chemical structures of alkaloids fromdivaricata

on the stem tips. Non-alkaloids ofT. divaricata Although most of the
Phytochemistry of T. divaricata phytochemical work onl. divaricatahas been
concerned with the alkaloidal constituents, and most of

T. divaricatahas been used in traditional medicine the ethnomedical uses are probably related to the

23%&2{ (;Tﬁé&g;ﬁ’ggﬁ:ﬁ tzgrfts%?grg?fhheelrggtg gtne%zpharmacological activity of these substances, some non-
’ alkaloidal constituents such as terpenoids, steroids,

and roots have been reported previously. Constituents .
studied include alkaloid$® and non-alkaloid EnZymes, and hydrocarbons have also been isolated

constituents such as terpendff&* steroidd’ . from T. divaricata Terpenoid-indole alkaloids are

flavonoids?, phenyl propanoids® phenolic acid§and formally derived from a unit of tryptamine, obtained

24 o : : by decarboxylation of tryptophan catalyzed by the
enzyme$44 Since 1974, 66 different alkaloids of enzyme tryptophan decarboxylase (TDC), and,al

of terpenoid origin (secologanin). The stereospecific

Family Apocynaceae condensation of these two units is catalyzed by the
Subfamily  Apodynoidac Plunteroidac enzyme stric_tosidine _synthase (SS_S) as shown_in
Tribe Allamandea Fig. & . The biosynthesis and metabolism of terpenoid
Carisseae is involved with many enzymes. Several studies
Pocarpee demonstrated about the role of those enzymes that
Ramvolificae regulate biosynthesis and metabolism of terpenoids in
abernaemontaneae ) R .
Genus [ Calocruer T. divaricat&. For example, Pennings & Verpodfte
L Carvalhon detected the enzyme anthranilate synthase from
L e T. divaricatacell cultures by HPLC assay. Fulton and
[ Drerotaberna colleague¥ also demonstrated five known enzymes that
~ cnizozygia . . . .
C Stemmadenta were detected for the first time T divaricatacell-
[ Tebernaemontana suspension culture: isopentenyl diphosphate isomerase,
- Voacanga prenyl transferase, squalene synthetase, qualene 2,3-

—  Woykowskia

oxide cycloartenol cyclase and squalene 2,3-oxide
Fig. 1. The botanical classification @abernaemontanalants. cyclase. These enzymes act as key regulatory agents in
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Table I. Classification of the indole alkaloids occurringTiivaricata(modified from van Beelet a))?*

Class Abbreviation Structure characteristics

Vincosan (D) C(2)-C(3)-C(14) unit, no N(4)-C(17) or N(4)-C(21) bond
Corynanthean © C(2)-C(3)-C(14) unit, N(4)-C(21) bond
Vallesiachotaman V) C(2)-C(3)-C(14) unit, N(4)-C(17) bond
Strychnan (S) C(2)-C(16)-C(15) unit, C(3)-C(7) bond
Aspidospermatan (A) C(2)-C(16)-C(15) unit, no C(3)-C(7) bond
Plumeran (P) C(2)-C(16)-C(17)-C(20) unit

Eburnan (E) N(1)-C(16)-C(17)-C(20) unit

Ibogan ) C(2)-C(16)-C(17)-C(14) unit

Tacaman ©) N(1)-C(16)-C(17)-C(14) unit
Miscellaneous (M) ND

Bis-indole (B) Two indole alkaloids attached to each other

* Reproduced with permission from tdeurnal of Ethnopharmacolog©84;10 : 1-156.
ND, not determined; C, carbon; N, nitrogen

Table 1. Subdivision of the main class of indole alkaloids T. divaricatacultured cells by chromatography and

occurring inT.divaricata(modified from van Beelet alf Western blotting assay.

Subdivision References Many plant species produce a wide range of
Vincosan (D) chemical products that are not involved in primary
C5 : Vobasine group Cordell, 1974 metabolism and called secondary metabofftes
Aspidospermatan (A) Secondary metabolites are metabolic intermediates or
25 :_(A:F;Fr’]‘é”lc(')zzrgf‘)”p 'g“”(?’l} allészeﬁ products found as differential products in restricted

- Loncylocarpine group oraet, taxonomic groups and are not essential to the growth
P'ug“lefa\'; (P)h i Cordell. 1974 and life of the producing organism. They are
po - Tgsgrgor']?segé?gfp C(Z)(:rdeel‘l, 187Kutneyet al biosynt_hesizeq from one or more primary met_abolite_s
19765 by a wider variety of pathways than those available in
Ibogan (1) primary metabolisiii. Alkaloid and terpenoids are main
I1 : Coronaridine group Cordell, 1974Kutney,et al secondary metabolites that have many physiological and
. 1976° pharmacological properties to living céllsHowever,
Bis-indole (B) their biosynthesis are normally restricted to certain
B2 : C-I group van Beek, 1984

developmental stages of the orgarifsrtBome of those
biosynthesis are the phase-dependent formation for
some enzymé$ Therefore, the expression of secondary
metabolites is based on the process of plants’
differentiation. Thus, it is not surprising that the

controlling the flux of carbon into the cytosolic-
microsomal pathway of terpenoid synthesis. Dagnino
and colleaguésfound five enzymes fror. divaricata
cell lines including tryptophan decarboxylase, . . .
strictosidine synthase, strictosidine glucosidase, synthes_ls of St_acondary _metabolltes does not occur in
isopentenyl pyrophosphate isomerase and geraniol 10the meristematic cells of intact plafitd/oreover, some

hydroxylase. It has also been suggested that these fiv§tUdies suggested that cell cultures of plants could
enzymes relate to the biosynthesis of terpenoid indoleProduce secondary metabolites when they stopped being

alkaloids ofT. divaricata In addition, the enzyme meristematic and rather acquired a certain degree of
strictosidinea-D-glucosidase was partially purified biochemical modification and maturatf&nTherefore,

from cell suspension culturesfdivaricat&®. Another _sever_al StUd'eS. used ce_II cultures teqhnlques to
non-alkaloidal enzyme, squalene synthase, was alsgnvestigate the b'OSV”‘E‘gﬁ{S and metabolism of these
partially purified from a membrane-rich fraction Secondary metabolitese:

obtained from cell suspension culture3 oflivaricat&*. Other non alkaloidal constituents, investigated by
Ramas-Valdivia and colleagu@giscovered the  Mandal and Mukhefjt, saw discovery of free radical-
enzyme farnesyl diphosphate synthase from scavenging enzymes such as superoxide dismutase,



Table 1ll. Summary of the alkaloids found ihdivaricata

Alkaloids Class Molecular Formula Plant part Country of References

weight origin
11-Methoxy-N-methyldihydropericyclivingl) C 368.47 GH2eN,05 leaves, flowers, roots  Sri Lanka Arambewela & Ranatunge,®1991
12-Hydroxyakuammicine (2) S 338.40 GoH2:N,04 cell suspension culture ND Pawelka & Stoeckigt, 7983
19,20 Dihydrotabernamine (3) B 618.86 GoHsoN,O, roots Thailand Ingkaninaat al, 200647
19,20-Dihydroervahanine A (4) B 676.89 G.Hs,N,O, stems Brazil Henriquest al, 1996°
19-Epivoacangine (5) I 368.47 G,H,gN,03 leaves, flowers, roots  Sri Lanka Arambewela & Ranatunge, 1991
19-Epivoacristine (6) | 384.47 G.H,eN,O, leaves Malaysia Karet al, 19928
19-Heyneanine hydroxyindolenine (7) I 370.44 GiH26N0, whole plant Thailand Sharma & Cordell, 1988
19-Hydroxycoronaridine (8) I 354.44 GiH,6N,0, root bark India Rastoget al, 198G°
3-Oxocoronaridine (9) | 352.43 G;H,,N,O, root bark India Rastoget al, 1980°
3-Oxovoacangine(10) | 382.45 ABL,N,O, whole plant Thailand Sharma & Cordell, 1988
3S-Cyanocoronaridine(11) | 363.45 2825N30, stems, barks Malaysia Kaet al, 20044
3S-Cyanoisovoacangine(12) | 393.48  ,i,-N;O, stems, barks Malaysia Kasat al, 20044
5-Hydroxy-6-oxocoronaridine (13) I 368.43 G.H,N, 0O, root bark India Rastoget al, 198G°
5-Hydroxyvoaphylline (14) P 312.18 GoH2:N,O, leaves Pakistan Atta-ur Rahmanal, 1986
5-ox0-11-hydroxy voaphylline (15) P 326.16 GoH2:N,O4 leaves Pakistan Atta-ur Rahman & Muzaffar, 1985
5-Oxocoronaridine (16) I 352.43 G:H,N,0, root bark India Rastoget al, 198G°
6-Oxocoronaridine (17) I 352.43 G,H,,N,O, root bark India Rastoget al, 1980°
Apparicine (18) A 264.36 GgHooN cell suspension culture ND Pawelka & Stoeckigt, 7983
Catharanthine (19) | 336.43 G;H..N,0O, cell suspension culture ND Pawelka & Stoeckigt, 7983
Conodurine (20) | 704.90 GsHs,N,Og roots Thailand Ingkaninaat al, 2006”
Conodusarine (21) B 718.88 G5HsoN,Oq stems, barks Malaysia Kam & Anuradha, 2604
Conofoline (22) B 736.90 GsHs,N,O; leaves Malaysia Kam & Anuradha, 1995
Conolidine (23) A 266.34 GHisN,O stems, barks Malaysia Kaet al, 20044
Conolobine A (24) A 282.34 GHisN,O, stems, barks Malaysia Kast al, 2004*
Conolobine B (25) A 282.34 GH N0, stems, barks Malaysia Kagt al, 20044
Conophyllidine (26) B 778.89 G4HsoN,Oq leaves Malaysia Karat al, 1993°
Conophylline (27) B 794.89 G:HsoN,Oy, leaves Malaysia Karet al, 19928
Conophyllinine (28) B 812.90 GH:N,O,; leaves Malaysia Karet al, 2003°
Coronaridine (29) I 338.44 G.H,6N,0, leaves India Ragt al, 19748
Coronaridine hydroxyindolenine (30) | 354.44 GiH,6N,0O, root bark India Rastoget al, 198G°
Dregamine (31) C 354.44 GiH,6N,0O, leaves, stems, barks, roots EgyptKarawya & Aboutabl, 2979
Ervaticine (32) A 266.34 G,H,¢N,O4 leaves Pakistan Atta-ur Rahmanal, 1986*
Ervatinine (33) P 326.39 GgH N0, leaves Pakistan Atta-ur Rahmanal, 19852
Heyneanine (34) I 354.44 G,H,sN,0; whole plant Thailand Sharma & Cordell, 1988

0ceE
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Hyderabadine (35)
Ibogamine (36)
Isovoacangine (37)
Isovoacristine (38)
Lahoricine (39)
Lochnericine (40)
Mehranine (41)
N1-Methylvoaphylline(42)
N-methylvoafinine (43)
O-Acetylvallesamine (44)
Pachysiphine (45)
Pericyclivine (46)
Perivine (47)
Pseudovobparicine (48)
Stemmadenine (49)
Taberhanine (50)
Tabernaelegantine A (51)
Tabernaemontanine (52)
Tubotaiwine (53)
Vallesamine (54)
Voacamine (55)
Voacangine (56)
Voacangine hydroxyindolenine (57)
Voacristine (58)
Voacristine hydroxyindolenine (59)
Voafinidine (60)

Voafinine (61)

Voaharine (62)

Voalenine (63)
Voaphylline (64)
Voaphylline hydroxyindolenine (65)
\Vobasine (66)

> 200 g »>TTVTTVTO - -~ g

- w >
- > o

T > 7 > >

p
C

340.46
280.41
368.47
384.47
194.39
352.43
310.43
310.43
326.43
382.45
352.43
322.40
338.40
600.79
354.44
428.48
706.91
354.44
324.42
340.42
704.90
368.47
384.47
384.47
400.47
328.45
312.41
326.39
326.39
296.41
312.41
352.43

GiH2aN-0O,
GoH2uN
GoH26N,04
GoHaeN20,4
GoH22N0
GiH2N204
GoH6NO
H26N0
GoH26N20,
GoH26N-O,4
GiH2N20;4
GoH22N204
GoH22N204
GeHaNLO,
GiH26N204
GaH26N206
GsHsaN,Os
GoH26N;0;
GoH2aN20,
GoH24N204
GaHsN,Os
GoH26N204
GoH26N20,4
GH2aN-O,
GoH2aN2Os
GoH2eN,0,
GoH2aN20,
GoH22N204
GoH22N204
GoH24N2O
GoH24N20,
GiH24N20;

leaves Pakistan
root bark India
leaves, flowers, roots Sri Lanka
leaves, flowers, roots  Sri Lanka
leaves Pakistan
leaves India
leaves Pakistan
leaves Malaysia
leaves Malaysia
cell suspension culture ND
leaves Malaysia

cell suspension culture ND
cell suspension culture ND
root, bark Vietnam
cell suspension culture ND

leaves Malaysia
roots Thailand
leaves India

cell suspension culture ND
cell suspension culture ND
leaves, stems, barks, roots

leaves India

whole plant Thailand
whole plant Thailand
whole plant Thailand
leaves Malaysia
leaves Malaysia
leaves Malaysia
leaves Malaysia
leaves India

cell suspension culture ND
leaves, stems, barks, roots

Atta-ur Rahmanal, 1983
Rastoget al, 1980°
Arambewela & Ranatunge,®991
Arambewela & Ranatunge,®991
Atta-ur Rahmenal, 1983°
Ragt al, 19748
Atta-ur Rahmanal, 1983
Kam & Anuradha, 1995
Kam & Anuradha, 1995
Van der Heijdenal, 199G°
Kam & Anuradha, 1995
Van der Heijdetnal, 1988°
Van der Heijdetnal, 1988°
Van Bee#t al, 1985*
Van der Heijden et al, 2990
Karet al, 2003®
Ingkaninaat al, 20067
Ragt al, 19748
Pawelka & Stoeckigt, 7983
Van der Heijdetnal, 1988°
EgyptKarawya & Aboutabl, 26979
Ragt al, 19748
Sharma & Cordell, 1988
Sharma & Cordell, 1988
Sharma & Cordell, 1988
Kamat al, 19962
Kam & Anuradha, 1995
Karet al, 19928
Karet al, 19962
Ragt al, 19748
Van der Heijdetnal, 1988¢
EgyptKarawya & Aboutabl, 2979

ND, Not determined; C, corynanthean; S, strychnan; |, ibogan; B, bis-indole; P, plumeran; A, aspidospermatan. Figuresnithésepeepresent alkaloids frdmivaricata
in alphabetic order. The chemical structures shown in Fig. 3.
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Corynanthean class

MeO. °
Bowo
Me Et
H
11-Methoxy-N-methyldihydropericyclivine (1) Dregamine (31)

MeQ o

* O-m
OQ \' Ve H H \Me

Lahoricine (39) Pericyclivine (46)

MeQ o

Perivine (47)

Vobasine (66)

Ibogan class

19-Epivoacristine(6)

3-Oxovoacangine(10)

3S-Cyanocoronaridine(11
Y an 3S-Cyanoisovoacangine(12)

Ibogan class

O, OH
t
H
MeO.
o H
5-Hydroxy-6-oxocoronaridine (13) 5-Oxocoronaridine (16)

Catharanthine (19)

Coronaridine (29)
Conodurine (20)

Coronaridine hydroxyindolenine (30) Heyneanine (34)

Ibogan class

Tbogamine (36)

MeO.

M eO\H"O,,""

[¢]

Voacristine (58) Voacristine hydroxyindolenine (59)
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Bis-indole class Bis-indole class

Conophyllinine (28)

H CHMe

Voacamine (55)

Pseudovobparicine (48)

Conodusarine (21}

Bis-indole class

Plumeran class

HO N
H

5-Hydroxyvoaphylline (14)

5-ox0-11-hydroxy voaphylline (15)

o
Conofoline (22) ‘ OEt
™ O.l g
HO'
H

H
Ervatinine (33) Hyderabadine (35)

Lochnericine (40)

Me Et

N1-Methylvoaphylline(42)

CoMe

Pachysiphine (45)

Conophylline (27)
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Plumeran class

Voaharine (62)

Voaphylline hydroxyindolenine(65)

Strychnan class

12-Hydroxyakuammicine (2)

Aspidospermatan class

Me H CH;

ZI

Apparicine (18) Conolidine (23)

Conolobine A (24) .
Conolobine B (25)
Me o Me OH
H 1
D (O
N N
Ervaticine (32) N-methylvoafinine (43)
O,
AcO—Hj! >— OMe
H
Me—H
O-Acetylvallesamine (44) Stemmadenine (49)

Aspidospermatan class

OMe o OMe
Taberhanine (50) Tubotaiwine (53)
MeO.
OH
H
Me H
\ N
N
Vallesamine (54) Voafinidine (60)

OH Et o Et
i
1
1

Voafinine (61) Voalenine (63)

Fig. 2. All chemical structures of alkaloids from divaricata
Numbers in the parentheses represent alkaloids Trativaricata
in alphabetic order.

cho Z&
_O-GLUCOSE : A~
Hacooc” N N N
' H
SECOLOGANIN TRYPTAMINE

STRICTOSIDINE SYNTHASE (SSS)

_.O-GLUCOSE

HsCOOC

STRICTOSIDINE

4,21-DEHYDRO-GEISSOSCHIZINE

Fig. 3. The first step in the biosynthesis pathway of terpenoid-
indole alkaloids.Terpenoid-iodole alkaloids are formally derived
from secologanin and tryptamine. These two units are catalyzed
by the enzyme strictosidine synthase (SSS).



PRATCHAYASAKUL et al: ETHNOBOTANY & ETHNOPHARMACOLOGY OFT. DIVARICATA 325

Table IV. Summary of the non-alkaloids found Th divaricata

Non-alkaloids

Plant part

Specimen from

References

Enzyme
Anthranilate synthase

Isopentenyl diphosphate
isomerase

Prenyl transferase
Squalene synthetase
Qualene 2,3—oxide:
cycloartenol cyclase,
Squalene 2,3-oxide:
cyclase

Tryptophan decarboxylase
Strictosidine synthase
Strictosidine glucosidase
Isopentenyl
pyrophosphate isomerase
Geratinol 10-hydroxylase

Strictosidinep—D-glucosidase
Squalene synthase

Isopentenyl diphosphate
isomerase

Farnesyl diphosphate
synthase

Superoxide dismutase
Catalase,

Ascorbate peroxidase
Glutathione reductase
Phenolic peroxidase

Pyrolytic oil and solid
char

Hydrocarbon

Other (terpenoid &
phenolic acid)
a—amyrin acetate
Lupeol acetate
a-amyrin lupeol
Cycloartenol
B-sitosterol
Campesterol
Benzoic acid
Aurantiamide acetate

cell culture
cell culture

cell culture

cell culture
cell culture
cell culture

stems, leaves

leaves, roots,
flowers, stems

root bark

Netherlands
United Kingdom

Netherlands

Netherlands
United Kingdom
Netherlands

India

India

India

India

Pouétes, 199F°
Fukoral 1994

Dageirad, 19952

Luijendijkal, 1996°
Kroon and Threlfall,51997
Ramas-Valdivieet al, 1998°

Mandal and Mukherji, 2001

Sharma and Prasad$®1986

Behetaal, 19954

Rastagial 1980°
Dagninet al, 1994°
Van der Heijdeet al, 1989°

catalase, ascorbate peroxidase, glutathione reductasbkave pyrolytic oil and solid char that can be converted
and phenolic peroxidase in divaricatafrom roadside  into petroleum and ethanol, which can be exploited to
plants in India. Their discoveries indicated that produce gasohol fuel. Behera and colleaffualso

T. divaricatawas a very good scavenging system to demonstrated that the hexane extract from old leaves,
combat the effects of air pollution. Other non alkaloidal roots, flowers and stems dt divaricatawas rich in
compounds irT. divaricatasuch as pyrolytic oil, solid  hydrocarbons. Rastogi and colleagtiésolated eight
char, amino acid and hydrocarbon were also found tonon alkaloid compounds from the root bark of
have some beneficial effects. Sharma and Pfasad T. divaricatasuch aso -amyrin acetate, lupeol acetate,
showed that the stems and leaves of Indliativaricata o-amyrin lupeol, cycloartenol, B-sitosterol,
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campesterol, benzoic acid and aurantiamide acetateprogression of renal insufficiency over 10 yr or mbre
Their compounds are terpenoids and phenolic acid, and’he characteristic of histological renal lesion of IgA-
plant metabolites, which exhibit pharmacological N is a tumour of mesangial cell proliferative GN.
properties such as anti-inflammatory and anti-oxidantCauses of IgA-N may involve the activation of
activity in vitro®. A summary of the non alkaloids mesangial cells in the kidney by the deposition of IgA
extracted fronil. divaricatais shown in Table IV. immune complexes. The activation of those cells
stimulates the secretion of immunomodulatory factors
from inflammatory cells in the circulation, such as

Bothin vivoandin vitro pharmacological properties interleukin-1 (IL-1), interleukin-6 (IL-6) and tumour
of T. divaricatahave previously been investigated. The necrosis factorr (TNF-a )’*72 These factors have
first direction was to investigate the pharmacological been shown to increase the volume of extracellular
properties ofT. divaricataby using crude ethanol matrix and activate mesangial cell proliferation in the
extracts or crude alkaloid fractions. The secondkidney. Both changes are characteristics of nephritis.
direction was to identify pharmacological effects of pure Therefore, the suppression of mesangial cell
alkaloid compounds isolated frof divaricataor proliferation may have a therapeutic benefit in the
biologically active alkaloids of. divaricata The details ~ treatment of nephropathy. Kuo and colleagties
of pharmacological properties @t divaricataare investigated the effect of crude methanol extract from
summarized in the following paragraphs. 15 Chinese herbs on human mesangial cell proliferation
in anin vitro study. Their results indicated that
T. divaricatg one of the 15 herbs, could suppress
mesangial cell proliferation via the reduction of IL-1,

Role of T. divaricatain anti-infection and anti-  IL-6 and TNFe expression. These findings suggest that
inflammation - The most common medicinal use of T. divaricatacould have benefits as an anti-tumour drug
crudeT. divaricataextract involves its antimicrobial in IgA-N.

action against infectious diseases such as Syph'“SAnti-oxidative effects of T. divaricatahe anti-

Iepr_osy, an(_j gonorrhoea, as well as 'FS antlpar‘r"S't'Coxidative effects off. divaricatahave been studied by
action against worms, dysentery, diarrhoea, and

malaria various_ investigators using 'Fhfe carbon tetrachloride
' (CCly)-induced hepatotoxicity mod@(4 The

The anti-inflammatory effect of. divaricatawas hepatotoxicity is due to the metabolite of GG free
studied in carageenin-induced paw oedema if*féts  radical that causes the peroxidation of lipids in the
In this model, male rats were injected with 0.1 ml of endoplasmic reticulum that leads to cell d&atBupta
carageenin into one of the hind paws. Thdivaricata et af4 found, in arin vivo study, that methanol extract
extracts (150-200 mg/kg) were administrated eitherfrom leaves ofT. divaricataproduced a significant
orally or intra-peritoneally 1 h prior to the sub-plantar hepatoprotective effect by decreasing lipid peroxidation
injection of carageenin. Oedema measurements wer@ing significantly increasing the level of anti-oxidant
made using a modified plethymograph 1, 2 and 4 hagents such as glutathione (GSH), superoxide dismutase

after carageenin injection. This study demonstrated tha{SOD) and catalase (CAT) in a dose dependent manner.
T. divaricataextracts had significant anti-inflammatory

effect on carageenin-induced paw oedema compared Furthermore, Mandal and Mukhéfjdemonstrated

to animals withouT. divaricataadministration and that  thatT. divaricatais a very good scavenging system to

this anti-inflammatory effect of. divaricatawas dose ~ combat the effects of air pollution. Their results

dependerit. The anti-inflammatory mechanism of d_emonstrated thé;[..dlvarlcatgplgnts in nature have

T. divaricatais thought to be due to the presence of high levels of activity of anti-oxidant agents such as
phenolic acid, a chemical agent that has a potential antiSOD, CAT, GSH, ascorbate peroxidase and phenolic
inflammatory benefft. peroxidase.

Role of T. divaricata in anti-tumour effects: Analgesic effects of T. divaricatdoots ofT. divaricata
Immunoglobulin A nephropathy (IgA-N) is the most have reportedly bgen used in folk medicing for their
common pattern of glomerulonephritis (GN). Fifteen analgesic properties. The study of Henriques and

to twenty five per cent of GN patients develop end- colleague® confirmed the anti-nociceptive effect of
stage renal disease, typically through a slow T. divaricata They demonstrated that mice treated with

Pharmacological properties ofT. divaricata

Pharmacological properties of T. divaricatarude
extracts or crude alkaloid fractions
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150 mg/kg ofT. divaricataextract either orally or akuammicine(2), administered intravenously, caused an
intraperitoneally 30 min before being placed on a heatedncrease in frequency or tone of the rabbit utérus
plate (50-55C), had significantly greater response times mice and rats, the intraperitoneal administration of 12-
to the heat stimulus than the control group without hydroxy akuammicine(2), at a concentration of 5-15 mg/
T. divaricatatreatment. However, the mechanisms kg/day for 9-20 days, inhibited the growth of ascites

underlying this analgesic effect have not been verified.and alveolar lymphontain addition, 12-hydroxy
akuammicine(2) had gonadotropic activity via follicular

stimulatiort. These findings suggest that this alkaloid
of T. divaricatamay play roles in both gonadotropic
and anti-tumour effects.

Neuropharmacological activities of T. divaricata
Hippocratic or behaviour screening in iarvivo study
of ethanol extract fronT. divaricatawas studied by
Taesotikul and colleagtfe The hippocratic screening
test is commonly used in the preliminary screening testl9, 20 dihydrotabernamine (3) and 19,20
of medicinal plants to detect interesting dihydroervahanine A (4) The 19, 20
pharmacological activities. According to their screening dihydrotabernamine(3) and 19,20-dihydroervahanine A
studies, the ethanol extract Bfdivaricatawas found  (4) are alkaloids found in the roots ©f divaricag.

to cause dose-related decreased motor activity, ataxialhey can inhibit acetylcholinesterase (AChE) activity
loss of righting reflex, decreased respiratory rate andin vitro*. The inhibitory effect of both alkaloids was
loss of screen grip. These effects indicated thatproved to be specific, reversible and competitive. In
T. divaricatahas depressive effects on the central addition, the compounds showed greater inhibitory
nervous system (CNS). In addition, the loss of screenactivity on AChE than galanthamine, a well known
grip and decreased muscle tone in the rat modelacetylcholinesterase inhibitér

following T. divaricataadministration suggest that
T. divaricatamay act as a skeletal muscle relaxant. Their
findings in the animals suggest thatdivaricatahas
depressive effects on both peripheral and central
nervous systems.

Apparicine (18) An in vitro study demonstrated that
apparicine(18) at the concentration of 250 pg/ml can
inhibit the activity ofPolio Ill virus™®. This alkaloid
at a concentration of 1.2 per cent also exhibited
antimicrobial activity againsShigella Salmonella

In contrast, Ingkaninaet af” reported that the roots  PseudomonasEscherichia Proteus Staphylococcus
and stems off. divaricatahave been used in Thai andCorynebacteriunin anin vitro study”’. Moreover,
traditional medicine as components of rejuvenating andapparicine(18), as shown in anvitro study, acts as an
neurotonic remedies. Itis believed that these remedies cagpioid agonist to opioid receptéts
prevent forgetfulness and improve memory as well as bein
a CNS stimulant. However, there was no scientific
evidence to support this belief, until @ vitro study

%atharanthine (29)In anin vitro study by Ehrlich of
ascite tumour cells, a convenient biological model for
demonstrated that ethanol extracts from the investigation of tumour ceffs catharanthine(19)

T. divaricataroot at a concentration of 0.1 mg/ml inhibit Mhibited the effect of o. —aminoisobutyric acid, an
more than 90 per cent of acetylcholinesterase (AChE)2MINO acid transporter in tumour cells. This finding
activity’>. Our recent study also demonstrated that suggested that catharanthine(19) could have anti-tumour
divaricataadministration in various doses can significantly Properties via inhibition of tumour cell proliferatidn
decrease neuronal AChE activity in the cerebral cBrtex N @ddition, catharanthine(19) has been shown to inhibit
Our data showed that the percentages of AChE inhibitionthe calcium-calmodulin-stimulated activity of brain
in the cortex at 2 h aftéF. divaricataadministration at ~ cyclic ~adenosine monophosphate  (cAMP)
250, 500 and 1,000 mg/kg was 11, 18 and 12 per centPhosphodiesterase in anvitro study, which resulted
respectively. These results suggest Thativaricatahas ~ in an increased intracellular level of cAMP The
inhibitory effects on neuronal AChE activity in animal increased intracellular level of CAMP in neurons may
models. Thereford, divaricatamay be a new therapeutic lead to improved neuronal activity

target for Alzheimer’s disease. Moreoveraustralishas  conophylline (27)Conophyliine (27) is a vinca alkaloid
also shown AChE inhibiting activiti vitro™" from T. divaricata It has been shown to induce
Pharmacological properties of T. divaricata alkaloids differentiation of pancreatic precursor célisn the rat
pancreatic rudiment of organ culture, conophylline (27)
inhibited the formation of cystic structure and increased
the number of insulin-positive celfs In addition,

12-hydroxy akuammicine (2): In amvivostudy, a
concentration of 1 mg/kg of 12-hydroxy
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conophylline (27) has also been shown to induce insulinshown to cause dose-related hypotensive and
production in rat pancreatic acinar carcinoma €ells bradycardial responses in a normal rat m&dél
Conophylline (27) is effective in reversing the condition Moreover, it has been shown, in envitro study, to
of hyperglycaemia in neonatal streptozotocin-treateddecrease estrogenic activity and could lead to the anti-
rat$’. Both the insulin content and the beta cell massfertility action of T. divaricat#®. An in vivo study
are increased by the administration of conophylline (27)reported by Mehrotra and KamBoflemonstrated that
in these animal models. The histological study this alkaloid did not have any effect on reproductive
demonstrated that conophylline (27) increased theactivity, except for partial inhibition of oxytocin-
numbers of ductal cells positive for pancreatic- induced uterine response. Recently, coronaridine (29)
duodenal-homeobox protein-1 and islet-like cell has also been shown to have a significant AChE
cluster$®. Therefore, conophylline (27) induced inhibitory activity, at the same concentration, of the
pancreatic beta cells differentiated bothvivo andin physostigmine and galantamine (AChE inhibitors) in
vitro. Conophylline (27) has recently been employed anin vitro study®.
as a health food for preventing and ameliorating diabete
and obesity. It is used for lowering blood glucose Fével
and, also, it is a new anti-tumour alkaf8id A study
showed that conophylline (27) inhibited both TNF-
alpha-induced activations and phosphorylation as well
as degrading of I-kBx in human T-cell leukaemia
cells’®, In addition, conophylline (27) inhibited TGF-
B-induced apoptosis in rat hepatoma cells. The
conophylline (27) inhibition of TGHPB-induced
promoter activity could be attributed to its potency in Ibogamine (36)Ibogamine (36) is an indole alkaloid
modulating the interaction of downstream found in the roots of. divaricata It has been shown
transcriptional factors via up-regulation ofJun  to reduce the monosynaptic knee-jerk reflex in the
expressiof’. Conophylline(27) also inhibited catwhen a2 mg/kg concentration of ibogamine (36)
expression on tumour cell adhesion and infiltration in was administered intraperitonealy. The mechanism
the human endometrial cancer cell fingdhe effect of  of this action affected neither postsynaptic reflex arcs
conophylline (27) on the growth properties of K-ras- nor neuromuscular transmissinbut possibly had
NRK cells was investigated boih vitro andin vivo. effect via blockade of nicotinic receptors at the
Conophylline (27) induced reversible flattening and neuromuscular junctidh In addition, ibogamine (36)
almost complete growth inhibition of K-ras-NRK and could act as a weak anticonvulsant agent, as
K-ras-NIH3T3 cell lines, and lowered the increased demonstrated in a mouse mdfieMore recently, the
uptake of 2-deoxyglucose. It inhibited the growth of indole alkaloid ibogamine (36) was explored as an
K-ras-NRK and K-ras-NIH3T3 tumours transplanted agent that combats the symptoms of drug
in nude mice at a concentration of 0.01-0.5 and 0.001-withdrawal®®1%2 Additionally, preclinical studies of
0.1 mg/mouse, respectivély ibogamine (36) in rodent models of cocaine and
opiate self-administration support the notion that it
is an anti-addictive agefiti®® Ibogamine (36) has
been reported to effectively reduce drug cravings,
withdrawal symptom$°, and their tremorigenic,
hallucinogenic, neurotoxic and cardiovascular side
ffects in addict¥!. The predominant action

%)regamine (31) Dregamine (31) can be found in the
leaves, stems, bark and rootsTotlivaricab. Dregamine
(31) has been shown to have convulsive and respiratory
stimulating effect§. It inhibited muscular fatigue in
bothin vitro andin vivo studies, similar to the activity

of ibogainé’. Dregamine (31) has been used for the
treatment of muscular and nervous asthenia and
respiratory depressiéh

Coronaridine (29) Coronaridine (29) is an alkaloid
found in the leaves, stems, barks and roots of
T. divaricata It has been demonstrated as having an
effect on autonomic and central nervous system
activity?. The administration of coronaridine (29)

produced an analgesic effect on noxious stimulation an echanism of ibogamine (36) as an anti-addictive
was effe_ctlve IN SUPpressing rage caused by foot ShOClélgent possibly occurs via blocking of the kappa
in an animal modé&. Taesotikul and colleaguésilso opioid receptors, N-methyl-D-asparate (NMDA)

demons_trated that corona_rigl!ne .(29) ha_s both anal.ges'?eceptors the serotonin uptake sites and nicotinic
and anti-inflammatory activities in rats in the writhing receptor§;7

and pain response to tail immersion in hot water as well _ _
as in the carageenin-induced paw edema test in micdsovoacangine (37)lsovoacangine (37) has been
An intravenous injection of coronaridine (29) has beenshown to have a high affinity for pacemaker tissue



PRATCHAYASAKUL et al: ETHNOBOTANY & ETHNOPHARMACOLOGY OFT. DIVARICATA 329

in the regulation of the he&® Isovoacangine (37) modeld®. This effect on the heart has been thought
has been demonstrated to cause a negativeo occur via the anti-cholinergic activity of this
chronotropic activity on the spontaneously beating alkaloid.

isolated guinea pig atrium and a negative inotropic
activity on the electrically driven isolated guinea pig
left atrium.

Tabernaemontanine (52)abernaemontanine (58)an
alkaloid found in the leaves, stems, bark and roots of
T. divaricat. Tabernaemontanine (52) has been shown
Isovoacristine (38) When this alkaloid was tested g nhave a vasodilatory effect in dégi is used to dilate

on the isolated guinea pig ileum, both anti-cholinergic ihe plood vessels in humans following cases of

and antihistaminic activities were obserédin 5 erigsclerosis, cerebral trauma and circulatory
addition, it has been shown that rabbit skeletal mUSCIeirreguIaritieé

was relaxed when this alkaloid was applied. This
was due to the anti-cholinergic mechanism. Voacamine (55)Voacamine (55) is an alkaloid found
Isovoacristine (38) hydrochloride also caused ain the leaves, stems, bark and rootd oflivaricata
negative chronotropic effect in both frog and rabbit Voacamine (55) has been shown to have cardiotonic

Table V. Summary of the general pharmacological activity of alkaloids fourid divaricata

Alkaloids Pharmacological activity
12-hydroxy akuammicine (2) Uterine contraction Yivo)?
Inhibition of ascites and alveolar lymphonia {ivo)?
19, 20 dihydrotabernamine (3) AChE inhibitian gitro)*
19,20 dihydroervahanine A. (4) AChE inhibitioim {itro)*’
Apparicine (18) Anti-Polio 1l virus i@ vitro)®

Anti-microbial activity {n vitro)®*
Opioid against opiated receptois (itro)®?

Catharanthine (19) Anti-tumour effe@n vitro)s84

Inhibition of cAMP phosphodiesterase activity {itro)®®
Conophylline(27) Anti-tumour effediin vitro)2-ot

Ameliorate blood glucose leveh(vitro andin vivg)®”#®
Coronaridine (29) Analgesic effedh(vivg)?*

Anti-inflammation {n vivo)**

Hypotension and Bradycardian (vivg)®>°

Antifertility with estrogenic and uterine relaxant effeict Yitro)?
AChE inhibition {n vitro)™

Dregamine (31) CNS stimulatiomn(vivo)?
Analeptic effectifi vitro & in vivo)?
Ibogamine (36) CNS stimulationn(vivo)3 %

Anticonvulsant effectiq vivo)®®
Anti-addictive effect ify vivo)!310°

Isovoacangine (37) Negative chronotropic activity \(itro)*
Negative inotropic activityif vitro)*?
Isovoacristine (38) Bradycardia(vivo)®*

Anticholinergic and antihistaminic (on guinea pig ileum) efféctvftro)!*®
Skeletal muscle relaxation (due to cholinergic mechanigmyiyo)***
Tabernaemontanine (52) Vasodilatian {ivo)?
Voacamine (55) Cardiotonic effect (comparable with cardiac glycoside)vo)>**4
Mild analgesic effectif vivo)?
Anti-microbial activity (n vitro)?
Voacangine (56) Slight CNS stimulation (potentiated hypnotic effect of barbiturategy @)
Negative chronotropic activityir( vitro)*2
AChE inhibition {n vitro)™
Voacristine (58) Weak CNS stimulatiom (vivo)?
Negative chronotropic activityir( vitro)*2
Vobasine (66) Weak CNS depressiam \(ivo)'’
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Table VI. Possible alkaloids iff.divaricatathat could play roles in traditional use

Traditional use ofT.divaricata Possible alkaloids i .divaricatathat could play roles in traditional use

Chemotherapeutic activity such as antimicrobial Apparicine, Voacamine, Coronaridine, Isovoacristine

activities and antiinflammatory activities

Anti-tumour activities 12-hydroxy akuammicine, Catharanthine, Conophylline

Central and peripheral nervous systems activity Dregamine, Vobasine, Ibogaine, Voacangine, Voacristine, Isovoacristine,
19, 20 dihydrotabernamine, 19, 20 dihydroervahanine A

Analgesic activities Coronaridine, Voacamine, Apparicine

Smooth muscles and endocrine activities Coronaridine, 12-hydroxy akuammicine, Conophylline

Cardiovascular system activities Tabernaemontamine, Coronaridine, Voacangine, Isovoacangine, Voacristine,

Coronaridine, Isovoacristine, Voacamine

effects and use as a treatment of heart condfttéhs  hippocratic screening test, the administration of
This alkaloid has a positive inotropic effect without vobasine (66) at 300 mg/kg into mice caused
chronotropic effect on the heart. In addition, lacrimation, mydriasis, respiratory depression and a
voacamine (55) demonstrated a strong antimicrobialdepression of central nervous system actVity

activity against Gram-positive bacteria such as
Bacillus subtilisand Staphylococus aureusnd
moderate activity against Gram-negative bacteria
such asEscherichia coliand Pseudomonas
aeruginosa.

Since at least 66 alkaloids have been isolated from
this species and the yield of alkaloid fraction obtained
from dry stems ofl. divaricatawas at least 0.98 per
centd, itis these alkaloidal activities that possibly justify
its use in traditional medicines. The alkaloidal
Voacangine (56)Voacangine (56) is an alkaloid found components of. divaricatacould play important roles
in the leaves, stems, bark and rootsToflivaricata in these pharmacological activities ®f divaricata
Voacangine (56) potentiated the hypnotic effects of extractsas summarized in Table V and VI. The most
barbiturates and had an analgesic as well as a locahteresting is its effect on cholinergic activity. This effect
anesthetic activity in a mouse mdéfeMoacangine (56) may be the basis for the traditional uselofdivaricata
had negative chronotropic and inotropic activities on thein cardiovascular and nervous systems. According to
spontaneously beating isolated guinea pig atrium and thgrevious studies, several alkaloidsTindivaricata
electrically driven isolated guinea pig left atrititnin enhance cholinergic activity*8 However, the alkaloid,
another study with isolated guinea pig atria, it antagonizedisovoacristine, acts as an anti-cholinergic agent.
the positive chronotropic and inotropic effects of Therefore, further investigations into each alkaloid from
noradrenaline on the he&ft In contrast, one study T. divaricatashould be greatly beneficial for human
showed that voacangine (56) had no effect on the hearinedicine.
raté’%. The discrepancy of results obtained from theseOther Tabernaemontanasoecies in Thailand:
studies suggests that further investigation is required tOTabernaemontana pan dacaqpui (T. pandacaqaiy d.
determine the effect of voacangine (56) on the heart, 8% sharmacoloaical activiti :
well as determine its definite pharmacological properties.I S pharmacological activities
Voacangine (56) was also shown to have an AChE Inaddition tor. divaricatg T. pandacaquis another
inhibitory effectin vitro’®, which may explain the species commonly grown in the northern part of
variation in heart beat in previous studies. Thailand and used as traditional medicine for treatment
of fever and paif Its synonyms ard&rvatamia
tpandacaqui and Ervatamia angustisepala

. pandacaquis known in Thailand as ‘Phut’. The
haracteristics of. pandacaquare similar to those of
T. divaricatain that their flowers are numerous, white,
with a slender tube and five spreading lobes. However,
the flowers ofT. pandacaquare smaller than those of
Vobasine (68)Vobasine (66) is an alkaloid found in T, divaricata&. From the crude alkaloid fraction of the
the leaves, stems, bark and root3.ddivaricat. Inthe T, pandacaqustem, at least 24 indole alkaloids can be

Voacristine (58) In general pharmacological screening
tests, voacristine (58) exhibited a weak stimulating effec
on the central nervous system. For example, head-shakin
behaviour in mice occurred when this compound was
administrateti Moreover, this alkaloid has been shown
to cause a negative chronotropic effect in‘tats
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isolated. Among these alkaloids, coronaridine is the Conclusions
main alkaloid found inl. pandacaqui Since these

alkaloids are similar to those isolated frdnalivaricata Tabernaemontanalants have been used in folk

their ph logical activity miaht be th Ith medicine for the treatment of high blood pressure, pain
€Ir pharmacologica’ activity mignt be the same. [t has 5,4 inflammation, as well topical application for healing

beelr:j demons(tjrated tfra;[ t(;‘% extracfn()jpanq[acaqlil_ i wounds.T. divaricataexhibit different roles in CNS,

could cause dose-refaled decreased motor activi ycardiova_‘%cular, gonadotropic, anti-tumour, anti-
ataxia, and IO.SS of righting reflex, dec;reased respiratoryfectious and anti-oxidative activity and most recently
rate, analgesia and hyperemia of thé’e@hese effects  gppancement of cholinergic activity in the nervous

were generally similar to those obtained from the extractsystem Evidence suggests tRatdivaricatacould
of T. divaricata However, at the same dose, the intensity possibly be a useful therapeutic agent for several

ofthe pharma(r:]ologrl]cal at;:tlwty ga\tl;sgdbpandac%qw neurodegenerative diseases such as Alzheimer’s disease,
was stronger than that observed itlivaricata Other oo jjar dementia and delirium, since the possible cause

interesting properties dt. pandacaquextracts include ¢ ihese disorders is cholinergic deficiency. The possible
hypotensive and negative chronotropic and inotropic o qjinergic candidate alkaloids iR divaricata are
effects observed in a rat motteThey further indicated ., ronaridine voacangine, isovoacristine, 19, 20
that hypotensive and bradycardia responses tQjihydrotabernamine, and 19, 20 dihydroervahanine A .
T. pandacaquadministration might involve cholinergic  oyever, further detailed studies Bf divaricataand

and central mechanisiis In Thai folk medicine, the 5 gkaloidsin vivo are needed to investigate this
root of T. pandacaquis boiled in water and used for ossibjlity. There are still mariy. divaricataalkaloids

the treatmenltlsof pain and inflammation. Taesotikul and g their derivatives, whose pharmacological activities
colleague$"*® studied the effect of. pandacaqui  phaye not yet been investigated. It is possible that they
administration on carrageenin-induced rat paw odemamay contain beneficial pharmacological properties.
yeast-induced hyperthermia in rats and writhing Thereforejn vivoinvestigations regarding their effects
response induced by acetic acid in mice. Their results;oy|d provide insights into the benefitsofdivaricata

demonstrated that the alcoholic extract.gfandacaqui for future clinical management of many human diseases.
stems has significant anti-inflammatory, anti-pyretic and
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Abstract

The need to refine the identification of patients who might benefit from implantation of an implantable cardioverter defibrillator has been
risen by the results of many clinical trials on ICD therapy. Traditional parameters such as left ventricular ejection fraction and the presence of
non-sustained ventricular tachycardia were not strong enough to achieve this goal with reasonable cost-effectiveness. Heart rate variability
(HRV) is one of the most popular parameters used to assess the autonomic tone. HRV has been reported as a strong predictor of
cardiovascular mortality. Currently, three different categories of methods in HRV analysis are being used; the time domain, frequency
domain, and non-linear dynamic analysis. Both time domain and frequency domain analyses of HRV have been investigated extensively
regarding their use as a prognostic marker for cardiovascular mortality. The non-linear dynamic analysis is the latest tool that has shown to
have an even higher predictive value than any of the traditional parameters. However, standardized and supporting evidence on this new
technique is still lacking. In this article, the current role of HRV in the prediction of cardiovascular mortality in myocardial infarction and

heart failure patients has been reviewed.
© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Heart rate variability; Myocardial infarction; Heart failure; Arrhythmia; Implantable cardioverter defibrillator

1. Introduction

Despite new therapeutic advances in the management of
ischemic heart disease, patients who are admitted with acute
coronary syndrome still show a high incidence of mortality
during admission and in the first few months after discharge

Abbreviations: BRS, Baroreflex sensitivity; CABG, Coronary artery
bypass graft; CI, Confident interval; ECG, Electrocardiogram; HF, High
frequency; HRT, Heart rate turbulence; HRV, Heart rate variability; ICD,
Implantable cardioverter defibrillator; LF, Low frequency; LVEF, Left
ventricular ejection fraction; MI, Myocardial infarction; NSVT, Non-sustain
ventricular tachycardia; NYHA, New York heart association; SDNN,
Standard deviation of NN intervals; ULF, Ultralow frequency; VF,
Ventricular fibrillation; VLE, Very low frequency.
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[1-10]. Sudden cardiac death due to arrhythmic events is the
major cause of death among these patients, and antiarrhythmic
drugs have not as yet been shown to reduce mortality after
myocardial infarction (MI) [1,4,9]. Implantable cardioverter
defibrillators (ICD) is the only effective treatment for both
primary and secondary prevention of this mortality [2,5,7,11].
Early identification of patients who might benefit from ICD
remains difficult, due partly to an unclear understanding in the
pathophysiology of acute coronary syndrome. Although
traditional risk stratifiers such as reduced left ventricular
ejection fraction (LVEF) and frequent ventricular premature
complexes double the risk of cardiac mortality, the positive
predictive value of these predictors is still not sufficiently high
for use in clinical practice with reasonable cost-effectiveness.

RR interval variability has been used for many years as a
tool to evaluate an autonomic nervous system modulation of
the heart. The difference between RR intervals in successive
beats was first noticed in 1965 by Hon and Lee. They found
that fetal distress was preceded by alterations in interbeat
intervals before any appreciable change occurred in the heart
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rate itself [12]. In 1970, Ewing et al. introduced a simple
bedside method to detect diabetic neuropathy in diabetic
patients with RR interval variability [13]. The prognostic
significance of RR interval variability in post-MI patients
was first published by Wolf et al. in 1978 [14]. Although
possible benefits of RR interval variability had been
observed, understanding of the mechanism underlying it
was still vague and only improved rapidly when the power
spectral analysis was first introduced by Akselrod et al. in
1981 [15]. This power spectral analysis has led to an
understanding in the autonomic background of RR interval
variability [15,16]. Since autonomic imbalance has been
strongly implicated in the pathophysiology of arrhythmo-
genesis [17-20], this finding from the spectral analysis of the
variability of RR intervals has provided an explanation of the
mechanism underlying its relationship with mortality in post-
MI patients. However, the mechanisms underlying some
frequency ranges remain controversial [16,21-23].

In different aspects of approach, nonlinear dynamic
analysis has been the technique recently proposed because
it can be used to analyze the complexity of the variability of
RR intervals. This technique has not only shown how it can
be an independent prognostic factor from traditional RR
interval variability parameters, but also a provision of an even
higher predictive value than traditional parameters [24—27].

Classically, there was a difference between using the term
RR interval variability and heart rate variability (HRV). As
its name suggests, RR interval variability represents the
parameters describing the variability of RR interval, whereas
HRYV represents the parameters describing the variability of
heart rate. Although the parameters derived from the
variability of RR interval were more popular in usage, the
term HRV was generally accepted as representative of the
parameters calculated from both RR interval and heart rate.

Until now, HRV is one of the most promising markers and
has been extensively studied in the last two decades. The
noninvasiveness and easy derivation of HRV measurement
make it more practical and widely studied. Since technical
aspects regarding the measurement and analysis of HRV have
been excellently described elsewhere [28—33], only the role
of HRV as a risk stratifier for the prediction of cardiovascular
mortality in MI and heart failure are mainly presented and
discussed in this review article. The time and frequency
domain of HRV parameters are summarized in Table 1.

2. HRYV in myocardial infarction

A number of studies on HRV in acute MI patients have been
reported since Wolf et al. [14] first proposed that there was a
relationship between the two [9,27,34—44]. In the acute phase
of MI, a depressed HRV has been observed for two weeks,
followed by recovery [38,45]. In a retrospective analysis of an
ATRAMI (Autonomic Tone and Reflex After Myocardial
Infarction) study, which enrolled 1248 patients with recent MI
[41,42], the two most popular autonomic markers, HRV
(SDNN) and baroreflex sensitivity (BRS), were investigated to

test their prediction on cardiac mortality during a two-year
follow up. Patients with recent MI (<28 days) have been
recorded for BRS, LVEF, and 24-h ECG. SDNN<70 ms has
been shown as an independent and potent predictor of car-
diovascular mortality (relative risk ratio 3.2, 95% CI 1.6—6.3).
The combination of SDNN, BRS and NSVT has an even higher
relative risk ratio of 22 for cardiac mortality, which is greater
than any other combination of LVEF. The combinations of
SDNN and NSVT, which are derived from only an ECG,
also have a strong predictive value (relative risk ratio 17, 95%
CI 7.2-40.5). However, the combination of LVEF and de-
pressed SDNN was not a strong predictor of cardiac mortality
(relative risk ratio 4.1, 95% CI 1.3—12.2) in the ATRAMI study.

Although there were no prospective studies in post-MI
patients directly designed to test the predictive value of HRV,
there were prospective studies in this group of patients that
also measured HRV parameters. In a substudy from an
EMIAT (European Myocardial Infarct Amiodarone Trial)
population, SDNN<50 ms and HRV index<20 U were
shown as independent predictors of total mortality in 1216
post-MI patients with LVEF<40% [37]. That study also
demonstrated that patients with depressed HRV benefited
from prophylactic antiarrhythmic treatment with amiodar-
one. More recent data came from the ALIVE (Azimilide
Post-Infarct Survival Evaluation) trial, which was a pro-
spective randomized placebo-controlled trial of Azimilide
that enrolled 3717 post-MI patients [9]. That study
demonstrated that the HRV index <20 U was an independent
predictor of a l-year total mortality (15% versus 9.5%,
»<0.0005). However, in the DINAMIT study, which was a
prospective open-label randomized controlled trial with 674
enrolled patients designed to test the effective of prophylac-
tic ICD therapy, the reduced SDNN (combined with poor
LVEF) failed to show its usefulness in the qualification of
post-MI patients for ICD [8]. In a prospective study of 70
patients with idiopathic dilated cardiomyopathy who re-
quired ICD interventions, Grimm et al. also demonstrated
that SDNN on 24-h ECG is not a good marker to select
idiopathic dilated cardiomyopathy patients for prophylactic

Table 1

Commonly used parameters of time and frequency domains of HRV [30]

Parameters Description Unit

Time domain

SDNN Standard deviation of all NN intervals ms

SDANN Standard deviation of 5-min averaged NN ms
intervals

ASDNN Average of 5-min standard deviation of NN ms
intervals

RMSSD Root mean square of successive differences ms

Frequency domain

Total power ms”

Low frequency (LF) Power between 0.15-0.4 Hz ms’
power

High frequency (HF) Power between 0.04—0.15 Hz ms’
power

LF/HF ratio Ratio between LF and HF power -
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ICD therapy [46]. A summary of these large predictive
studies (NV>500) of HRV in post-MI patients can be found in
Table 2.

Although the origins of some spectral components are
still unclear, the frequency domain technique has been
widely investigated in post-MI patients. The depression of
total power, ULF, HF, an increase of LF in the normalize unit
and an increase of LF/HF ratio, which is believed to reflect
sympathovagal imbalance, have been observed and shown as
strong predictors of cardiovascular mortality in post-MI
patients [38,47,48]. Although decreased ULF has been
reported as a predictor of cardiovascular mortality, replace-
ment of this parameter by SDNN has been suggested, since
long term spectral analysis has encountered problems
dealing with ectopic beats [49].

The timing recommended for performing HRV analysis in
MI patients is still not clearly defined. Due to the nature of
autonomic tone recovery, which usually begins at two weeks
after the onset of MI, recommendation has been made to
perform HRV analysis at 1 week post-MI [30,38,45]. The
study on predischarge HRV analysis in post-MI patients was
reported to have prognostic significance. The studies
evaluating HRV during the first 48 h also demonstrated its
significant predictive value [50-52]. A CAST (Cardiac
Arrhythmia Suppression Trial) population data retrospective
analysis demonstrated that an HRV analysis on 1-year post-
MI follow up patients also had prognostic significance [27].

Non-linear dynamic parameters have been reported as the
predictors of cardiac mortality in post-MI patients [27,35]. In

Table 2

a subgroup analysis of 446 patients in a prospective
DIAMOND (Danish Investigations of Arrhythmia and
Mortality On Dofetilide in survivors of myocardial infarc-
tion) study [35], it was found that DFA1 was a stronger
predictor of total mortality, arrhythmic mortality and cardiac
mortality than traditional time and frequency domain
parameters in patients with LVEF <36% (relative risk ratio
3.0, 95% CI 2.5—-4.2) during a 2-year follow up. In a CAST
population analysis, three parameters; power law slope,
DFAT1 and SD12 showed stronger predictive values than the
traditional time and frequency domain parameters [27,53].

Although the use of HRV as a predictor of long term
mortality has been proposed with increased supporting
evidence, the predictive values of these parameters are still
too low for use as a standalone routine screening test. A
combination of HRV and other traditional parameters should
help to minimize this limitation, particularly in parameters
derived from an ECG, which should have no additional cost
and be more practical with high cost-effectiveness.

3. HRYV in heart failure

The evidence of HRV in heart failure patients has not been
extensively investigated when compared to that in post-MI
patients. After the first report of HRV in heart failure patients
by Saul et al. in 1988 [54], many studies have investigated
the change of HRV in heart failure patients in order to seek
the correlation between HRV and current clinical status
[37,55—58]. Only a few studies have focused on HRV as a

Summary of predictive studies of HRV (time and frequency domain parameters) in post-MI (N>500) and heart failure patients (see text for details)

Authors Population/size Type of study Follow-up period Predictive results
Bigger et al. Post-MI/715 patients Prospective 4 years Total, ULF, and VLF power have strong association with mortality
[49].
La Rovere  Post-M1/1284 patients Prospective ~ 21+8 months Depressed HRV (SDNN<70) was a strong predictor of cardiac mortality
et al. [41]. independently of LVEF and of ventricular arrhythmias
Stein et al.  Post-MI/769 patients Retrospective — Decreased HRV did not predict mortality for the entire study group. In CABG
[36]. subgroup, decreased HRV was not associated with increased mortality. In
patients without CABG or diabetes, decreased SDANN predicted mortality.
Malik et al.  Post-MI/1216 patients Retrospective — Patients with LVEF <40% and depressed HRV (SDNN <50, HRV index <20)
[37]. benefit from prophylactic antiarrhythmic treatment with amiodarone.
La Rovere  Post-MI/1071 patients Prospective ~ 21+8 months Depressed HRV (SDNN<70) was associated with increased mortality.
et al. [42].
Hohnloser ~ Post-M1/674 patients Prospective 30+13 months Decreased SDNN (with poor LVEF) did not demonstrate its usefulness in
et al. [8]. identifying post-MI patients at risk of increased mortality for ICD.
Camm et al. Post-MI/3717 patients Prospective 1 year Low HRV had a higher 1-year mortality than high HRV patients.
[9]
Nolan et al. CHF/433 patients Prospective ~ 482+161 days Reduced SDNN was a strong predictor of mortality due to progressive heart
[59]. failure.
La Rovere ~ CHF/202 patients Retrospective — Reduced short-term LF power during controlled breathing was a strong
et al. [60]. predictor of sudden death in CHF patients.
Aronson Decompensated Prospective ~ 312+150 days SDNN, SDANN, total power, and ULF power were useful as predictors
et al. [62]. CHEF/199 patients of survival after hospital discharge.
Anastasiou- CHF secondary to Prospective 2 years HRYV parameters were not associated with all-cause mortality.
Nana ischemic or idiopathic
et al. [61]. dilated cardiomyopathy/52

patients
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predictor of long term mortality [59-62]. A summary of
these predictive studies of HRV in heart failure patients can
be found in Table 2.

Strong evidence came from the prospective analysis data
of a UK-Heart study, which assessed the reduction of SDNN
(<50 ms), creatinine, serum sodium, NSVT, cardiothoracic
ratio and LV end-diastolic diameter in 433 out-patients with
congestive heart failure (NYHA functional class I to III;
mean ejection fraction 0.41+£0.17) [59]. In that analysis, the
reduction in SDNN was a more powerful predictor of death
risk, due to progressive heart failure, than the other
conventional clinical measurements. A short term HRV
analysis of moderate to severe congestive heart failure (age
5249 years, LVEF 24+7%, NYHA class 2.3+0.7) patients
was reported by La Rovere et al [60]. Their study used 202
patients (1991-1995) as derivative samples to develop the
predictive model. The model was then validated with another
242 patients (1996—2001) for its predictive value. The results
of that study demonstrated that the reduction of absolute LF
power (<13 ms? in derivative samples and <11 ms? in
validation samples) was a strong and independent predictor
of sudden death in heart failure patients (derivative samples:
relative risk ratio 3.7, 95% CI 1.5 to 9.3, validation samples:
relative risk ratio 3.0, 95% CI 1.2 to 7.6). In a more severe
group of patients, HRV analysis was done in 199 patients
(131 men, aged 60+ 14 years), who were admitted to hospital
for decompensate congestive heart failure after previously
being diagnosed as NYHA class III or IV congestive heart
failure [62]. HRV analysis in both time and frequency
domain from a 24-h holter ECG recording on the day of
admission demonstrated that the index of overall HRV
(SDNN: relative risk ratio 2.2, 95%CI 1.05 to 4.3, p=0.036,
SDANN: relative risk ratio 2.1, 95% CI 1.05 to 4.2, p=0.04,
total power: relative risk ratio 2.2, 95% CI 1.08 to 4.2,
p=0.03, ULF power: relative risk ratio 2.6, 95% CI 1.3 to
5.3, p=0.007) provided useful prognostic information in
correlation with a 1-year total mortality.

Recently, a prospective investigation of HRV and iodine-
123-metaiodobenzylguanidine myocardial uptake in 52
chronic congestive heart failure, secondary to ischemic or
idiopathic dilated cardiomyopathy patients, with a mean
LVEF of 31+12%, has been reported [61]. In that study,
HRYV in both time and frequency parameters was similar
between survivors and nonsurvivors, except that decreased
HF power was associated with an increased risk of sudden
death (relative risk ratio 0.310, 95% CI 0.101 to 0.954,
p=0.041), but not all-cause mortality. The cause of this
disparity in the predictive power among these heart failure
cases is still being investigated. The apparent difference is
the clinical status of patients included in each study. The
clinical status of the population in the study of Anastasiou-
Nana et al. was more severe than that in the UK-Heart study.
LVEF in the Anastasiou-Nana et al. study was also higher
than that reported by La Rovere et al [60]. Since heart failure
is a continually progressive process of autonomic imbalance,
whereas MI is an impact of events followed by the recovery

of this imbalance, it is difficult to find the reference point to
define the timing of HRV measurement in heart failure
patients. Comparisons of HRV determined in heart failure
patients with similar clinical conditions in all populations are
also difficult. It is possible that these limitations may be the
cause of variation and disparity in HRV predictive values.

4. Modification of HRV by interventions and drugs

Efforts to modify HRV in order to improve prognostic
values in post-MI patients have come from its physiological
background, which is believed to be an autonomic modula-
tion of heart rate. Although there is much evidence supporting
the benefits of an increased vagal activity, it is not known how
much vagal activity has to be increased to provide the best
improvement in outcome. Another point that needs to be
considered in trying to modify HRV is the change of
autonomic balance measured by HRV being the physiologic
response to the need of higher cardiac performance. An
attempt to improve HRV by reducing the need of this higher
performance may improve the prognosis, while an improved
HRV by reducing the ability of the heart to respond to these
physiologic needs should worsen the prognosis. Furthermore,
since the origins of many frequency components are still
unclear, especially LF, these interventions or drugs that try to
modify HRV may still lack strong supporting evidence.

The beta blocker, which is believed to increase cardiac
vagal efferent activity and reduce sympathetic efferent activity,
has been noted for preventing the rise of the LF component
observed in the morning hours [63]. This benefit has been
demonstrated in coronary occluded pigs, in which the
incidence of VF was reduced [64]. Some antiarrhythmic
drugs such as flecainide, encainide and moricizine were
reported to increase HRV parameters in post-MI patients
[65,66]. Aprindine and procainamide also demonstrated a
similar effect in an animal model [67]. However, no correlation
between HRV changes and mortality was found [65]. Cardiac
glycosides have been reported to modify HRV [68,69]. In
contrast to the consequence of mortality, digoxin has been
shown to increase cardiac vagal control assessed by HRV.

Alteration of the renin—angiotensin system, which has
been proposed as a mechanism underlying ULF spectral
components by angiotensin converting enzyme inhibitors,
shows the ability to increase cardiac vagal control, as
demonstrated by a significant increase in total power, ULF,
VLF, and LF power [70].

Endurance exercise training is commonly believed to
enhance cardiac parasympathetic tone. Although there are
several reports that used power spectral density analysis of
HRV in athletes, or followed endurance training, their findings
still demonstrated a greater, lesser, or no different HF or vagal
spectral component between athletes and controls [71-76].
Since a clear respiratory or vagal power component was not
isolated, this may contribute to the discrepancy in findings. A
recent study, which attempted to correlate the frequency band
to respiration instead of the classical HF band range, suggested
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that training-induced adaptations in the intrinsic heart rate may
contribute to training-induced bradycardia [77]. However,
more research to investigate the mechanisms that account for
possible adaptive changes or basal differences are needed in
order to explain resting bradycardia found in endurance-
trained individuals.

Many interventions in post-MI patients also change HRV
parameters. Coronary artery bypass grafting (CABG)
strongly depressed HRV in the time and frequency domain
and nonlinear dynamic analysis in many studies [78—82].
While the mechanism underlying depressed HRV after
CABG is still unclear, some studies demonstrated a complete
recovery of HRV in 2-3 months after CABG [79,81],
whereas some failed to demonstrate a recovery even after
6 months of follow up [80]. The prognostic significance of
this depressed HRV has also been investigated, but no
correlation between depressed HRV and prognosis was
found [82]. The effect of early reperfusion by thrombolytic
agents or interventions after acute MI on HRV parameters
has also been investigated [83—87]. Successful reperfusion
increased HRV in some studies [83—85], however, Chakko
et al. reported that immediate, transient, and seemingly
paradoxical depressed HRV was observed in post-MI after
reperfusion [86]. Nevertheless, increased HRV after success-
ful reperfusion still has prognostic significance in this group
of patients [87].

5. Clinical use of HRV

Although traditional time and frequency domain analyses
have been integrated in many ECG monitoring systems, and
can be automatically operated, these analyses have yet to be
entered into routine clinical use for risk stratification [88—90].
The most discussed benefit of HRV is the ability to identify
high risk sudden cardiac death patients, who would benefit
from an ICD. This benefit has been investigated. However,
the major limitation for HRV use as a routine screening test is
its low predictive value. This limitation needs to be improved
by combining HRV with other ECG derived parameters or
even with traditional ones. Other uses of HRV have been
reported such as a screening test for diabetic neuropathy and
tetraplegia or as a marker in many research studies to assess
autonomic tone and prognostic factor [34,91-93].

6. Future development for clinical use

Although HRV has been demonstrated in many studies as
a strong predictor of cardiovascular mortality with a high
value of specificity, its sensitivity is too low to be used alone
as a routine screening test [88—90]. Nevertheless, HRV has
succeeded in its primary goal to refine the identification of
patients who might benefit from the implantation of an ICD,
when combined with other traditional markers such as
NSVT, BRS, and LVEF. Non-linear dynamic is a new tool
that can be used to analyze other aspects of the data in the
variability of heart rate. However, this technique still requires

more evidence from large systematic studies and needs to be
standardized before it can be used as a standard marker,
similar to those in traditional parameters.

While investigations on its predictive value is ongoing, it is
essential that clarification of physiological evidence must be
provided, especially the origin of each frequency domain and
the link between the complexity of HRV and mortality [16,94].
These explanations will not only answer the question about
HRV mechanisms, but also open a new path to the selection of
interventions or drugs that modify HRV parameters. Further-
more, many new methods have been introduced to analyze the
ECG, with different supporting mechanisms [95—104]. Heart
rate deceleration capacity [107], which measures vagal activity
affected heart-rate variability, and heart rate turbulence [106],
which measures baroreflex responded to ventricular ectopic
beats, were shown to be even more a powerful predictor of
mortality after myocardial infarction and is more accurate than
LVEF and the conventional measures of heart rate variability.
T-wave alternans, ventricular late potential and prevalent of
low frequency were also proposed as prognostic markers in
this group of patients but with lower predictive values than the
conventional HRV parameters. These measurements and HRV
are easy to perform and highly reproducible at a low cost, since
no additional costs besides ECG recordings are needed. Any
combination of traditional HRV, HRT, NSVT, non-linear
dynamic parameters of HRV, and some of these new methods
with excellent sensitivity and specificity in the cardiovascular
mortality prediction could be of great benefit, and they will
enable easier and more practical identification of patients at
risk. Furthermore, due to the wide availability of ECG
monitoring systems together with their simple recording
technique, most physicians can perform these investigations in
general circumstances. Future investigations are needed to
confirm the clinical application of HRV as a specific prognostic
marker, particularly in MI and heart failure patients

7. Conclusion

HRYV, as both a traditional and non-linear dynamic
parameter, has shown to be a strong predictor of cardiovas-
cular mortality, which may help to refine the identification of
patients who might benefit from the implantation of an ICD.
Further studies are needed to understand the mechanisms of
HRYV components and improve their sensitivity and specific-
ity as a prognostic marker. The combination between HRV
and other parameters that can be obtained from ECG
recordings may be an effective solution for this limitation.
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Background: 4 previous study demonstrated that supra-therapeutic concentration of sildenafil citrate attenuates
defibrillation efficacy. However, the effect of combined sildenafil and NTG administration on defibrillation
efficacy is not known.

Objective: The present study investigated whether sildenafil administration at the therapeutic level increases
the defibrillation threshold (DFT) when combined with NTG.

Material and Method: Tiventy-four pigs (20-25 kg) were randomized into four groups. After the control DFT
was obtained, a stock solution of 50-mg (group 1, therapeutic concentration) and 100-mg (group 2, supra-
therapeutic concentration) of sildenafil, and 100-mL of saline (groups 3 and 4) were infused at 2 mL/min.
Then, NTG was administered in groups 1-3 at 5 Ug/min, with an increment of 5 1 g/min every 5 min. The DFT
was determined again after NTG was infused for 20 minutes.

Results: In group 1, the DFT (402 + 33V, 11 + 2J) was not different from the control (404 + 28V, 11 + 2J). In
group 2, the DFT (521 + 18V, 19 + 1J) was higher (p < 0.004) than that in the control group (444 + 31V, 14
+ 2J). Saline did not alter the DFT, either individually or in combination with NTG.

Conclusion: Supratherapeutic dose of sildenafil-NTG combination significantly increased the DFT (17% of

peak voltage, 37% of total energy). This effect on DFT appears to be driven by sildenafil and not NTG.
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Sildenafil is a highly selective inhibitor of
cyclic guanosine monophosphate (¢cGMP)-specific
phosphodiesterase type 5 (PDE-5), which is used for
the treatment of Erectile Dysfunction (ED)!". Growing
evidence has also demonstrated that sildenafil is an
effective agent for treating pulmonary arterial hyper-
tension, leading to an increased use of this drug®.
PDE-5 is found not only in the vasculature of the
corpus cavernosum, but also in the systemic arteries
and veins throughout the body'?. Accordingly, PDE-5
inhibitors are effective as mild vasodilators by increas-
ing intracellular cGMP levels in vascular smooth
muscleV.
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Although sildenafil has been used clinically
for many years, its cardiac effects are still unclear and
need to be investigated further!*'9. In clinical use since
1998, PDE-5 inhibitors have an excellent safety profile,
and it is now clear that sildenafil is not arrhythmogenic
at the therapeutic level">'". However, it has been
reported that some of the patients who died suddenly,
presumably by fatal ventricular arrhythmia, were on
sildenafil in combination with nitrate therapy!®. Fur-
thermore, administration of sildenafil together with
nitric oxide donor at the supra-therapeutic level has
demonstrated the promotion of fatal arrhythmias,
whereas sildenafil alone at the therapeutic level is not
arrhythmogenic!'?. Recently, we demonstrated that de-
fibrillation efficacy was significantly attenuated when
sildenafil was administered intravenously at the supra-
therapeutic level, but not at a therapeutic dose®”. Since
nitroglycerine (NTG) is known to have a synergistic
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effect on blood pressure when given with sildenafil®?,
and sildenafil administered in combination with nitric
oxide donor promotes fatal arrhythmias'?, the authors
sought to determine whether combined sildenafil-NTG
administration significantly affected the defibrillation
threshold (DFT) when sildenafil is administered at the
therapeutic level. In the present study, the authors
tested the hypothesis that intravenous administration
of sildenafil at a therapeutic dose, together with NTG,
attenuates defibrillation efficacy.

Material and Method
Animal preparation and electrode placement
Experiments were performed on the swine
model; twenty-four healthy pigs (20-30 kg) of either
sex that were anesthetized and maintained under
physiologic conditions as previously described®??.
The swine model was chosen since it has been widely
used to study defibrillation due to its anatomy and
arrhythmia characteristics®*?29. Experiments were
performed in accordance with Institutional Animal
Care and Use Committees of the Faculty of Medicine,
Chiang Mai University. All animals were housed and
maintained in compliance with the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-
23, revised 1996). A catheter, with a 34-mm platinum
coated titanium coil electrode (Guidant Inc., USA), was
inserted into the right ventricular apex. A 68-mm elec-
trode catheter was positioned at the junction between
the right atrium and superior vena cava. The position
of the catheters was verified with fluoroscopy. The
blood pressure, ECG, heart rate, core body tempera-
ture, arterial blood gas, plasma O, saturation, respira-
tory rate, and EtCO, were monitored continuously
throughout the entire study.

Defibrillation protocol

Ventricular fibrillation (VF) was induced by
50-Hz alternating current delivered via an electrode at
the tip of the right ventricular catheter. After 10 seconds
of VF, defibrillation was attempted with biphasic shocks
(Ventak, Guidant Inc., USA), with electrodes at the right
ventricular apex as a cathode, and at the superior vena
cava as an anode for the first phase. A minimum of 4
minutes was allowed to elapse between VF episodes. If
the shock failed to defibrillate, a rescue shock (20-30 J)
was delivered within 10 sec.

The DFT in each group was determined using
a three-reversal up/down protocol®®??, Briefly, the ini-
tial shock strength was started at 400 V. For a success-
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ful defibrillation episode, the leading edge voltage was
decreased in 80 V steps per defibrillation attempt until
a first reversal from the successful defibrillation to a
failed defibrillation episode was achieved. If the initial
shock was unsuccessful, the leading edge voltage was
increased in 80 V steps per defibrillation attempt until a
first reversal from the failed defibrillation to a success-
ful defibrillation episode was achieved. At each rever-
sal point, the algorithm was iterated in the opposite
direction. After the first reversal point was obtained,
the strength of the voltage step was diminished to 40V,
and 20 V after the second reversal point. The DFT was
defined as the lowest energy requirement for success-
ful defibrillation after the three reversal points were
obtained, when the next lower setting failed to defibril-
late the heart.

Twenty-four pigs were randomly assigned
into four groups (Fig. 1). In group 1, the DFT (control-
DFT) was determined at the beginning of the study.
After the control DFT was obtained, a 50-mg stock
solution (0.5 mg/mL) of sildenafil was administered
intravenously at the rate of 2 mL/minute over 50
minutes". In group 2, a stock solution of 100-mg of
sildenafil (1 mg/mL) was administered at the same rate
as that in group 1.To confirm that an increase in plasma
volume did not affect the DFT, a similar protocol to the
one in group 1 was performed in groups 3 and 4, except
for saline (100 mL), which was administered at the same
rate as that in group 1. At the end of sildenafil and
saline infusion, NTG was administered intravenously
in groups 1,2 and 3 atarate of 5 [ |g/min, with an incre-
ment of 5 [1g/min every 5 minutes. The DFT was deter-
mined again after NTG was infused for 20 minutes. The
animal was euthanized by VF induction at the end of
the study.

Drug administration

Sildenafil (Pfizer) in tablet form (50 and 100-mg)
was dissolved in 100 mL of normal saline just before
the experiment to form a stock solution. The solution
was then filtered, and a clear solution was obtained.
Two different concentrations of sildenafil were injected
intravenously at the rate of 2 mL/min over 50 minutes.
Intravenous administration of 50-mg of sildenafil has
been shown to represent ~100-mg of sildenafil citrate
taken orally, whereas 100-mg of sildenafil infusion has
been shown to be a supra-therapeutic dosage (~> 200-
mg taken orally)'V, In the present study, NTG was
used as a nitric oxide donor. NTG (Schwarz/Berli Jucker)
at 5 mg (5 mL) was added into 0.9% NaCl 45 mL, form-
ing a stock solution of NTG at 100 [1g/mL. NTG was
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Fig. 1 Tllustrated diagram of the study protocol for DFT determination,. pigs were randomly assigned into four groups
equally, in each group, the DFT was determined at the beginning of the study and after interventions

administered intravenously at a rate of 5 [ /g/min, with
an increment of 5 [ ]g/min every 5 minutes. The increment
was terminated if the systolic blood pressure fell to 20
mmHg below the baseline.

Statistical analysis

Values are expressed as mean + SD. Compari-
sons of data between control and drug-DFT within
each animal were performed using the student’s t-test.
A p<0.05 was considered statistically significant.

Results

The average weight of the pigs used in the
present study was 26 + 1 kg. The total number of shocks
delivered to each animal was 13 + 1. The average number
of shocks delivered to the animal before obtaining the
DFT was 6 + 1 in the control group and 6 + 1 in the drug
(sildenafil-NTG) or saline (either individually or in
combination with NTG) injected groups.

In group 1, the peak voltage and total energy
for the control DFT was 404 +28 Vand 11 +2 J, respec-
tively. After 50-mg of sildenafil-NTG infusion, the DFT
(402 + 33 V, 11 £ 2 J, for the peak voltage and total
energy respectively) was not different from the control
DFT (p=0.7 and p = 0.9, respectively, Table 1). Both
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the impedance and pulse width were not changed after
drug administration. The systolic blood pressure after
50-mg of sildenafil-NTG infusion was significantly
lower than that in the control (p <0.05, Table 1). How-
ever, the heart rate before and after drug administration
was not significantly different (Table 1).

In group 2, the peak voltage and total energy
for the control DFT was 444 +31 V and 14 +2 J, respec-
tively. After 100-mg of sildenafil-NTG infusion, the
DFT (521 +£18V, 19 + 1], for the peak voltage and total
energy respectively) was significantly higher than that
in the control group (Table 1). The 100-mg of sildenafil-
NTG infusion significantly increased the DFT by 17%
of the leading-edge voltage and 37% of total energy.
No changes in the impedance and pulse width were
found in this group. The systolic blood pressure after
100-mg of sildenafil-NTG infusion was significantly
lower than that in the control (p < 0.05, Table 1). The
heart rate before and after drug administration was not
different (p=10.3).

In group 3, the peak voltage and total energy
for the control DFT was not different from that in the
control group (Table 1). The systolic blood pressure
after saline-NTG infusion was significantly lower than
that in the control group (p < 0.05, Table 1). The im-
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Table 1. DFT and hemodynamic parameters measured before and after drug (sildenafil-NTG) or saline (either individually

or in combination with NTG) administration

Group [ (n=06)

Group II (n = 6)

Group III (n = 6) Group IV (n=6)

Parameters

50-mg 100-mg 100-mL 100-mL

Control  Sildenafil Control  Sildenafil Control Saline Control Saline

+ NTG + NTG + NTG only
Delivered voltage (Volts) 404 +28 402+ 33 444 +31 521+ 18" 424+26 427+34 439+14 417+17
Total energy (Joules) 11+2 11+2 14 +2 19+1 12+2 13+2 14+1 13+1
Impedance (Ohm) 61+2 61+2 60 +2 59+3 62+2 62 +1 61+3 58+3
Pulse width (msec) 15+1 15+1 15+1 15+1 15+1 15+1 16 +1 15+1
Systolic BP (mmHg) 97+3 84 +3 89 +4 76 + 4 106 + 3 95+5 90 +3 102 +3
Heart rate (bpm) 88 +4 94 +5 106 + 4 95+7 99 +4 100+ 7 106 +2 116 £ 6

*p < 0.004 compared to control;

pedance, pulse width, and heart rate before and after
drug administration were not different (p =0.7).

In group 4, the peak voltage and total energy
for the control DFT was not different from that in the
control group (Table 1). The impedance and pulse
width were not altered after drug infusion. The systolic
blood pressure after saline infusion was significantly
higher than that in the control group (p <0.05, Table 1).
However, the heart rate before and after drug adminis-
tration was not different (p=0.1).

Discussion

The findings of the present study could be
divided into 2 areas of concern: effects on the DFT and
those on blood pressure and heart rate. The major
findings were as follows: (1) Intravenous administra-
tion of 100-mg of sildenafil-NTG combination (group 2)
significantly increased the DFT; (2) Infusion of 50-mg
of sildenafil-NTG (group 1) as well as saline either
individually (group 4) or in combination with NTG
(group 3) did not change the DFT; (3) The administra-
tion of 50-mg of sildenafil-NTG (group 1), 100-mg of
sildenafil-NTG (group 2), and saline-NTG (group 3)
significantly decreased the systolic blood pressure
(SBP); and (4) The heart rate was not altered after drug
(sildenafil-NTG) and saline (either individually or in
combination with NTG) administration.

Sildenafil-NTG combination and defibrillation efficacy

It was shown previously that sildenafil at
the supra-therapeutic level in combination with nitric
oxide donor promotes fatal arrhythmias!"?. In that
study, sildenafil alone was not arrhythmogenic even at
a supra-therapeutic concentration, suggesting that
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I p <0.002 compared to control;

I p <0.05 compared to control

nitric oxide may play a role in the arrhythmogenicity of
sildenafil. Recently, sildenafil demonstrated an increase
in the DFT when a supra-therapeutic dose was given
intravenously, but not when the therapeutic dose was
administered®”. However, the effect of the sildenafil-
nitric oxide donor combination on defibrillation effi-
cacy has never been investigated. To the best of the
authors’ knowledge, the present study is the first to
investigate the effect of sildenafil-nitric oxide donor on
defibrillation efficacy. The present results demonstrated
that intravenous administration of 50-mg of sildenafil
(i.e. representing the therapeutic plasma level®") in
combination with NTG does not affect the DFT.

Since the authors’ previous study demon-
strated that 50-mg of sildenafil alone does not affect
the DFT when administered intravenously, the results
of the present study indicate no detrimental effect of
added NTG on defibrillation efficacy. Furthermore, the
present study demonstrated that the combination of
100-mg of sildenafil (i.e. a supra-therapeutic plasma
level™) and NTG significantly increased the DFT
when administered intravenously. It was shown pre-
viously that the intravenous administration of 100-mg
of sildenafil alone significantly increased the DFT by
19% of voltage and 38% of total energy®”. In the
present study, a combined 100-mg of sildenafil-NTG
raised the DFT by 17% of voltage and 37% of total
energy. Since the results from using 100-mg of sildenafil
alone or 100-mg of sildenafil-NTG combination demon-
strated a similar percentage of DFT increment by
both voltage and total energy, these findings indicate
no beneficial or worsening effect of added NTG on
defibrillation efficacy over sildenafil administered in a
supra-therapeutic dose.
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Many studies have been carried out to vali-
date the cardiac electrophysiological effects of
sildenafil(3141617.28.29 By ysing human ether-a-go-go-
related gene (HERG)-transfected HEK293 cells, Geelen
et al ¥ demonstrated that sildenafil at the supra-thera-
peutic level prolongs cardiac repolarization by blocking
the rapid component of the delayed rectifier potassium
current (I ). Accordingly, sildenafil should be expected
to improve defibrillation efficacy by lowering the DFT,
as do most other I blockers, such as sotalol and
dofetilide®®3), However, a recent study performed
by Chiang et al "» showed different findings. They
demonstrated that sildenafil at a therapeutic concen-
tration neither blocked I, and [ in guinea pig ven-
tricular myocytes, nor prolonged cardiac repolarization
in guinea pig papillary muscles and canine purkinje
fibers. Moreover, they also found that sildenafil at
supra-therapeutic concentrations caused shortening
of cardiac repolarization, presumably through its
blocking effect on I, “?. In an in vivo study using a
canine model, Sugiyama et al demonstrated that intra-
venous administration of sildenafil at therapeutic to
moderate supratherapeutic concentrations did not
affect the action potential duration¥., Therefore, the
definite effect of sildenafil on cardiac ion channels must
be investigated further and the discrepancy of results
verified. Nevertheless, the authors’ previous study®?,
and this present study, demonstrated the undesired
effect on defibrillation efficacy of the supra-therapeutic
plasma level of sildenafil.

In the present study, the increase in the DFT
after the combination of 100-mg of sildenafil and NTG
administration could be due to its effects on cellular
electrophysiological alterations in cardiomyocytes.
Sildenafil is known to inhibit PDE-5, causing a net
increase in intracellular cGMP concentrations!*?.
Musialek et al®® found that an increase in cellular
c¢GMP could stimulate the hyperpolarization-activated
inward current (I,), which may promote an “automatic”
tachycardia®. However, the constant heart rate after
sildenafil administration at both therapeutic and supra-
therapeutic concentrations reported in the present
study suggests that this mechanism should not be the
cause of a high DFT. At supra-therapeutic concentra-
tions, sildenafil blocks Tear and accelerates cardiac re-
polarization?, which may possibly lead to a shortening
of the action potential duration (APD) and effective
refractory period (ERP). These electrophysiological
changes could be responsible for an attenuation of
defibrillation efficacy, resulting in the increase in the
DFT found in the present study. As for the sildenafil-
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NTG combination, Yoo et al recently reported that
sildenafil did not augment NTG to increase the plasma
c¢GMP concentration in dogs®?. This might explain no
augmentative effect of NTG on defibrillation efficacy
when given at either 50-mg or 100-mg of sildenafil, as
reported in the present study. Further defibrillation
studies such as cardiac mapping are necessary to
elucidate the mechanism of increased DFT by supra-
therapeutic doses of sildenafil.

Conclusion

The intravenous administration of combined
100-mg of sildenafil (i.e. a supra-therapeutic concen-
tration) and NTG significantly increased the DFT (37%
total energy). No synergistic effect of NTG was found
on the DFT, when administered together with sildenafil.
Sildenafil is used increasingly in both ED and pulmo-
nary arterial hypertension, and if this adverse effect is
also consistent in humans, the drug should be used
with caution in patients with relatively high DFT. Care
should be taken when prescribing sildenafil, indivi-
dually or in combination with nitric oxide donors, to
patients with a high DFT at baseline, pulmonary hyper-
tension that requires prolonged use of these drugs,
and impaired drug elimination such as hepatic or renal
insufficiency.

Study limitations

Although the present study demonstrated an
increase in the DFT after intravenous administration of
a supra-therapeutic plasma concentration of sildenafil
combined with NTG using a standardized swine model
of approximate human heart size, the present study
was performed in normal pig hearts and results may
differ in diseased hearts. Moreover, the pharmacoki-
netics and metabolism of these drugs vary substan-
tially between species, therefore the results could be
similar or different in humans. Although the effective
refractory period was not measured in the present
study, it was shown in the introduction of the present
study that intravenous administration of sildenafil at
the sub- to supra-therapeutic level did not affect either
monophasic action potential duration or effective
refractory period. Defibrillation studies at cellular and
molecular levels are needed to verify the mechanistic
insight by which sildenafil increases the DFT.
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1. Introduction

Sudden cardiac death, caused mainly by ventricular
fibrillation (VF), is the major cause of death in many nations
around the world [1]. Despite the use of an implantable
cardioverter-defibrillator (ICD), the therapeutic goal is still
far from ideal. Investigators have been investigating the
means that could lower the shock strength required to
successfully defibrillate, thus minimizing cellular damage in
VF patients [2]. In the past decades, fish oil has been shown
to be antiarrhythmic and decreases cardiovascular mortality
[3,4]. However, its effect on the defibrillation efficacy has
never been investigated.

The n-3 class of polyunsaturated fatty acids such as
docosahexaenoic acid (DHA) has been shown to be related
to a prevention of cardiac arrhythmias as well as a reduction
in sudden cardiac death [3]. Previous studies have
demonstrated that the occurrence of VF during ischemia
and reperfusion can be prevented by the acute intravenous
administration of DHA [5,6]. Ventricular arrhythmia thresh-
old has also been raised by the application of fish oil [7].
Recently, we demonstrated that acute intravenous infusion of
DHA could significantly decrease the upper limit of
vulnerability shock, therefore reducing the VF induction
window during the vulnerable period of a cardiac cycle [2].
Despite the increasing evidence of its antiarrhythmic effect,
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the role of fish oil on defibrillation efficacy has never been
verified. In the present study, we sought to determine
whether DHA can improve the defibrillation efficacy. The
study was approved by the Institutional Animal Care and
Use Committees of the Faculty of Medicine, Chiang Mai
University. All animals were cared for according to the
Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No.85-23, revised 1996).

Ten healthy pigs (20-30 kg) of either sex were
anesthetized and maintained under physiologic conditions
[8]. Catheters with a 34-mm and 68-mm platinum coated
titanium coil electrodes (Guidant Corp.) were inserted into
the RV apex and at the junction between right atrium and
superior vena cava, respectively, and were used as
defibrillation electrodes. The blood pressure, ECG, heart
rate, plasma O, saturation, respiratory rate and EtCO, were
monitored continuously throughout the entire study. In the
study protocol, VF was induced by 50-Hz AC delivered via
an electrode at the tip of the RV catheter. After 10 s of VF,
defibrillation was attempted with biphasic truncated expo-
nential shocks (Ventak ECD, Guidant Inc.). A minimum of
4 min was allowed to elapse between VF episodes or until
the blood pressure and heart rate returned to normal values. If
the shock failed to defibrillate, a rescue shock (20—30 J) was
delivered within 10 s. The animals were euthanized by VF at
the end of the study. The DFT was determined using a 3-
reversal up/down protocol as described elsewhere [8]. Pigs
were divided into 2 groups equally. In each pig, the control
DFT was determined at the beginning of the study. Then, a
solution contained 1.0 g of DHA (Sigma Chemical Co.) in
100 mL normal saline with 10 g purified delipidated bovine
serum albumin (BSA) was infused intravenously within
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90 min in group 1 [6]. The DFT was determined again
immediately after the end of DHA administration (DHA-
DFT). To confirm that the BSA, which was used as a vehicle
for the DHA, did not alter the DFT, a BSA of the same
volume as used in the DHA administration in group 1 was
infused intravenously within 90 min in group 2. Then, the
DFT (BSA-DFT) was determined again after the end of BSA
infusion. Comparisons of data (mean=standard deviation)
were performed using a Student’s paired r-test. Differences
were considered significant when P<0.05.

In group 1, the control DFT delivered voltage was 421+
94 V and the total energy was 15+7 J. The DHA-DFT was
not different (416+92 V and 15+7 J), compared to the
control DFT (P=0.5). The impedance (47+6 vs. 467 ()
measured before and after DHA infusion was not different
(P=0.3), indicating that it did not attribute to the unaltered
DFT in this group. The mean systolic blood pressure (93413
vs. 98+ 17 mmHg) and the heart rate (9113 vs. 97+9 beats/
min) recorded before and after DHA administration were not
different (P=0.7). In group 2, the vehicle did not alter the
DFT delivered voltage (341+37 vs. 345442 V, P=0.7) and
total energy (9+2 vs. 9£2 J, for control-DFT and BSA-DFT,
respectively, P=0.5). The impedance (54+6 vs. 54+7 (),
P=0.8), systolic blood pressure (95+10 vs. 92+ 14 mmHg,
P=0.5) and heart rate (102+10 vs. 96+16 beats/min,
P=0.4) measured before and after BSA infusion was not
different.

Although a number of studies have demonstrated the
potential antiarrhythmic benefits of fish oil, our present study
indicates that acute intravenous administration of 1.0 g DHA
cannot improve defibrillation efficacy. Previous studies have
shown that administration of fish oil, either orally or
intravenously, can raise the arrhythmia induction threshold
[7], prevent the occurrence of VF [6], as well as decrease the
upper limit of vulnerability shocks [2]. Our results suggest
that despite its antiarrhythmic effects, fish oil could not help
to improve the defibrillation efficacy by decreasing the DFT.
To the best of our knowledge, this is the first study designed
to specifically test the effect of fish oil on defibrillation. Our

study has several limitations. First, the study was performed
in normal hearts; therefore the results could differ if the study
was performed in diseased hearts as well as in human.
However, recent clinical study has also reported no
beneficial effects of fish oil on the DFT [9]. Also, a single
dose of 1.0-g DHA was tested in the present study. It is
possible that higher concentration of DHA infusion could
give a different result. Future studies with different DHA
concentrations as well as defibrillation studies at the cellular
level in normal and diseased hearts are needed to determine
the effect of DHA on the DFT.
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Sudden cardiac death is a major cause of death in most
industrialized nations around the world, and ventricular
fibrillation (VF) is known to be mainly responsible for this
fatality.! Despite the fact that VF has been known for over
a century as a lethal culprit often perpetrating sudden car-
diac death, electrical defibrillation is still the only known
effective clinical therapy for this fatal arrhythmia.? In the
past few decades, the use of an implantable cardioverter-
defibrillator has been shown to decrease the mortality rate
significantly in patients with prior myocardial infarction and
depressed ejection fraction.! Together with the mortality
reduction, our understanding on how the shock terminates
VF has been much improved.® This is partly due to the
development of investigating tools such as multichannel
electrical and optical cardiac mapping as well as cardiac
computer simulations that allow investigators to study elec-
trical activity in the heart in two or three dimensions, which
mainly contributes to the advancement in the field of defi-
brillation.*~® Despite the fact that many of the “defibrilla-
tion puzzle” pieces are in place, a few still remain elusive.’
Why some shocks fail and others of the same strength
succeed in effecting defibrillation is not well understood.

Reentry is known to maintain VF and give rise to reini-
tiation of VF after a failed defibrillation attempt.®* When a
shock fails to terminate VF, reentry has been seen to follow
and be responsible for failed defibrillation.® Since a phase
singularity (PS) represents the existence of reentry, the
number of PSs has been thought to be associated with
defibrillation outcome.'*!!

Influence of shock strength on postshock PS and
defibrillation outcome

Influence of shock strength on defibrillation has been ex-
tensively investigated, and its important role in postshock
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activation patterns was suggested.>'®!! Previous electrical
mapping studies in dogs demonstrated that the earliest post-
shock activation appeared early (i.e., short isoelectric win-
dow) after weak shocks (well below the defibrillation
threshold) and were associated with failed defibrillation,
whereas strong defibrillation shocks had a long isoelectric
window after the shock and were generally associated with
successful defibrillation.*> When shocks at a strength near
the defibrillation threshold were used and failed to defibril-
late, repetitive responses were observed before degenerating
into VE.”"'*15 In contrast, most optical mapping studies in
isolated, perfused rabbit hearts reported that there was no
isoelectric window after defibrillation shocks and that reen-
try was responsible for failed defibrillation.®'®!” The dis-
crepancy among these findings has been proposed as largely
due to different shock strengths used among studies, since
the shock strength used in those optical mapping studies
was frequently much weaker than the defibrillation thresh-
old.>"?

The influence of shock strengths on activation patterns
after defibrillation shocks has been strongly emphasized and
supported by recent optical mapping reports in isolated pig
hearts using shocks at various strengths from 100 to
900 V.'!" In that report,'® it was demonstrated that (1)
postshock interval or an isoelectric window did not exist at
low strength shocks but existed and monotonically in-
creased as shock strength increased; (2) the number of
postshock PSs progressively decreased (and reached zero)
as defibrillation shock strength increased, whereas the num-
ber of preshock PSs during VF did not differ among those
shocks; and (3) low-strength shocks were not able to defi-
brillate as the number of postshock PSs was still high and
reentry was observed as a postshock activation pattern for
failed defibrillation. In that study, however, defibrillation
only reached a 100% success rate at 900 V, even though
postshock PSs were no longer observed from 600 to 900 V
and only a focal pattern of epicardial activation was ob-
served in failed defibrillation.'® These findings indicate that
shock strengths play a major role in determining the number
of postshock PSs and postshock activation patterns; how-
ever, the number of postshock PSs did not critically deter-
mine defibrillation outcome.

doi:10.1016/j.hrthm.2007.03.030
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Postshock activation patterns and defibrillation
outcome for near-DFT;, shocks

Although a number of studies have been carried out to
investigate defibrillation mechanisms over the past decades,
there are only a few that used a shock strength of around
50% defibrillation success (DFTs,) to investigate the rela-
tionship between myocardial responses to the shock and
defibrillation outcome.”'*"'* Since the nature of defibrilla-
tion is probabilistic and shock-strength dependent, investi-
gators have been trying to find the determining factors by
which DFTs, shocks of the same strength sometimes suc-
ceed while at other times they fail to defibrillate. Electrical
and optical cardiac mapping studies in pigs have demon-
strated that when the strength of the shock was kept constant
at DFT5,, three types of defibrillation outcome, that is,
successful defibrillation type A or type 1 (immediate re-
sumption of sinus rhythm); successful type B or type 2 (a
few repetitive responses before sinus rhythm); and failed
defibrillation, could be observed.”'* At this DFTs, repeti-
tive responses similar to type B successful shocks were
often observed after failed defibrillation.

In electrical mapping studies, investigated parameters
immediately after the shock indicated no differences be-
tween type B success and failed defibrillation and that the
first postshock activation between the two was almost in-
distinguishable, whereas successive cycles demonstrated di-
vergent patterns.””'> In failed defibrillation episodes, the
intercycle interval (i.e., an interval between onsets of suc-
cessive cycles) was found to be shorter, whereas the wave
front conduction time (i.e., time that each cycle takes to
traverse the heart) was longer for the first five successive
cycles after the shock, when compared with those in type B
success. All of these findings suggest that electrophysi-
ologic variables immediately after the shock might not be a
crucial factor in determining the outcome of defibrillation.
Instead, the number and rapidity of postshock cycles could
be determining factors of defibrillation outcome for near-
DFT5, shocks. However, electrical state at shock onset was
not investigated in those studies.

In an optical mapping study using near-DFTs, shocks,
similar findings to previous electrical mapping results were
demonstrated.'? However, the electrical state of the heart at
the time of the shock was different between type B success
and failed defibrillation. These findings indicated that the
phase of VF action potentials at shock onset is crucial in
determining defibrillation outcome. However, immediate
myocardial responses to the shock (i.e., depolarization pat-
tern of the first postshock cycle) were no different between
type B success and failed defibrillation. These findings,
again, could be interpreted to mean that the number and
rapidity of postshock activations rather than cardiac state at
the time of the shock may be important factors in determin-
ing defibrillation outcome at DFT5, shocks. In those studies,
however, type A success episodes were often excluded from
data analysis and the preshock PS was never investigated
for its role in determining defibrillation outcome.

Preshock PS and defibrillation outcome for near-DFT5,
shocks

In this issue of Heart Rhythm, Hayashi et al'® reported for
the first time an important finding concerning the relation-
ship between preshock PS and defibrillation outcome at
near-DFTs, shocks. They studied the process of ventricular
defibrillation in isolated, perfused rabbit hearts using an
optical mapping system that provides an elegant method to
dynamically monitor electrophysiological activation and re-
covery of a significant portion of the ventricular heart mus-
cle. They found that when shocks near the DFT were ap-
plied either early (10 seconds) or late (1 minutes) after VF
was induced, the number of PSs present just before shocks
was related to postshock activation dynamics. Their major
findings that a low number of preshock PSs were associated
with type A success reemphasize the importance of electri-
cal states of myocardium at the time of the shock when
determining defibrillation outcome. However, because of
the complex nature of defibrillation, Hayashi et al found that
the number of preshock PSs was no different between failed
and type B successful defibrillation. This suggested that
there are possibly parameters other than cardiac state at
shock onset that determined defibrillation outcome for type
B success and failed defibrillation.

In summary, the article by Hayashi et al'® has helped to
explain the discrepancy in previous findings in terms of
shock strength influence, activation patterns and electrical
state of myocardium at the time of the shock, and defibril-
lation outcome. Do the findings of the Hayashi et al study
add a piece to the defibrillation puzzle? In a word, yes. Their
results solidify further the notion that electrophysiological
activity just before the shock importantly influences the
postshock activation dynamics and defibrillation outcome.
Their findings suggest the possibility that if these dynamics
could be actively and reliably controlled in specific regions
of the heart,'”~2! significant and clinically important reduc-
tions in DFT might be achieved.
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Heart rate variability (HRV) has been accepted as a new
risk stratifier for cardiac complications in post-myocardial
infarction and heart failure patients. However, there are only
a few reports regarding HRV in thalassemia. Since
genetically engineered thalassemic mice have been used to
investigate thalassemic complication and therapeutic inter-
ventions [ 1], the characteristics of HRV in the 3-thalassemic
mice were investigated in the present study.

Although chelating therapy has been shown to improve
the prognosis in PB-thalassemia, sudden cardiac death and
cardiac failure are still the major cause of death in these
patients [2]. Early identification of patients who are at risk of
developing cardiac complications is essential since better
therapeutic approach such as intensify chelating therapy may
be required to prevent mortality. It is known that basic
parameters such as hemoglobin level cannot be used for this
purpose, while traditional predictors such as left ventricular
ejection fraction and history of arrhythmia are still not useful
because of their low positive predictive value and low cost-
effectiveness [3]. HRV has been proposed as a new risk
stratifier in post-myocardial infarction and heart failure
patients [4,5]. However, only a few studies investigated the
role of HRV in thalassemia [6—8]. Using a small number of
patients, Franzoni et al. [6] demonstrated that 3-thalassemic

* This study is supported by Thailand Research Fund grants
RMU4880013 (S.C.), RMU4980001 (N.C.), TRF Senior Research Scholar
grant (S.F.) and Mahidol University grant (P.W.).

* Corresponding author. Tel.: +66 53 945329; fax: +66 53 945368.

E-mail address: nchattip@mail. med.cmu.ac.th (N. Chattipakorn).

0167-5273/$ - see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.ijcard.2006.08.076

patients had depressed HRV without clinical signs of cardiac
functional involvement.

In the last decade, ‘humanized’ transgenic mice containing
[3-thalassemia mutations in the context of the human B-globin
locus have been generated, which display hematological
abnormalities at the phenotypic and genotypic level similar to
thalassemia patients [9,10]. More recently Jamsai et al.
reported the creation of the HbE/B-thalassemia mouse model
[11]. This mouse model represents ~40% of B-thalassemia
mutations in southern China and Thailand and is as an ideal in
vivo model system for pathophysiological studies [12].

Although the genetic expression of HbE/p-thalassemia
mouse is similar to that found in the human counterpart, the
alteration of autonomic modulation in these thalassemic
mice has never been investigated. Therefore, we evaluated
whether the HRV is changed during the early stage of
thalassemia in this mouse model. Thirteen wild-type mice,
13 double heterozygous HbE/R-thalassemia mice and 13
heterozygous R-globin knockout mice (™p*") (mean
age=4=1 months) were studied. Short-term ECG recording
was performed in all conscious mice with ADInstruments
Powerlab. Time and frequency domain HRV were evaluated
using MATLAB 7.0, as previously described by Just et al.
[13]. Hemoglobin level, the production of reactive oxygen
species (ROS), and serum iron (SI) were also measured
[14,15]. When compared to the wild type mice, all HRV
parameters were depressed in the ™"~ group (Table 1). In
double heterozygous HbE/B-thalassemia mice, all HRV
parameters were also depressed except SDNN which was
reduced but not reach statistical significant. The hemoglobin
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Table 1
HRYV and basic measured parameters in wild-type, double heterozygous B/E
and heterozygous [3-thalassemic mice

Parameter Wild-type  Double Heterozygous  Heterozygous 3-globin

(n=13) HbE/R (n=13) KO (n=13)
SDNN 5.6+4.3 3.1+23 1.8+0.7*
MSSD 47+4.1 1.8+1.7% 1.0£0.4%
HFnu 40+8 24+10% 23+ 6*
LFnu 59+8 76+ 10% 77+ 6%
LF/HF 1.57£0.5 3.8+1.8% 3.8+1.6%
HR 643.8+51  670.5+46.9 682.1+34.1
Hb 164+1.6  15.0+2.4 9.0+1.6*F
SI 203+6.1  22.1+4.6 433424 3*T
ROS 106.4+25.7 116.0+16.8 215.6+69.1*T

Values are expressed as (mean+SD). *p<0.01 compared with wild-type,
Tp<0.01 compared with double heterozygous ; SDNN: standard devia-
tion of all RR intervals (msec); rMSSD: root mean square of successive
difference of RR (ms); HFnu: normalized high frequency power; LFnu:
normalized low frequency power; HR: mean heart rate (beat per minute);
Hb: hemoglobin (g/dl); SI: Serum Iron (uM); ROS: Production of Re-
active Oxygen Species (F1 Unit).

level was decreased only in the ™p ™~ group with increased
SI and ROS production.

The depressed HRV, i.e. an expression of cardiac
autonomic modulation, in ™p """ and double heterozygous
HbE/p-thalassemia mice could be due to the effect of chronic
anemia associated with a certain degree of iron overload that
leads to oxidative damage, similar to that in thalassemic
patients [6]. However, a reduced hemoglobin with increased
SI and ROS production was found only in the ™p "~ group.
This finding raises the question about the causes of im-
paired autonomic modulation in double heterozygous HbE/
-thalassemia group. It is possible that depressed HRV may
reflect an early physiologic change in this mouse model.
Further investigations are required to validate the cause of
these depressed HRV parameters.

In conclusion, the present study demonstrates de-
pressed HRV in the ™p*" and double heterozygous
HbE/pB-thalassemia mice. Although the prognostic value
of this depressed HRV still needs to be further investi-
gated, these findings indicate that autonomic modulation
in these thalassemic mice could well represent that in (3-
thalassemic patients, suggesting that these could be used
to investigate cardiac complications as well as other phar-
macological interventions in thalassemia.
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Effects of Sildenafil Citrate on Defibrillation Efficacy. Introduction: Although fatal arrhythmia
and sudden death have been reported in patients taking sildenafil citrate, its effect on defibrillation efficacy
has not been investigated. The aim of this study was to test the hypothesis that sildenafil citrate increases
the shock strength required to successfully defibrillate during ventricular fibrillation (VF).

Methods and Results: A total of 26 pigs (20-25 kg) were randomly assigned into three groups. In each
group, the defibrillation threshold (DFT) was determined at the beginning of the study using a three-
reversal up/down protocol. Each shock (RV-SVC, biphasic) was delivered after 10 seconds of VF. Group 1
(n = 10) received 50 mg and group 2 (n = 10) received 100 mg of sildenafil citrate intravenously at a rate of
2 mL/minute for 50 minutes. Group 3 (n = 6) received 100 mL of saline intravenously at the same rate as in
group 1. The DFT was determined again after the drug (drug-DFT) and saline (saline-DFT) administration.
For 100-mg sildenafil citrate infusion, the DFT (483 £ 39 V, 18 £ 3 J) was significantly (P < 0.003 and
P < 0.01, respectively) higher than the control-DFT (407 4 123 V, 13 £ 7 J). This sildenafil citrate infusion
increased the DFT ~19% by voltage, and ~38% by total energy. After 50-mg sildenafil citrate infusion, the
DFT (454 £+ 28 V, 15 £ 2 J) was not different than the control DFT (449 £ 28 V, 15 & 2 J). Saline infusion
(391 = 18 V, 12 1 J) did not alter the control DFT (399 +=22V,12 £+ 1)).

Conclusion: The 100-mg sildenafil citrate infusion, representing a supra-therapeutic plasma level, sig-
nificantly increased the DFT. This finding indicates that VF occurring during supra-therapeutic sildenafil
citrate treatment would require a stronger shock to successfully defibrillate. (J Cardiovasc Electrophysiol,

Vol. 17, pp. 292-295, March 2006)

sildenafil citrate, defibrillation, ventricular fibrillation, sudden cardiac death

Introduction

Sildenafil citrate is a highly selective inhibitor of cGMP-
specific phosphodiesterase type 5 (PDE-5) and has been
widely used for the treatment of erectile dysfunction.'™ Re-
ports by the U.S. Food and Drug Administration (FDA) have
shown the incidence of significant cardiovascular events,
including sudden cardiac death, associated with the use of
sildenafil citrate.® As of February 1999, the number of spon-
taneous deaths reported to the FDA among men who had
taken sildenafil citrate was 401.7 Of these cases, a total of 219
were presumed to be cardiac in origin, including myocardial
infarction and sudden cardiac death caused by ventricular
tachycardia/ventricular fibrillation (VT/VF).?

In the past few years, anumber of studies have investigated
the effects of sildenafil citrate on cardiac electrophysiolog-
ical alterations that could cause VI/VF and sudden cardiac
death.3"1% A recent report by Swissa et al. indicated that ad-
ministration of sildenafil citrate at a supra-therapeutic level
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combined with a nitric oxide donor could cause arrhythmia in
isolated swine right ventricles.!® However, the effect of this
drug on defibrillation efficacy has not been reported to date.
The group of men who use sildenafil citrate for erectile
dysfunction may also be at risk for sudden cardiac death
caused mainly by VF. It is essential to know how the drug af-
fects defibrillation efficacy. Furthermore, growing evidence
suggests that sildenafil citrate is an effective agent for treat-
ing pulmonary arterial hypertension, leading to an increased
use of this drug.!'"'* Therefore, the aim of this study was to
test the hypothesis that sildenafil citrate increases the shock
strength required to successfully defibrillate during VF.

Materials and Methods
Animal Preparation and Electrode Placement

Twenty-six healthy pigs (20-25 kg) of either sex were
anesthetized and maintained under physiologic conditions as
described previously.'> Swine were chosen as a study model
since they have been widely used to study defibrillation.'>"!
The study was approved by the Institutional Animal Care
and Use Committees of the Faculty of Medicine, Chiang Mai
University. All animals were cared for according to 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). A catheter with a 34-mm platinum-
coated titanium coil electrode (Guidant Inc.) was inserted into
the right ventricular apex. A 68-mm electrode catheter was
positioned at the junction between the right atrium and the
superior vena cava. The position of the catheters was verified
with fluoroscopy. Blood pressure, ECG, heart rate, plasma
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O, saturation, respiratory rate, and EtCO, were monitored
continuously throughout the entire study.

Defibrillation Protocol

VF was induced by 60-Hz alternating current delivered via
an electrode at the tip of the right ventricular catheter. After
10 seconds of VF, defibrillation was attempted with biphasic
shocks (Ventak, Guidant Inc., MN) with electrodes at the
right ventricular apex as cathode and at the superior vena
cava as anode for the first phase. A minimum of 4 minutes
were allowed to elapse between VF episodes. If the shock
failed to defibrillate, a rescue shock (20-30 J) was delivered
within 10 seconds.

DFT in each group was determined using a three-reversal
up/down protocol.'® Pigs were randomly assigned into three
groups. In group 1 (n = 10), the DFT (control-DFT) was
determined at the beginning of the study. After the control
DFT was obtained, a 50-mg stock solution (0.5 mg/mL) of
sildenafil citrate was administered intravenously at the rate
of 2 mL/minute over 50 minutes.?’ The DFT (Drug-DFT)
was determined again at the end of sildenafil citrate infusion.
In group 2 (n = 10), a similar protocol as in group 1 was
performed, except that a stock solution of 100-mg sildenafil
citrate (Img/mL) was administered at the same rate as in
group 1. To confirm that an increase in plasma volume did
not affect the DFT, a similar protocol as in group 1 was per-
formed in group 3 (n = 6), except that saline (100 mL) was
administered at the same rate as in group 1. The animal was
euthanized by VF induction at the end of the study.

Drug Administration

Sildenafil citrate (Pfizer) in tablet form (50 and 100 mg)
was dissolved in 100 mL of normal saline just before the
experiment to form a stock solution. Two different concen-
trations of sildenafil citrate were injected intravenously at
the rate of 2 mL/minute over 50 minutes. Intravenous ad-
ministration of 50-mg sildenafil citrate has been shown to
represent ~100-mg sildenafil citrate taken orally, whereas
100-mg sildenafil citrate infusion has been shown to be a
supra-therapeutic dosage (~>200 mg taken orally)."20

Statistical Analysis

Values are expressed as mean &= SD. Comparisons of data
between the two DFT groups were performed using a paired
t-test. P < 0.05 was considered statistically significant.

Results

The weight of the pigs used in this study was 24.3 £ 1
kg. The total number of shocks delivered to each animal was
14 £ 1. The average number of shocks delivered to the animal
before the DFT was obtained was 7 &£ 1 in the control group
and 7 £ 1 in the sildenafil citrate and saline injected group.

In group 1, the delivered leading-edge voltage and to-
tal energy for the control DFT was 449 4+ 28 V and 15 £
2 J, respectively. Drug-DFT (454 £ 28 V, 15 4 2 J) was not
different than the control DFT (Table 1). The systolic blood
pressure after drug infusion was significantly lower than the
control systolic blood pressure (P < 0.05, Table 1). However,
the heart rate before (102 £ 7 bpm) and after (110 &£ 7 bpm)
drug administration was not different (P = 0.2).

In group 2, the delivered leading-edge voltage and to-
tal energy for the control DFT was 407 + 123 V and 13
4 7 J, respectively. Drug-DFT (483 £ 39 V, 18 £ 3 J)
was significantly higher than the control DFT (Table 1). A
100-mg sildenafil citrate infusion significantly increased the
DFT ~19% by leading-edge voltage and ~38% by total en-
ergy. The systolic blood pressure after drug infusion was sig-
nificantly lower than the control systolic blood pressure (P <
0.05, Table 1). The heart rate before (93 &+ 19 bpm) and after
(100 £ 7 bpm) drug administration was not different (P =
0.2).

In group 3, the delivered leading-edge voltage and total
energy for the control DFT was 399 22 Vand 12 £ 1 J,
respectively. Saline DFT (391 £ 18 V, 12 + 1 J) was not
different than the control DFT (Table 1). The systolic blood
pressure before and after saline infusion was not different
(P = 0.1, Table 1). The heart rate before (107 & 4 bpm) and
after (115 £ 4 bpm) drug administration was not different
(P=0.1).

Discussion

The major findings of the present study are as follows:
(1) intravenous administration of 100-mg sildenafil citrate
significantly increased the DFT; (2) infusion of 50-mg silde-
nafil citrate and saline did not change the DFT; and (3) both
50-mg and 100-mg sildenafil citrate administration signifi-
cantly decreased the systolic blood pressure.

Sildenadfil Citrate and Defibrillation Efficacy

In the past few years, cardiac electrophysiological effects
of sildenafil citrate have been investigated extensively.2!-26

TABLE 1
Defibrillation Threshold (DFT) and Hemodynamic Parameters Measured Before and After Drug or Saline Administration

Group I Group II Group III

Parameters Control 50-mg Sildenafil Control 100-mg Sildenafil Control 100-mL Saline
Delivered voltage (volts) 449 £ 28 454 £ 28 407 £ 123 483 + 39* 399 £22 391 + 18
Total energy (joules) 15+£2 15+2 13+7 18 + 3t 12+1 12+1
Impedance (ohm) 58+2 56+2 59+6 57+2 62+2 60+2
Pulse width (msec) 15+1 15+1 15+£3 14+ 1 16 +1 16 +1
Systolic BP (mmHg) 87+5 73 + 3t 98 £ 16 85 + 3t 84+ 4 94+5
Heart rate (bpm) 102 +£7 1107 93+ 19 100 +7 107 £ 4 115+ 4

*P < 0.003 compared to control.
P < 0.01 compared to control.
*P < 0.05 compared to control.
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These effects include its ability to decrease the threshold
of ventricular tachyarrhythmias and prolong cardiac repo-
larization.'® However, its effect on the defibrillation efficacy
has never been reported. To the best of our knowledge, the
present study is the first to investigate the effect of silde-
nafil citrate on defibrillation efficacy. Our results demonstrate
that intravenous administration of 50-mg sildenafil citrate (~
100 mg taken orally?®) does not affect the DFT. However,
100-mg sildenafil citrate administered intravenously (~>200
mg taken orally?”) significantly increased the DFT. These
findings suggest that a dose-dependent effect on DFT exists,
in which the administration of the drug at a supra-therapeutic
dosage, but not at a therapeutic dosage, increases DFT.

Supra-therapeutic concentrations of sildenafil citrate have
been shown to have harmful effects in patients with conditions
such as impaired drug elimination or drug overdose.?’ A re-
cent study using isolated swine right ventricles demonstrated
that the threshold for ventricular tachyarrhythmia was de-
creased with the administration of a high-dose sildenafil cit-
rate combined with a nitric oxide donor.'® Although Geelen
etal.® have shown that sildenafil citrate prolongs cardiac repo-
larization by blocking the rapid component of the delayed rec-
tifier potassium current in HERG-transfected HEK293 cells,
a recent study performed by Chiang et al.”® has shown dif-
ferently. They demonstrated that sildenafil at a therapeutic
concentration does not block /g, and Ik, in guinea pig ven-
tricular myocytes, nor does it prolong cardiac repolarization
in guinea pig papillary muscles and canine Purkinje fibers.
They also found that sildenafil citrate blocks /¢, 1. in a dose-
dependent manner.?

In the present study, the increase in DFT after supra-
therapeutic sildenafil citrate administration could be due to
its effects on cellular electrophysiological alterations in car-
diomyocytes. Sildenafil citrate is known to inhibit PDE-5,
causing a net increase in intracellular cGMP concentra-
tions.!'?® Musialek et al.>® demonstrated that an increase in
cellular cGMP could stimulate the pacemaker current, which
may promote an “automatic” tachycardia.’* Moreover, silde-
nafil citrate at supra-therapeutic concentration blocks / Ca,L'ZS
These electrophysiological changes could be responsible for
an increase in the DFT found in this study.?3-3%

Effects of Sildenafil Citrate on Arterial Blood Pressure
and Heart Rate

Sildenafil citrate belongs to a class of compounds called
PDE inhibitors. PDEs comprise a diverse family of enzymes
that hydrolyze cyclic nucleotides ((AMP and ¢cGMP) and
therefore play a critical role in the modulation of second mes-
senger signaling pathways.3! It has been shown that the blood
pressure-lowering effects of sildenafil citrate are dependent
on the degree of drug-activated nitric oxide-guanylate cyclase
pathway.?”-32 In the present study, both 50-mg and 100-mg
sildenafil citrate administration significantly decreased the
systolic blood pressure (~10 mmHg reduction). The heart
rate after 50-mg and 100-mg sildenafil citrate administration
was slightly increased but did not reach statistical signifi-
cance (P = 0.2). These results of the hemodynamic effects of
sildenafil citrate are consistent with previous reports.>?

Conclusion and Clinical Implications

Sildenafil citrate significantly increased DFT (~38% by
energy) at a concentration above the therapeutic level. Since

supra-therapeutic plasma level of the drug may be seen clini-
cally after drug overdose or in the presence of impaired drug
elimination,” this finding indicates that VF occurring dur-
ing sildenafil citrate treatment in patients with impaired drug
elimination such as hepatic or renal insufficiency, as well
as in patients with pulmonary hypertension, may require a
much stronger shock to successfully defibrillate. Therefore,
care should be taken when prescribing sildenafil citrate to
patients with cardiac disease, as well as in patients at risk for
impaired drug elimination.>3* This finding also suggests that
a high-energy implantable defibrillator could be useful in this
group of patients.

Study Limitations

The present study demonstrated an increase in the DFT af-
ter intravenous administration of a supra-therapeutic plasma
concentration of sildenafil citrate using a large animal model
to approximate human heart size. However, this study was
performed in normal pig hearts, and the results may differ in
diseased hearts or in different species. Moreover, the pharma-
cokinetics and metabolism of this drug varies substantially
between species. Therefore, the concentration of the drug
used in this study may not represent the plasma level of the
drug when used in humans. Also, the definite mechanistic ef-
fect of the drug on the electrophysiology of the heart during
defibrillation was not elucidated. Future studies are needed
to investigate the electrophysiologic effects of the drug dur-
ing VF as well as after the defibrillation shock. Despite these
limitations, we believe that the finding in the present study
will initiate further investigations regarding the mechanistic
effects of sildenafil citrate on defibrillation. Optical and elec-
trical cardiac mapping studies could be the next step to better
understanding how supra-therapeutic dosages of the drug in-
creased the DFT. Defibrillation studies at the cellular level
are also necessary to provide direct evidence elucidating the
mechanism by which sildenafil citrate increases the DFT.
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Abstract

The current pharmacotherapy for Alzheimer’s disease (AD) is the use of acetylcholinesterase inhibitors (AChE-Is). A previous in vitro study
showed that Tabernaemontana divaricata extract (TDE) can inhibit AChE activity. However, neither the AChE inhibitory effects nor the effect on
neuronal activity of TDE has been investigated in vivo. To determine those effects of TDE in animal models, the Ellman’s colorimetric method
was implemented to investigate the cortical and circulating cholinesterase (ChE) activity, and Fos expression was used to determine the neuronal
activity in the cerebral cortex, following acute administration of TDE with various doses (250, 500 and 1000 mg/kg) and at different time points. All
doses of TDE 2 h after a single administration significantly inhibited cortical AChE activity and enhanced neuronal activity in the cerebral cortex.
The enhancement of Fos expression and AChE inhibitory effects in the cerebral cortex among the three TDE-treated groups was not significantly
different. A 2 h interval following all doses of TDE administration had no effect on circulating ChE activity. However, TDE significantly inhibited
circulating AChE 10, 30 and 60 min after administration. Our findings suggest that TDE is a reversible AChE-I and could be beneficial as a novel

therapeutic agent for AD.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Acetylcholinesterase inhibitor; Cerebral cortex; Fos

1. Introduction

Alzheimer’s disease (AD) is the most common age-related
neurodegenerative disease, having many cognitive and neu-
ropsychiatric manifestations that result in progressive disability.
Neuropathologically, AD is characterized by the appearance
of neuritic plaques and neurofibrillary tangles in the brain.
The cholinergic system has been shown as the predominantly
affected neurotransmitter system in this disease (Giacobini,
2003a). The degeneration of cholinergic afferents to the cerebral
cortex from the medial septum is one hallmark of AD (Coyle

Abbreviations: AChE, acetylcholinesterase; ChE, cholinesterase; TDE,
Tabernaemontana divaricata extract
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et al., 1983). In fact, the severity of cognitive decline is cor-
related with cholinergic impairment (Perry et al., 1978, 1999).
Currently, the most effective available pharmacotherapy for AD
is the use of acetylcholinesterase inhibitors (AChE-Is), which
indirectly elevate the attenuated acetylcholine concentrations in
the AD-affected brain, thereby enhancing cholinergic function
(Bickel et al., 1991; Barnes et al., 2000; Disterhoft and Matthew,
2003; Giacobini, 2003b; Liston et al., 2004). Although the use
of AChE-Is (e.g. donezepil, rivastigmine and galantamine), a
symptomatic pharmacological treatment of AD, has been shown
as beneficial to cognitive, functional and behavioral symptoms of
the disease, it also causes undesired side effects (Sweeney et al.,
1989; Bickel et al., 1991; Woodruff-Pak et al., 2001; Zarotsky et
al., 2003; Liston et al., 2004). The most common adverse effects,
related to cholinergic stimulation in the brain and peripheral tis-
sues, include gastrointestinal, cardiorespiratory, extrapyramidal,
genitourinary, and musculoskeletal symptoms, as well as sleep
disturbances (Thompson et al., 2004). Therefore, the search for
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new AChE-Is, particularly from natural products, with higher
efficacy and fewer side effects has been extensively investigated.

Tabernaemontana divaricata (L.) is a common garden plant
in Southeast Asia and other tropical countries. It has been
reported as a rich source of various alkaloids, with various phar-
macological properties (van Beek et al., 1984). It has been used
in traditional rejuvenation remedies in Thailand (Ingkaninan et
al., 2003). In Thai herbal medicine, these remedies are believed
to improve memory. In addition, native people in America,
Africa and Continental Asia have used this plant as a central
nervous system stimulant (Taesotikul et al., 1998). Despite its
long-time use, there have been very few scientific studies to
explain how Tabernaemontana divaricata can improve memory.
Recently, Ingkaninan et al. (2003) demonstrated that methano-
lic extracts of Tabernaemontana divaricata (0.1 mg/ml) inhib-
ited more than 90% of AChE activity in their in vitro study.
However, neither its effects on AChE inhibition nor its neu-
ronal activity enhancement in the cerebral cortex, a brain region
critical for learning and memory, have ever been investigated
in an in vivo model. Therefore, in this study, the hypotheses
that acute administration of Tabernaemontana divaricata extract
(TDE) can (1) inhibit the activity of circulating and cortical
acetylcholinesterase (AChE) as well as butyrylcholinesterase
(BuChE), and (2) enhance neuronal activity in the cerebral cor-
tex, were tested. To the best of our knowledge, this is the first
study investigating the above effects of TDE in rats.

2. Materials and methods
2.1. Plant materials

Tabernaemontana divaricata was collected from Phitsanu-
lok, Thailand. The voucher specimen (collection no. Changwijit
0020) was deposited at the PBM herbarium, Faculty of Pharma-
ceutical Sciences, Mahidol University, Thailand.

2.2. Extract of Tabernaemontana divaricata

Roots of Tabernaemontana divaricata were separated from
the whole plants and dried at 55 °C. The dried materials were
ground, macerated with 95% ethanol twice (for 3 and 7 days)
and dried by evaporating the ethanol extracts under a reduced
pressure. The yield of the ethanolic extracts from roots of Taber-
naemontana divaricata was 9.16% of dried materials. To con-
firm the quality of TDE in each experiment, each lot of TDE
was microplate assayed for AChE and BuChE activity in vitro
prior to its use in animals.

2.3. Invitro analysis for AChE and BuChE activity

The assay for measuring ChE activity was modified from the
assay described by Ellman et al. (1961) and Ingkaninan et al.
(2003). Briefly, 125 pl of 3 mM 5,5’ -dithiobis-(2-nitrobenzoic
acid) (DTNB), 25 ul of 15 mM acetylthiocholine iodide (ATCI)
for AChE activity or butyrylthiocholine idoide (BTCI) for
BuChE activity, 50 wl of buffer, and 25 ul of sample dissolved
in buffer containing not more than 10% methanol were added

to microplate wells, followed by 25 1 of 0.28 U/ml AChE. The
microplate was then read at 405nm every 5s for 2min by a
CERES UV 900C microplate reader (Bio-Tek instrument, USA).
The velocities of the reactions were measured. Enzyme activity
was calculated as a percentage of the velocities compared to that
of the blank sample. Inhibitory activity was calculated by sub-
tracting the percentage of enzyme activity from 100%. Every
experiment was done in triplicate. Stock solutions of samples in
Trisma-hydrochloride (Tris—HCIl) buffer containing not more
than 10% methanol were diluted serially with Tris—HCI buffer
to obtain eight or nine different concentrations. The concentra-
tion of TDE and galantamine required to inhibit 50% enzymatic
activity (IC50) were determined in triplicated by using the soft-
ware package Prism (Graph Pad Inc., San Diego, USA).

2.4. In vivo study protocol

A total of 136 male Wistar rats, weighing 100-150 g, were
purchased from the National Animal Center, Salaya campus,
Mabhidol University, Bangkok, Thailand. All rats were housed,
two or three per cage, with free access to food and water for at
least 1 week prior to the study. The research protocol adhered
to the “Guide for the Care and Use of Animals in compli-
ance with the National Institute of Health guideline for the care
and treatment of animals” and followed the appropriate Fac-
ulty of Medicine, Chiang Mai University, Standard Operating
Procedure for animal identification (approved protocol number
07/2547), housing and diet before and during the experiments.

For the study of ChE activity, 112 rats were divided into
16 groups (n="7 per group). Each group was injected intraperi-
toneally with one of the following doses of TDE dissolved in
ethanol (EtOH): 0, 250, 500 or 1000 mg/kg. The animals admin-
istered with each TDE dose were divided into four sets. Each
set was sacrified 10, 30, 60 or 120 min following TDE injec-
tion intraperitoneally. The minimum dose of TDE used in this
study was 250 mg/kg, since this dose was half of the lowest dose
(500 mg/kg) reported to affect parasympathetic activity, such as
vasodilatation or mild respiratory depression in animal mod-
els (Taesotikul et al., 1989). The intraperitoneal lethal doses of
the ethanolic extracts from roots was 2000 mg/kg, in which the
signs and symptoms observed after this lethal dose were paraly-
sis of skeletal muscles, irregular breathing, cyanosis, asphyxia,
tremor, clonic convulsion, coma and death within 825 min after
injection (Taesotikul et al., 1989). No animals in this study
showed any signs and symptoms while receiving any doses of
TDE. For the positive control of TDE on ChE activity, eight rats
were divided into two groups (n =4 per group). Each group was
injected intraperitoneally with either 0 or 10 mg/kg of galan-
tamine dissolved in saline. These eight animals were sacrificed
120 min following galantamine injection.

For the study of neuronal activity in the cerebral cortex, the
Fos immunohistochemistry technique was used. In this study,
rats were divided into four groups (n =6 per group). Each group
was injected intraperitoneally with one of the following doses
of TDE dissolved in ethanol (EtOH); 250 mg/kg (group 1),
500 mg/kg (group 2), or 1000 mg/kg (group 3). Control ani-
mals (Omg/kg TDE, group 4) were intraperitoneally injected
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with EtOH alone. For the positive control, the other two sets of
animals were used. Each group (n=2 per group) was injected
intraperitoneally with either 0 or 10 mg/kg galantamine dis-
solved in saline. Since Fos protein exhibits maximal expression
after 2 h of stimulation, each rat was sacrified 2 h after intraperi-
toneal TDE injection for the Fos immunohistochemistry study.

2.5. ChE activity determinations in blood and cortical
samples

Determination of ChE activity was based on the colorimetric
method originally described by Ellman et al. (1961), and adapted
for determining the enzyme activity in rat blood and supernatants
of cortical homogenates.

All animals were euthanized with pentobarbital (50 mg/kg,
i.p.) and then blood samples from the heart were collected before
the animals were intracardially perfused with normal saline. Cor-
tical tissues were separately dissected and rapidly removed.

The blood was centrifuged for 6 min at 17,000 rpm at room
temperature to separate red blood cells (RBC) and serum. Both
RBC and serum samples were immediately measured for ChE
activity.

The fresh cortical tissues were weighed and then homoge-
nized in 10 parts of 0.1 M phosphate buffer pH 7.4, which con-
tained 1% Triton-X 100. Following centrifugation at 15,000 rpm
for 15min at 4 °C, the clear supernatants were removed and
served as the enzyme source. AChE activity was determined
in 50 ul aliquots of RBC or the cerebral supernatants (run as
duplicates). The reaction was started by adding 0.25 mM 5,5'-
dithiobis-(2-nitrobenzoic acid) (DNTB) and either (1) 0.5 mM
acetylthiocholine-iodide (ATCI), the commonly used substrate
for in vitro AChE determinations (Ellman et al., 1961) or (2)
0.5 mM butyrylthiocholine iodide (BTCI), the commonly used
substrate for in vitro BuChE determinations, each combination
dissolved in phosphate buffer pH 7.4 (0.1 M). The plate was
then immediately placed into an automatic microplate reader
and the yellow reaction product was quantified at 22 °C using
a wavelength of 405 nm. The reaction was monitored over a
period of 10 min with readouts taken every 10s. The reaction
was then processed by a program controlled by the plate reader.
Data were stored in a computer. Quantification of the enzymatic
activity was based on a change in optical density in the lin-
ear range over time, using the molar extinction coefficient of
the reaction products. The spectrophotometric absorption was
quantitatively measured and expressed as nmol acetylcholine
hydrolysed/min/ml RBC or /mg cortical tissue and nanomole
butyrylcholine hydrolysed/min/ml plasma or /mg cortical tis-
sue. All chemicals used in this study were purchased from
Sigma-Aldrich Co. (St. Louis, MO).

2.6. Fos immunohistochemistry

To address the possibility that TDE enhanced neuronal activ-
ity, the expression of Fos proteins in cortical neurons following
acute TDE administration was determined. Fos is a cellular
marker in which the pattern of its staining can provide clues
about the involvement of specific neuronal populations as being

involved in learning-associated signal processing or having been
activated by external stimuli (Marcus et al., 1998; Aggleton and
Pearce, 2001; Bozon et al., 2002). Therefore, if neurons are
activated via TDE, Fos-positive neurons in brain tissues, partic-
ularly the cerebral cortex, following TDE administration should
be observed.

In this study, each animal was deeply anesthetized 2 h after
TDE and galantamine injections with pentobarbital (80 mg/kg,
intraperitoneally) and perfused intracardially with phosphate
buffer saline, followed by 4% paraformaldehyde. The whole
brain was removed, post-fixed and placed in 30% sucrose
overnight and then frozen and cut into 40 wm-thick, transverse
frozen sections. Every section was processed for Fos, using
a rabbit polyclonal antibody (Santa Cruz, 1:1,000 dilution).
A black reaction product was produced with a standard ABC
reaction (Vectastatin Elite kit; Vector Labs) with nickel inten-
sification using Vectastain, and the sections were mounted on
slides. Processing for Fos was similar to that described previ-
ously (Chattipakorn et al., 1999).

2.7. Data analysis

For Fos immunohistochemistry, changes in the number of
Fos-positive cells in the cortical regions between different treat-
ment groups were counted using a double-blinded technique as
described in Chattipakorn et al. (1999). Data from Fos immuno-
histochemistry and ChE activity were expressed as mean & S.E.
Statistical analyses were carried out using parametric analysis
(ANOVA) and Fisher’s L.S.D. test for post hoc testing to cal-
culate the significance for both TDE-treated and control rats.
Significance was set at P <(.05.

3. Results

The ICsp of TDE for AChE and BuChE activity was
2.56+0.37 and 76.95£0.11 mg/l, respectively. The AChE
inhibitory effect of TDE from the microplate assay was less
potent than that of galantamine (ICs9 for AChE and BuChE:
0.22 £0.04 and 23.96 £ 9.03 mg/1) (Fig. 1). These findings con-
firm those of a previous report (Ingkaninan et al., 2003) and
suggest that TDE is a ChE inhibitor, but it inhibited AChE activ-
ity more than BuChE activity in this in vitro study.

The percentage inhibition of AChE activity in the cere-
bral cortex compared to that in the control was 17.4 + 6.3%,
22.7£6.9% and 16.6 £5.0% for 250, 500, and 1000 mg/kg
TDE, respectively, 2h after intraperitoneal administration.
These levels of AChE activity in the TDE groups were signif-
icantly different from those in the controls (P <0.05, Fig. 2).
No difference was found among these TDE-treated groups
(P=0.39, Fig. 2). In contrast to AChE activity, the % BuChE
inhibitory effects in the cerebral cortex of all three TDE-treated
groups were 12.3 +5.3%, 15.2 +5.2% and 8.6 &= 4.4% for 250,
500, and 1000 mg/kg TDE, respectively, 2 h after intraperitoneal
administration (Fig. 2). BuChE activities in the cerebral cor-
tex from all three TDE-treated groups were not significantly
different from those in the controls (P=0.1). In the positive
control study, it was found that galantamine, 2 h after the acute
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Fig. 1. The dose response curve of % AChE inhibition from roots of Taber-
naemontana divaricata extract (¢) in comparison with that of galantamine (V).
Values are the mean of one typical experiment performed in triplicate.

single intraperitoneal administration of 10 mg/kg, could inhibit
the activity of cortical AChE (28 £ 6%) and BuChE (0.6 = 4%)
when compared to the activity seen in the control (0 mg/kg galan-
tamine). Our study used 10 mg/kg of galantamine as a positive
control for TDE administration because this dose had been pre-
viously reported as having AChE inhibitory effects in mouse
forebrain (Bores et al., 1996). The percentage of AChE and
BuChE inhibitory activities in cortical tissues 2 h after galan-
tamine injection was similar to that of the TDE administration.
The different time points in cortical AChE and BuChE inhibitory
activities following TDE administration were investigated fur-
ther in this study. No significant differences in cortical AChE and
BuChE activity were found between all doses of TDE-treated
groups and the control group at 10, 30 and 60 min after TDE
administration (P> 0.1, Figs. 3 and 4).

In contrast to the findings in cortical tissue, TDE had no
effect on ChE activity in the circulation, either in erythrocyte
AChE or plasma BuChE activities 2 h after TDE administra-
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Fig. 2. Normalized % cortical ChE inhibition levels in rats (cortical ChE activity
of {(TDEy — TDE,/TDEy) x 100}) 2 h after intraperitoneal injection of various
doses of TDE (TDEy). TDE represents the control group (0 mg/kg of TDE).
Each data point represents mean £ S.E. AChE: acetylcholinesterase; BuChE:
butyrylcholinesterase, ChE: cholinesterase. *p<0.05 compared to the control
group (0 mg/kg of TDE =TDEj).
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Fig. 3. Normalized % cortical AChE inhibition levels in rats (cortical AChE
activity of {(TDEg — TDE,/TDEy) x 100}) at different time points after
intraperitoneal injection of various doses of TDE (TDE,: 250, 500, 1000 mg/kg).
TDE, represents the control group (0 mg/kg of TDE). Each data point repre-
sents mean & S.E. AChE: acetylcholinesterase. “p < 0.05 compared to the control
group (0 mg/kg of TDE = TDE)).

tion (Fig. 5). The percentage inhibition of circulating AChE and
BuChE activities 2 h after 10 mg/kg-galantamine administration
intraperitoneally was 2.6 &= 1% and 5 & 1%, respectively. The
circulating ChE activity after galantamine administration was
not significantly different from that in the control (P=0.063).
The results of this study are consistent with those of a previous
report, which demonstrated that the AChE inhibitory effects of
galantamine in the circulation were insignificant 2 h after admin-
istration (Bores et al., 1996). These findings suggest that TDE
may be a short-acting and reversible agent in inhibiting ChE
activity in the circulation, similar to galantamine. To investigate
that possibility, this study also analyzed the erythrocyte AChE
or plasma BuChE activities at 10, 30, and 60 min after TDE
administration. We found that the circulating AChE activity
significantly decreased at those time points after TDE admin-
istration when compared to the control (P <0.05). The mean
percentage of circulating AChE inhibition at all three time points

B TDE250mghkg @ TDES3500mgkg A TDE 1000 mgke

25 4
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Fig. 4. Normalized % cortical BuChE inhibition levels in rats (cortical
BuChE activity of {(TDEy — TDE,/TDEy) x 100}) at different time points after
intraperitoneal injection of various doses of TDE (TDE,. 250, 500, 1000 mg/kg).
TDE)j represents the control group (0 mg/kg of TDE). Each data point represents
mean £ S.E. BuChE: butyrylcholinesterase.
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Fig. 5. Normalized % circulating ChE inhibition levels in rats (circulating ChE
activity of {(TDEy — TDE,/TDEy) x 100}) 2h after intraperitoneal injection
of various doses of TDE (TDE,). TDE, represents the control group (0 mg/kg
of TDE). Each data point represents mean = S.E. AChE: acetylcholinesterase,
BuChE: butyrylcholinesterase.

were in the range of 7-25%. Our findings indicate that TDE is
a reversibly selective AChE inhibitor.

In this study, it was demonstrated that TDE could induce
Fos-like immunoreactivity (FLI) in the nuclei of the cerebral
cortex 2h after TDE administration. No FLI-positive neurons
were found in the cortical sections, in which the primary anti-
body was omitted (Fig. 6a). The FLI-positive neurons were
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scattered all over the cerebral cortex in all TDE-treated groups
(Fig. 6b—e). The number of FLI-positive neurons per animal
in the cerebral cortex was 101 £ 14, 124 4+19 and 108 22
in the groups administered intraperitoneally with 250, 500 and
1000 mg/kg of TDE, respectively. The numbers of cortical FLI-
positive neurons in all three TDE-treated groups were greater
(P <0.05) than those in the control group (49 £ 9, Fig. 7). How-
ever, FLI-positive neurons in the cerebral cortex among the three
TDE-treated groups were not significantly different (P=0.1).
Furthermore, galantamine (10 mg/kg, intraperitoneal injection;
Fig. 6g) induced greater FLI in the cerebral cortex than in the
control (NSS, intraperitoneal injection; Fig. 6f). These results
suggest that TDE can enhance neuronal activity in the cerebral
cortex similarly to galantamine (an AChE inhibitor) and that its
enhancement of neuronal activity is dose-independent for the
doses used in this study.

4. Discussion

The major finding of this study was that TDE can inhibit neu-
ronal AChE activity in an animal model, as it does in vitro. This
study also demonstrated, for the first time, that TDE has cortical
ACHhE inhibitory effects and can enhance neuronal activity in an
animal model.

Fig. 6. Representations of Fos-positive neurons in the cerebral cortex 2 h after intraperitoneal injection of various doses of TDE. (a) Negative control represents the
cortical tissue from the 1000 mg/kg TDE-treated group with the primary Fos antibody omission. (b—e) Representation of the cortical tissue 2 h after intraperitoneal
TDE injection (0 mg/kg (b), 250 mg/kg (c), 500 mg/kg (d) and 1000 mg/kg (e)). (f-g) Representation of the cortical tissue 2 h after intraperitoneal galantamine

injection (0 mg/kg (f), 10 mg/kg (g)).
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Fig. 7. Mean Fos-positive neurons per animal in the cerebral cortex 2h after
intraperitoneal injection of various doses of TDE (n=6 per group). “p<0.05
compared to the control group (0 mg/kg of TDE).

Our finding demonstrated that TDE could inhibit cortical
AChE activity in a dose-independent manner 2 h after admin-
istration, but had no effect on cortical BuChE at that time point.
These results are consistent with the study’s in vitro finding,
in which TDE was shown to inhibit AChE activity more than
BuChE activity. These findings suggest that TDE may be a
selective AChE-I similar to donepezil and galantamine (Ballard,
2002). In contrast to the in vitro study, in which the AChE
inhibitory effect of TDE was ten times less than that of galan-
tamine, it is important to note that the cortical AChE inhibitory
effect in the in vivo study, 2h after TDE administration, was
the same as that of galantamine. The percentage inhibition of
cortical AChE activity following galantamine administration in
our study is consistent with that in reports from previous animal
studies (Bores et al., 1996; Geerts et al., 2005). Therefore, the
differences between in vitro and in vivo results may possibly be
due to those variations in the bioavailability of active compounds
in TDE and galantamine in animal models.

We also found that TDE could inhibit neuronal AChE activity
about 20%, suggesting that TDE may not be a potent AChE-I
compared to others commercially available AChE-Is (donepezil,
tacrine, rivastigmine) (Kosasa et al., 1999). Kosasa and col-
leagues reported that the percentage inhibition of neuronal AChE
activity in an ex vivo study in rats was 30-46%. Their find-
ing was detected by using microdialysis and high performance
liquid chromatography (HPLC) with electrochemical detection
of neuronal AChE activity 0.5-2 h after a single administration
of several AChE-Is, such as 2.5 mg/kg of donepezil, 10 mg/kg
of tacrine and 2.5 mg/kg of rivastigmine. Therefore, the low
potency of TDE in the neuronal AChE inhibition from this study
might have been for several reasons. First, the method we used
in the analysis of ChE activity in the brain was less sensitive
in detecting AChE activity than the microdialysis and HPLC
method. Second, the TDE was in the form of a crude extract,
which, naturally, contained all of the alkaloids of TDE. The phar-
macological properties of these alkaloids have been previously
identified. Although several alkaloids may act as AChE-Is, some
may not (van Beek et al., 1984). Thus, the inhibitory effect of

TDE that results from mixed-compounds acting as AChE-Is may
be less potent than specific therapeutic drugs for Alzheimer’s
disease. Finally, a consideration in the use of several medications
in the treatment of neurodegenerative disease is the capacity of
the drug to pass the blood-brain barrier (BBB). Our findings
show that TDE has an inhibitory effect on neuronal AChE activ-
ity, suggesting that it can cross the BBB. However, the neuronal
ACHhE inhibitory effect of TDE could not be detected until 2h
after administration. This suggests that the efficiency of TDE in
crossing the BBB may be low. The efficiency of TDE in cross-
ing the BBB is neither known nor has it been compared with
available AChE-Is. It is possible that TDE may have a lower
efficacy in crossing the BBB compared to other inhibitors, caus-
ing the AChE activity measured in this study to be less than
those observed in other studies. Future studies on the inhibitory
effect of purified alkaloids from TDE on AChE activity, as well
as the efficacy of TDE in passing the BBB, will be needed to
prove this hypothesis.

There are several possible active compounds in TDE that
could play a role as AChE-Is. The Tabernaemontana divari-
cata specimens used in this study were in the form of crude
extracts. These crude extracts consisted of at least forty-four
alkaloids (Rastogi, 1980; Sharma and Cordell, 1988; Van Der
Heijden, 1989), and non-alkaloid constituents; such as triter-
penoids (Rastogi, 1980; Sharma and Cordell, 1988; Van Der
Heijden, 1989), steroids (Sharma and Cordell, 1988; Dagino,
1991), flavonoids (Henriques et al., 1996), phenyl propanoids
(Henriques et al., 1996) and phenolic acids (Henriques et al.,
1996). Previous studies have shown that several alkaloids in
TDE, such as coronaridine (Andrade et al., 2005), voacangine
(Andrade et al., 2005) and isovoacristine (Raymond-Hamet,
1962), have anti-AChE activity in vitro. Therefore, the inhibitory
effects of AChE activity in our animal model could be due to the
effect of mixed alkaloids in TDE. The inhibitory AChE effects of
each pure alkaloid in TDE also need to be determined in future
studies.

The results of this study also demonstrated the enhancement
of cortical neuronal activity 2 h following the administration of
TDE, as indicated by an increase in Fos-positive neurons. The
cerebral cortex was chosen to determine neuronal activity and
ChE activity, since it plays an important role in learning and
memory, and is generally the main representative of the central
cholinergic innervation (Warburton et al., 2003). In the analysis
of the immediate early gene (IEG), Fos induction is a useful
tool for investigating activated neuronal populations. Fos acts
as a messenger in coupling short-term neuronal activity with
changes at the level of gene transcription and, as such, should
serve as a marker for those neurons undergoing some modifica-
tion as a result of learning (Morgan and Curran, 1990; Curran
and Morgan, 1995; Hughes and Dragunow, 1995). In normal
physiological states, the basal level of IEG expression in the
brain is low. However, different stimuli can induce IEG in neu-
rons of CNS structures known to be involved in the processing
of these stimuli.

The augmentation of neuronal activity following TDE admin-
istration could result from at least two possible mechanisms.
First, TDE acts as an AChE-I in animals as it does in vitro.
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AChE is an esterase critical in the metabolism of ACh at cen-
tral and peripheral synapses (Koelle, 1963). If AChE activity
is inhibited, ACh levels should be increased. ACh is plentiful
and widely distributed in the brain. The cholinergic system is
capable of keeping the neocortex operative (Giacobini, 2003a).
Therefore, high ACh levels in the cerebral cortex could lead to
an increase in cortical neuronal activity. The evidence that TDE
acts as a cortical AChE-I in an animal model as demonstrated in
this study support this mechanism. Moreover, a previous study
demonstrated that the administration of AChE-Is could lead to
endogenous acetylcholine (ACh)-induced Fos expression in the
supra-optic nucleus of the rat hypothalamus (Shen and Sun,
1995). Therefore, the enhancement of Fos expression in cor-
tical neurons following TDE administration, as shown in this
study, suggests that TDE may cause an increase of endogenous
ACh in the cerebral cortex, resulting in an increase in cortical
activity, similar to that observed in other AChE-Is. The number
of Fos-positive cortical neurons in this study was quite similar to
that of Fos expression in the supra-optic neurons after the admin-
istration of AChE-Is (Shen and Sun, 1995) and that of cortical
neurons expressing Fos after animals had been undergoing the
learning process in a previous study (Tronel and Sara, 2002).
Furthermore, the amount of Fos neurons in the cerebral cortex
following TDE administration was much less than the expres-
sion of Fos following organophosphate exposure (Zimmer et al.,
1998). Therefore, the expression of Fos following TDE admin-
istration should not be due to the possible excitotoxicity of TDE.

In the enhancement of cortical neuronal activity, another
possible mechanism of TDE could be its part as an allosteric
potentiating ligand (APL) binding at the nicotinic ACh receptor
(nAChR), and directly potentiating neuronal activity. It has been
shown that galantamine is an APL at the nAChR (Woodruff-Pak
et al., 2001). Since TDE can inhibit AChE activity and show
characteristics similar to galantamine, it is, therefore, possible
that TDE could enhance cortical neuronal activity via this mech-
anism. However, further investigations are needed to justify this
possible mechanism.

We showed that both the effect of TDE on the cortical AChE
activity and cortical neuronal activity lacks dose-dependent
effects. The possible explanation of these findings may be that
TDE acts as an AChE inhibitor. Thus, the action of this TDE
may depend upon the amount of AChE level in the brain. If
the 250 mg/kg of TDE inhibits all of the AChE activity in the
brain, increasing the dose of TDE should not further inhibit
ACHhE activity. Therefore, the effect of TDE may not be dose-
dependent.

Our study demonstrated that the mean percentage of ChE
inhibition from TDE in the circulation was insignificant 2 h after
TDE administration, but was significant at 10, 30 and 60 min
after TDE administration. These results were similar to those
previously observed after galantamine administration (Sweeney
et al., 1989; van Beijsterveldt et al., 2004; Geerts et al., 2005).
Those previous studies have shown that the inhibition of enzyme
activity following galantamine administration reduces over time.
We found that the inhibition of AChE activity by TDE is also
time-dependent and reversible. The rapid clearance of TDE may
cause the short term-inhibition of circulating AChE activity fol-

lowing a single-dose administration of TDE. Future studies are
needed to investigate the bioavailability of TDE.

5. Conclusions

Preclinical analyses using in vivo enzymatic techniques in
this study demonstrated that TDE is a reversibly selective AChE
inhibitor and can enhance neuronal activity, suggesting that it
may be a candidate for the treatment of AD. Future investigations
such as behavioral studies, therapeutic indices, pharmacokinet-
ics and complete toxicological evaluation of TDE are necessary
to determine its therapeutic benefits.

Acknowledgements

The authors wish to thank Prof. M. Kevin O’Carroll, Prof.
Emeritus, University of Mississippi School of Dentistry and Fac-
ulty Consultant, Faculty of Dentistry, Chiang Mai University,
for his editorial assistance in manuscript preparation. This work
is supported by the Thailand Research Fund grants TRF-RMU
4880013 to SC, TRF-RMU 4980001 to NC, MRG 4680020 to
KI and Faculty of Medicine Endowment Fund, CMU to AP, SC
and NC.

References

Aggleton, J.P., Pearce, J.M., 2001. Neural systems underlying episodic mem-
ory: insights from animal research. Philosophical Transactions of the Royal
Society of London Series B-Biological Sciences 356, 1467-1482.

Andrade, M.T., Lima, J.A., Pinto, A.C., Rezende, C.M., Carvalho, M.P., Epi-
fanio, R.A., 2005. Indole alkaloids from Tabernaemontana australis (Muell.
Arg) Miers that inhibit acetylcholinesterase enzyme. Bioorganic and Medic-
inal Chemistry 13, 4092—4095.

Ballard, C.G., 2002. Advances in the treatment of Alzheimer’s disease: benefits
of dual cholinesterase inhibition. European Neurology 47, 64-70.

Barnes, C.A., Meltzer, J., Houston, F., Orr, G., McGann, K., Wenk, G.L., 2000.
Chronic treatment of old rats with donepezil or galantamine: effects on mem-
ory, hippocampal plasticity and nicotinic receptors. Neuroscience 99, 17-23.

Bickel, U., Thomsen, T., Fischer, J.P., Weber, W., Kewitz, H., 1991. Galan-
thamine: pharmacokinetics, tissue distribution and cholinesterase inhibition
in brain of mice. Neuropharmacology 30, 447-454.

Bores, G.M., Huger, FEP., Petko, W., Mutlib, A.E., Camacho, F., Rush, D.K.,
Selk, D.E., Wolf, V., Kosley Jr., R.W., Davis, L., Vargas, H.M., 1996. Phar-
macological evaluation of novel Alzheimer’s disease therapeutics: acetyl-
cholinesterase inhibitors related to galanthamine. Journal of Pharmacology
and Experimental Therapeutics 277, 728-738.

Bozon, B., Davis, S., Laroche, S., 2002. Regulated transcription of the
immediate-early gene Zif268: mechanisms and gene dosage-dependent
function in synaptic plasticity and memory formation. Hippocampus 12,
570-5717.

Chattipakorn, S.C., Light, A.R., Willcockson, H.H., Narhi, M., Maixner, W.,
1999. The effect of fentanyl on c-fos expression in the trigeminal brainstem
complex produced by pulpal heat stimulation in the ferret. Pain 82, 207-215.

Coyle, J.T., Price, D.L., DeLong, M.R., 1983. Alzheimer’s disease: a disorder
of cortical cholinergic innervation. Science 219, 1184-1190.

Curran, T., Morgan, J.I., 1995. Fos: an immediate-early transcription factor in
neurons. Journal of Neurobiology 26, 403—412.

Dagino, D., 1991. Capillary gas chromatographic analysis of indole alkaloids:
investigation of the indole alkaloids present in tabernaemontana divaricata
cell suspension culture. Journal of Natural Products 54, 1558-1563.

Disterhoft, J.F., Matthew, O.M., 2003. Modulation of cholinergic transmission
enhances excitability of hippocampal pyramidal neurons and ameliorates



68 S. Chattipakorn et al. / Journal of Ethnopharmacology 110 (2007) 61-68

learning impairments in aging animals. Neurobiology of Learning and Mem-
ory 80, 223-233.

Ellman, G.L., Courtney, K.D., Andres, V.J.R., Feather-Stone, R.M., 1961. A
new and rapid colorimetric determination of acetylcholinesterase activity.
Biochemical Pharmacology 7, 88-95.

Geerts, H., Guillaumat, P.O., Grantham, C., Bode, W., Anciaux, K., Sachak, S.,
2005. Brain levels and acetylcholinesterase inhibition with galantamine and
donepezil in rats, mice, and rabbits. Brain Research 1033, 186—193.

Giacobini, E., 2003a. Cholinergic function and Alzheimer’s disease. Interna-
tional Journal of Geriatrics Psychiatry 18, S1-S5.

Giacobini, E., 2003b. Cholinesterases: new roles in brain function and in
Alzheimer’s disease. Neurochemical Research 28, 515-522.

Henriques, A.T., Melo, A.A., Moreno, P.R., Ene, L.L., Henriques, J.A., Schapo-
val, E.E., 1996. Ervatamia coronaria: chemical constituents and some phar-
macological activities. Journal of Ethnopharmacology 50, 19-25.

Hughes, P., Dragunow, M., 1995. Induction of immediate-early genes and the
control of neurotransmitter-regulated gene expression within the nervous
system. Pharmacological Reviews 47, 133-178.

Ingkaninan, K., Temkitthawon, P., Chuenchom, K., Yuyaem, T., Thongnoi, W.,
2003. Screening for acetylcholinesterase inhibitory activity in plants used in
Thai traditional rejuvenating and neurotonic remedies. Journal of Ethnophar-
macology 89, 261-264.

Koelle, G.B., 1963. The coming of age of therapeutics. American Journal of
Pharmacy and the Sciences Supporting Public Health 135, 38—44.

Kosasa, T., Kuriya, Y., Yamanishi, Y., 1999. Effect of donepezil hydrochloride
(E2020) on extracellular acetylcholine concentration in the cerebral cortex
of rats. Japanese Journal of Pharmacology 81, 216-222.

Liston, D.R., Nielsen, J.A., Villalobos, A., Chapin, D., Jones, S.B., Hubbard,
S.T., Shalaby, I.A., Ramirez, A., Nason, D., White, W.F., 2004. Pharma-
cology of selective acetylcholinesterase inhibitors: implications for use in
Alzheimer’s disease. European Journal of Pharmacology 486, 9—17.

Marcus, D.L., Strafaci, J.A., Miller, D.C., Masia, S., Thomas, C.G., Rosman, J.,
Hussain, S., Freedman, M.L., 1998. Quantitative neuronal c-fos and c-jun
expression in Alzheimer’s disease. Neurobiology of Aging 19, 393—400.

Morgan, J.1., Curran, T., 1990. Inducible proto-oncogenes of the nervous system:
their contribution to transcription factors and neuroplasticity. Progress in
Brain Research 86, 287-294.

Perry, E., Walker, M., Grace, J., Perry, R., 1999. Acetylcholine in mind: a
neurotransmitter correlate of consciousness? Trends in Neurosciences 22,
273-280.

Perry, E.K., Tomlinson, B.E., Blessed, G., Bergmann, K., Gibson, P.H., Perry,
R.H., 1978. Correlation of cholinergic abnormalities with senile plaques and
mental test scores in senile dementia. British Medical Journal 2, 1457—-1459.

Rastogi, K., 1980. New alkaloids from Tabernaemontana divaricata. Phyto-
chemistry 19, 1209-1212.

Raymond-Hamet, A.M.E., 1962. Is the true white ginseng of Korea endowed
with the specific sympathicosthenic activity of most excitant drugs? Comptes
Rendus Hebdomadaires des Seances de 1 Academie des Sciences 255,
3269-3271.

Sharma, P., Cordell, G.A., 1988. Heyneanine hydroxyindolenine, a new indole
alkaloid from Ervatamia coronaria var. plena. Journal of Natural Products
51, 528-531.

Shen, E., Sun, X., 1995. Endogenous acetylcholine-induced Fos expression in
magnocellular neurosecretory neurons in the supraoptic nucleus of the rat
hypothalamus. Neurosciences Letters 195, 191-194.

Sweeney, J.E., Puttfarcken, P.S., Coyle, J.T., 1989. Galanthamine, an acetyl-
cholinesterase inhibitor: a time course of the effects on performance and
neurochemical parameters in mice. Pharmacology, Biochemistry and Behav-
ior 34, 129-137.

Taesotikul, T., Panthong, A., Kanjanapothi, D., Verpoorte, R., Scheffer, J.J.,
1989. Hippocratic screening of ethanolic extracts from two Tabernaemon-
tana species. Journal of Ethnopharmacology 27, 99-106.

Taesotikul, T., Panthong, A., Kanjanapothi, D., Verpoorte, R., Scheffer, J.J.,
1998. Neuropharmacological activities of the crude alkaloidal fraction from
stems of Tubernaemontana pandacaqui Poir. Journal of Ethnopharmacology
62,229-234.

Thompson, S., Lanctot, K.L., Herrmann, N., 2004. The benefits and risks asso-
ciated with cholinesterase inhibitor therapy in Alzheimer’s disease. Expert
Opinion on Drug Safety 3, 425-440.

Tronel, S., Sara, S.J.,2002. Mapping of olfactory memory circuit: region-specific
c-fos activation after odor-reward associative learning or after its retrieval.
Learning and Memory 9, 105-111.

van Beek, T.A., Verpoorte, R., Svendsen, A.B., Leeuwenberg, A.J., Bisset, N.G.,
1984. Tabernaemontana L. (Apocynaceae): a review of its taxonomy, phyto-
chemistry, ethnobotany and pharmacology. Journal of Ethnopharmacology
10, 1-156.

van Beijsterveldt, L., Geerts, R., Verhaeghe, T., Willems, B., Bode, W., Lavrijsen,
K., Meuldermans, W., 2004. Pharmacokinetics and tissue distribution of
galantamine and galantamine-related radioactivity after single intravenous
and oral administration in the rat. Arzneimittelforschung 54, 85-94.

Van Der Heijden, R., 1989. Indole alkaloids in cell and tissue cultures of Taber-
naemontana species. Pharmaceutish Weekblad (Scientific Weekblad) 11,
239-241.

Warburton, E.C., Koder, T., Cho, K., Massey, P.V., Duguid, G., Barker, G.R.,
Aggleton, J.P., Bashir, Z.1., Brown, M.W., 2003. Cholinergic neurotransmis-
sion is essential for perirhinal cortical plasticity and recognition memory.
Neuron 38, 987-996.

Woodruff-Pak, D.S., Vogel III, R.W., Wenk, G.L., 2001. Galantamine: effect
on nicotinic receptor binding, acetylcholinesterase inhibition, and learning.
Proceedings of the National Academy of Sciences of the United States of
America 98, 2089-2094.

Zarotsky, V., Sramek, J.J., Cutler, N.R., 2003. Galantamine hydrobromide: an
agent for Alzheimer’s disease. American Journal of Health-System Phar-
macy 60, 446-452.

Zimmer, L.A., Ennis, M., Wiley, R.G., Shipley, M.T., 1998. Nerve gas-induced
seizures: role of acetylcholine in the rapid induction of Fos and glial fib-
rillary acidic protein in piriform cortex. Journal of Neuroscience 18, 3897—
3908.



	1.pdf
	2.pdf
	3.pdf
	4.pdf
	Effects of garlic on the induction of ventricular fibrillation
	Introduction
	Materials and methods
	Animal preparation and electrode placement
	Diastolic pacing threshold and ERP protocol
	VFT determination
	ULV determination and the vulnerability window
	Statistical analysis

	Results
	Discussion
	Garlic and inducibility of VF
	Study limitations

	Conclusion
	References


	5.pdf
	Effects of garlic on defibrillation efficacy
	References


	6.pdf
	7.pdf
	Heart rate variability in myocardial infarction and heart failure
	Introduction
	HRV in myocardial infarction
	HRV in heart failure
	Modification of HRV by interventions and drugs
	Clinical use of HRV
	Future development for clinical use
	Conclusion
	References


	8.pdf
	9.pdf
	Fish oil does not improve defibrillation efficacy
	Introduction
	References


	10.pdf
	11.pdf
	Heart rate variability in β-thalassemic mice
	References


	12.pdf
	13.pdf
	Tabernaemontana divaricata extract inhibits neuronal acetylcholinesterase activity in rats
	Introduction
	Materials and methods
	Plant materials
	Extract of Tabernaemontana divaricata
	In vitro analysis for AChE and BuChE activity
	In vivo study protocol
	ChE activity determinations in blood and cortical samples
	Fos immunohistochemistry
	Data analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References



