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Cardiovascular studies on different classes of soft drugs
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Based on the inactive metabolite approach, three different classes of soft drugs were designed and synthesized. Their
cardiovascular effects and duration of actions were studied in anesthetized male Sprague-Dawley rats compared to the
traditional drugs. During the experiments ECG (leads II, aVF) and beat-to-beat blood pressure (BP) from the left carotid
artery were recorded (except during the anticholinergic studies). The soft anticholinergic methoxycarbonylphenylcyclopen-
tyl-N,N-dimethyltropinium methyl sulfate was as potent as atropine in the prevention of carbachol induced bradycardia;
however, its action only lasted up to 15±30 min, compared to 2 h of that of atropine. In the isoproterenol-induced tachy-
cardia model, while bufuralol at an i.v. dose of 3.8 mmol/kg (1 mg/kg) diminished heart rate (HR) for at least 2 h, the
effects of the soft drugs lasted for only 30±40 min at equimolar doses. The methyl-, ethyl-, isopropyl-, and tert-butyl
ester-analogs of the carboxylic acid metabolite of bufuralol showed the highest beta-blocking potencies (i.e., 30±50% of
that of bufuralol). When these compounds were infused for 10 min at doses ranging from 2±4 mmol/kg/min, they caused
a 20±40% decrease in HR and a 30±40% reduction in mean arterial pressure (MAP). These effects were similar to those
elicited by esmolol at a dose of 20 mmol/kg/min in respect of the kinetics and in the extent of the reductions in heart rate
and MAP. The isopropyl-, the sec-butyl-, and the neopentyl-esters of the acidic metabolite of amiodarone, with plasma
hydrolytic half-lives of 60, 240 and 300 min, were tested in the benzene/adrenaline induced ventricular tachycardia (VT)
model of the rat. All drugs were administered at a dose of 5 mmol/kg i.v. bolus immediately followed by an infusion at
15 mmol/kg/h for 2 h. It was found, that amiodarone resulted a complete suppression of VTs at 30 min after the start of
drug administration, but its effect lasted up to the total course of the experiment (up to 180 min). On the contrary, both
the sec-butyl and the isopropyl-analog resulted in complete suppression of VTs already during the first benzene/adrenaline
challenge after drug administration (i.e., at 5 min). However, their effects disappeared between 15 and 30 min after dis-
continuation of the drug infusions in accordance with the enzymatic inactivation (ester hydrolysis) of these soft drugs. All
these three classes of soft cardioactive drugs are good examples for highly potent but short acting drugs whose side
effects might also be reduced via the retrometabolism based drug design.

1. Introduction

To improve the therapeutic index of drugs, the retrometa-
bolic drug design concept was developed by Bodor [1±3],
which consists of two different design strategies: soft drugs
and chemical delivery systems. Based on the soft drug de-
sign approach, many compounds were synthesized in sev-
eral groups of drugs, e.g. anticholinergics [4±7], beta-
blockers [8, 9] and steroids, just to mention a few of the
classes. One of the soft steroids, loteprednol etabonate [10±
13], which is the active ingredient of Alrex1 and Lotemax1

reached the US market after FDA approval in 1998.
During the development of newly designed drugs, the de-
monstration of the intended pharmacodynamic effects and
the characterization of the kinetics of the biological activ-
ities, are among the first steps of evaluation. Cardiovascu-
lar effects are most important to investigate, not only in
connection to truly cardioactive drugs like beta-blockers or
antiarrhythmics, but also in the case of other drugs like
anticholinergics administered locally when applied as my-
driatics or antiperspirants, because even systemic toxic ef-
fects can develop after the topical administration of certain
drugs, like scopolamine [14, 15].
The soft drug design concept is especially suitable for de-
signing safer drugs for topical use, e.g., in the anticholi-
nergic class. Based on the inactive metabolite approach,
different ester-conjugates of a hypothetical carboxylic acid
containing inactive metabolite of the lead compound (e.g.,
methatropine) were designed (Fig. 1). The esterification of
the inactive metabolite lends the desired biological activity
to the new compounds, which is comparable to the activ-
ity of the lead. However, these ester groups are sensitive
to hydrolysis by esterases ubiquitously present in blood
and tissues. After the soft anticholinergics exert their de-
sired mydriatic or antiperspirant activities in the eye or on

the skin, respectively, upon entering the systemic circula-
tion after drainage or absorption, they rapidly lose their
biological activities through enzymatic inactivation (ester-
hydrolysis). The purpose of the first series of experiments
detailed in the following sections was to demonstrate the
short duration of antagonistic activity of a newly designed
soft anticholinergic agent, methoxycarbonylphenylcyclo-
pentylacetyl-N,N-dimethyltropinium methyl sulfate
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Fig. 1: The retrometabolic design and predicted metabolism of PCMS-2



(PCMS-2), against the carbachol-induced bradycardia in
the rat after systemic (i.v.) administration in comparison to
that of atropine [7].
Beta-blockers have an established role in the treatment of
various cardiovascular diseases, including angina pectoris,
hypertension and cardiac arrhythmias [16±18]. Their effi-
cacy and safety have also been proved in reducing the risk
of mortality and non-fatal reinfarction in survivors of acute
myocardial infarction [16]. However, the use of beta-block-
ers in seriously ill patients is limited, because of potentially
serious adverse effects (i.e., bradycardia, hypotension, ag-
gravation of heart failure, and bronchospasm). The ultra-
short acting b-antagonist esmolol is often used to control
acute supraventricular arrhythmias, myocardial ischaemia
(acute myocardial infarction and unstable angina), and peri-
operative and postoperative hypertension in critically ill pa-
tients [19]. In the structure of esmolol, an ethylene-ex-
tended methyl ester group is included, that makes the
molecule susceptible to rapid hydrolysis by esterases [20].
On the occurrence of unwanted side effects during esmolol
treatment, the discontinuation of the infusion will result in
the rapid disappearance of adverse reactions, as the term-
inal half-life of esmolol is short, only 9.2 min [19].
The oxidative metabolic transformation of several beta-
blockers resulting metabolites with significant b-receptor
blocking activities, but different biological half-lifes [21]
is also a reason for their limited use. For example, bufur-
alol [22, 23], which has been proved to be very effective
in lowering blood pressure and heart rate as a potent, non-
selective b-blocker [24±26], produced the complex meta-
bolic transformation to alcohol and ketone metabolites de-
monstrating significant b-receptor blocking activities and
longer half-life [27±32]. Hepatic cytochrome P450 iso-
zymes are responsible for the oxidative transformation of
bufuralol, which is under genetic control and falls into the
debrisoquine/spartein phenotype [33±36]. A genetically
determined defect of the hydroxylation occurs in up to
10% of the Caucasian population (poor metabolizers) [36],
and can cause a complex pharmacokinetic picture with in-
creased drug bioavailability, prolongation of elimination
half-life, and more intense and sustained beta-blockade
[37±39], which can lead to severe hypotension and brady-
cardia [40]. In the case of bufuralol, registered earlier in
Europe under the name Angium1, the occurrence of unpre-
dictable and unwanted side effects (bradycardia, hypoten-
sion), especially in persons with the poor metabolizer phe-
notype, led to the withdrawal of drug from the market.
As the soft drug concept is particularly suitable for addres-
sing the above mentioned therapeutic problems, the design
and evaluation of a series of soft b-blockers with an ultra-
short duration of action and predictable metabolism was
reported previously [8±9]. For the experiments reported
here, an acidic inactive metabolite of bufuralol (1) was
selected as the lead compound to demonstrate that a de-
sign strategy, which considers the deactivation of the
drugs not by hepatic transformation but by esterases ubi-
quitously present in blood and tissues as the primary me-
tabolic route, can provide a solution to avoid the forma-
tion of active metabolites. Based on the ªinactive
metaboliteº approach, seven different sized alkyl moieties
(2±8) were designed to serve as the ester functionalities to
reactivate the inactive metabolite of bufuralol to possess
again beta-antagonistic action (Fig. 2). The beta-antagonis-
tic effects of the drugs, both in respect to their potencies
and duration of actions, were evaluated in the isoprotere-
nol-induced tachycardia model of the rat in comparison to
bufuralol. As the new compounds were expected to pos-

sess an ultrashort activity, the kinetics of their effects on
resting heart rate and blood pressure were compared to
those of esmolol, a currently available ultra-short acting
beta-blocker.
Amiodarone (Fig. 3) is an antiarrhythmic agent with com-
plex electrophysiological activity including Class-I (so-
dium channel), Class-II (beta-receptor), Class-III (potas-
sium channel), and even Class-IV (calcium channel)
properties, thus acting on both cardiac conduction and car-
diac repolarization parameters [45±48]. These combined
electrophysiological properties manifest in reduction of the
heart rate (HR) and prolongation of the PR, QRS and QT
intervals of the surface ECG [49]. During chronic treat-
ment, amiodarone is effective against ventricular and
supraventricular arrhythmias, including atrial fibrillation
and flutter, paroxysmal supraventricular tachycardia, ven-
tricular premature beats (VPB), sustained and non-sus-
tained ventricular tachycardia (VT), and ventricular fibril-
lation (VF) [49, 50]. Randomized controlled trials have
shown that amiodarone is one of the very few drugs that
actually reduce mortality rates in high-risk patients (post-
MI patients and patients with congestive heart failure)
[51±53]. Unfortunately, because of side-effects, some of
which might be fatal, and substantial management difficul-
ties associated with its use (weeks are needed for the de-
velopment of full antiarrhythmic protection), amiodarone
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Fig. 2: Design and predicted metabolism of soft bufuralol analogs

a. R�methyl CH3

b. R�ethyl C2H5

c. R�isopropyl CH(CH3)2

d. R�isobutyl CH2CH(CH3)2

e. R�sec-butyl CH(CH3)CH2CH3

h. R�(R)-menthyl

f. R�neopentyl CH2C(CH3)3

i. R�(R)-endo-bornyl

g. R�cyclohexyl C6H11
j. R�adamantane methyl

Fig. 3: Design and predicted metabolism of soft amiodarone analogs



is indicated only for life-threatening recurrent ventricular
arrhythmias when these have not responded to documen-
ted adequate doses of other available antiarrhythmics or
when alternative agents are not tolerated [50, 54]. The
pharmacokinetics properties of amiodarone are character-
ized by slow absorption, moderate bioavailability, high li-
pophilicity, and a very large volume of distribution (60 l/
kg on average). Its elimination is almost exclusively hepa-
tic and its clearance rate is very slow. Its terminal elimina-
tion half-life is 53 d [49, 50]. As a consequence, upon
long-term administration, amiodarone accumulates in vir-
tually every organ including poorly perfused tissues such
as the lens. The onset of its antiarrhythmic activity may
take days, or even weeks to appear. This therapeutic la-
tency can be shortened with the administration of intrave-
nous loading doses, but is still too long [55]. Amiodarone
has several potentially lethal toxicities, the most important
of which is pulmonary toxicity (hypersensitivity pneumo-
nitis or interstitial/alveolar pneumonitis). If the progression
of symptoms is recognized on time, pulmonary toxicity
might be reversible but is still fatal in 10% [50, 54]. Mild
liver injury is common but usually mild, although liver
disease can occur and had led to death in some cases.
Even if toxicity is usually reversible upon cessation of drug
administration, the real danger with amiodarone comes
from its kinetics, especially slow elimination. For exam-
ple, although the frequency of pro-arrhythmic events asso-
ciated with amiodarone appears to be less than with other
antiarrhythmic agents (2 to 5%), the effects are prolonged
when they occur. As amiodarone poses major manage-
ment problems and might result in adverse reactions that
could be life-threatening, every effort should be made to
use alternative agents first, even in patients with high risk
for sudden death, in whom the toxicity of amiodarone is
an acceptable risk.
New antiarrhythmic drugs with electrophysiological prop-
erties similar to that of amiodarone, but with a short onset
of action and rapid elimination kinetics would therefore be
extremely useful. In an attempt to create shorter-acting
amiodarone analogs, the retrometabolic drug design princi-
ples [2] were used to create drugs that are primarily meta-
bolized by esterase. A homologous series (a±j) of com-
pounds were synthesized, in which the 2-butyl chain of
the parent drug amiodarone was functionalized to include
an ester moiety. Due to the ubiquitous nature of esterases,
these compounds are expected to be rapidly metabolized
not only in the liver, but also in every tissue to a putative
primary metabolite having a carboxylic acid moiety
(Fig. 3). Because of its water solubility at physiological
pH, this metabolite is expected to have a small volume of
distribution and a high clearance rate not only by the liver,
but also by the kidneys. The projected long-term clinical
consequences of this approach are amiodarone analogs
having a smaller volume of distribution and, therefore, a
shorter onset of activity, a faster elimination rate, and a
safer long-term toxicity profile. Due to the rapid clearance
and lack of accumulation, these compounds are also ex-
pected to have a rapid offset of antiarrhythmic activity.
The benzene/adrenaline induced ventricular tachycardia
model of the rat [56] was applied to compare the anti-
arrhythmic potencies and the durations of actions of three
of the amiodarone-analog aseries (c, e, and f), to those of
the parent drug amiodarone.
Here, we only review the cardiovascular studies performed
on three classes of soft drugs, i.e., PCMS-2, the bufuralol
analogs 2±8, and the amiodarone analogs c, e, and f. The
syntheses of the compounds and several other data on

their in vitro, and in vivo characterization were published
earlier [7] or are submitted for publication [57, 58].

2. Investigations and results

2.1. Effects on carbachol induced bradycardia

The extent and duration of action of the bradycardia pro-
tective effect of PCMS-2 was evaluated in comparison
with atropineMeBr. With i.v. administration of carbachol
at a dose of 5±8 mg/kg to male Sprague-Dawley rats, the
temporary development of sinus bradycardia and Mobitz
II atrio/ventricular (A±V) block can be evoked safely and
repeatedly. This effect can be antagonized by previous ad-
ministration of an anticholinergic agent, e.g., atropine. The
full protection against carbachol induced bradycardia by
the anticholinergics was regarded as their ability to protect
against both the lengthening of PP cycle (sinus bradycar-
dia) and the development of Mobitz II type A±V block.
Bradycardia protective effects of different anticholinergic
differ in respect of their potency and duration of action.
AtropineMeBr, scopolamineMeBr, propanthelineBr, and
glycopyrrolate all showed long duration of action against
carbachol induced bradycardia in the rat, which was found
to be longer than 2 h for atropineMeBr in preliminary ex-
periments. These compounds were all effective at a dose
of 0.2 mmol/kg. The potency of action of PCMS-2 is
about the same order of magnitude as that of atropine and
the other traditional anticholinergics, as it was effective
against carbachol induced bradycardia at the same dose
range (0.2 and 2 mmol/kg, Fig. 4). 30 min after the injec-
tion of PCMS-2, the repeated doses of carbachol elicit
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Fig. 4: Effects of PCMS-2 and atropineMeBr on carbachol induced brady-
cardia. * Denotes significant difference (p < 0.05) for both 0.2 and
2 mmol/kg, while # denotes significant difference only for 2 mmol/
kg. Vehicle is 0.9% NaCl



again sinus bradycardia and the development of Mobitz II
type A±V block, and heart rate values and percent
changes in heart rates are not different significantly any
more to the values registered after the injection of vehicle.
After this period of time, the potency of the drug against
the carbachol induced bradycardia is lost, which is in ac-
cordance with the enzymatic inactivation and the soft nat-
ure of PCMS-2 [7].

2.2. Effects on isoproterenol induced tachycardia

There were no statistically significant differences in the
baseline heart rate and blood pressure parameters between
the different groups of rats receiving the different com-
pounds, i.e., bufuralol, the soft bufuralol analogs 2±8,
the ªinactive metaboliteº 1, or vehicle. The average heart
rate increased by 23.68% (from 355.26 � 23.49/min to
439.4� 20.59/min) after the s.c. injection of 50 mg/kg iso-
proterenol. Relative to this isoproterenol induced tachy-
cardia, the i.v. bolus injection of bufuralol at a dose of
1 mg/kg (3.8 mmol/kg) resulted a 35±40% decrease in
heart rate (Fig. 5). The maximal bradycardic action of the
drug developed after 30 min and remained stable for the
total course of the experiment (i.e. up to 120 min) after
the injection. The injection of the soft bufuralol analogs
2±8 at equimolar doses (i.e., 3.8 mmol/kg) resulted a sig-
nificant, but temporary decrease (10±20%) in heart rate.
The most active compounds in this model were 4, 5, 2,
and 3, while 6, 7, and 8 ±± the compounds with the bulk-
ier ester groups ±± showed weaker bradycardic action
against the isoproterenol induced tachycardia. In accord-
ance with the soft nature of these compounds and the
enzymatic inactivation by esterases present in blood and
tissues, the bradycardic action lasted only for 10±30 min.
After 30 min, as shown by cluster analysis, the effects of
the soft drugs did not differ significantly any longer from
those of either the vehicle or the inactive metabolite 1
(Fig. 5), which even at a dose of 10 mmol/kg did not de-
crease heart rate significantly.

2.3. Effects on resting heart rate and blood pressure

Esmolol (Brevibloc1) is an ultra-short acting beta-blocker,
which can be dissolved in water or physiologic salt solu-
tion and only available in an i.v. injection formulation. It
was expected, that the effects of the soft bufuralol analogs
applied in infusion should be similar in respect of the
kinetics of their actions to that of esmolol administered in

the same way. As esmolol is to be diluted in normal sa-
line, the reason why the free base forms of the soft bufur-
alol analogs were converted into their corresponding HCl
salts was to turn them into a water soluble form. The
effects of the most active compounds 2, 3, 4, and 5 were
investigated on resting heart rate and blood pressure in
comparison to esmolol-HCl and vehicle, which was 0.9%
NaCl solution. In preliminary experiments, the necessary
doses to obtain similar heart rate and blood pressure re-
ductions were titrated, and it was found that compounds
2, 4, and 5 at a dose of 2 mmol/kg/min and compounds 3
at 4 mmol/kg/min were approximately equipotent to esmo-
lol at a dose of 20 mmol/kg/min. All the soft bufuralol
analogs and esmolol decreased heart rate (by 20±40% on
average) during the course of the infusion (i.e., 10 min).
After the discontinuation of drug administration, heart
rates gradually returned to baseline values, mostly within
60 min and were not different significantly any more from
the values registered during the infusion of normal saline
(Fig. 6). Blood pressure changes were similar, but the ef-
fect of esmolol was more pronounced, resulting a 60% de-
crease in MAP, while 2, 3, and 4 only decreased MAP by
30±40% on average, and 5 resulted a more than 50% de-
crease in MAP. Again, after the cessation of the infusions,
blood pressure values returned to baseline values (Fig. 7).
The kinetics of the heart rate and blood pressure changes
were superimposable on the changes evoked by esmolol,
as the cluster analysis demonstrated that only the effects of
vehicle (0.9% NaCl) differed significantly (p < 0.05) from
the active compounds. As the soft bufuralol analogs re-
sulted a comparable heart rate and blood pressure decrease
at doses of 1/10 to 1/5 of that of esmolol, they probably
posses a more potent beta-blocking action than esmolol, at
least in this model, but due to the rapid hydrolysis by es-
terases present in blood, they rapidly lose their beta-block-
ing activities after the cessation of infusion.

2.4. Antiarrhythmic activity in anesthetized rats

Three members of the soft amiodarone analog series, the
isopropyl(c)-, the sec-butyl(e)- and neopentyl(f)-esters with
enzymatic hydrolytic half-lives of 60, 240 and 300 min,
respectively, were tested in an in vivo ventricular tachycar-
dia model of anesthetized rats [56]. This test gave data on
onset, amplitude, and offset of antiarrhythmic effects. In
addition, ECG parameters (RR, PR, QRS, QT durations)
were recorded and evaluated, so that information on the
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Fig. 5:
The effects of bufuralol (1 mg/kg � 3.8 mmol/kg), vehicle (10%
DMSO in 30% HPBCD), and compounds 1±8 (3.8 mmol/kg) on
isoproterenol induced tachycardia. The symbols represent the
mean values of at least 3 animals. Cluster analysis of heart rate
data established three different clusters. Between 0 and 5 min
the cluster for vehicle and 1 was significantly different (p < 0.05)
from the clusters of bufuralol and compounds 2±8, while the
cluster for bufuralol was different significantly (p < 0.05) from
those of vehicle and 2±8 from 10 to 120 min



electrophysiologic effects of the new compounds could be
obtained, too. Cordarone1, the intravenous amiodarone
formulation, was chosen as control. In this model of che-
mically induced arrhythmia, a combination of anoxic con-
ditions and high catecholamine levels resulted in the onset
of repetitive ventricular tachycardias (VTs) and ventricu-
lar premature beats (VPBs). The antiarrhythmic efficacy of
the compounds was evaluated by comparing the number
of ventricular complexes during VTs and VPBs that oc-
curred before drug administrations (average of three con-
trol benzene/adrenaline challenges) and after the bolus in-
jection (5 mmol/kg), and during the infusion of the drugs
(15 mmol/kg/h). Proceeding with the benzene/adrenaline
provocations through another 60 min after the discontinua-
tion of drug infusions, made it possible to follow the ki-
netics of diminution of the antiarrhythmic actions of the
drugs. This way of drug administration, i.e., an i.v. bolus
injection immediately followed by a slow infusion, is in
accordance with current recommendations for i.v. amiodar-
one therapy [59], and it was applied to provide an initial
loading dose, and then to maintain a kind of ªsteady-stateº
plasma level of the drugs. These doses were titrated in
preliminary experiments to ensure complete VT protection

during drug administration. There was a significant but
temporary blood pressure decrease following the adminis-
tration of test compounds. The blood pressure drop was
highest with compound c at 4 min after injection, down to
83� 38:24/58� 30:9 mm Hg, while at 15 min it was al-
ready back to normal (126:25� 24:55/90:75� 23:54 mm
Hg, Fig. 8). The effects on heart rate were recorded, too
Fig. 9. Heart rate was monitored during benzene/adrena-
line challenges but also every 5 min between challenges.
Control values (ÿ30, ÿ20, and ÿ10 min before drug)
show intense tachycardia associated with the onset of
VTs. Compounds c and e, but not f or amiodarone, inhib-
ited totally the observed tachycardia as early as 5 min
after bolus injection. These effects gradually disappeared
upon cessation of drug infusion with c, e, and f, whereas
the effects of amiodarone persisted until the end of the
experiment. Compound f was not as potent as c or e. Dur-
ing the repeated benzene/adrenaline provocations, all four
drugs showed suppressant activity against the development
of ventricular tachycardia; however, their potencies and the
kinetics of their antiarrhythmic actions were different.
While the onset of antiarrhythmic activity of Cordarone1

was about at 30 min, which is consistent with its slow
onset of activity in humans, the onset of activity of com-
pounds c and e was immediate, completely preventing the
development of VTs at the first benzene/adrenaline chal-
lenge at 5 min after the i.v. bolus administration. Com-
pound f had a longer onset and was not as potent as the
other two test compounds or as amiodarone against the
development of VTs/VPBs; however, it did decrease the
number of ventricular complexes. There was also a differ-
ence regarding the offset of pharmacological activity fol-
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Fig. 6: The effects of normal saline, compounds 2±5, and esmolol on rest-
ing heart rate. Infusion time was 10 min. Infusion rates were
2 mmol/kg/min for 2, 4, and 5, 4 mmol/kg/min for 3, and 20 mmol/
kg/min for esmolol. The symbols represent the mean values of at
least 3 animals. Cluster analysis demonstrated that there was a sig-
nificant difference (p < 0.05) between the active drugs and 0.9%
NaCl for up to 60 min while there was no difference between es-
molol and compounds 2±5

Fig. 7: The effects of normal saline, compounds 2±5, and esmolol on rest-
ing mean arterial pressure (MAP). Drug administration was per-
formed as described for Fig. 6. The symbols represent the mean
values of at least 3 animals. Cluster analysis demonstrated that
there was a significant difference (p < 0.05) between the active
drugs and vehicle for up to 40 min while there was no difference
between esmolol and compounds 2±5

Fig. 8: Changes in mean arterial pressure (MAP). Three control benzene/
adrenaline provocations were performed at ÿ30, ÿ20, and
ÿ10 min. Drugs (5 mmol/kg/h) were injected i.v. bolus at 0 min,
that was followed by infusion (15 mmol/kg/h) for 2 h. Benzene/
adrenaline challenges were performed again at 5, 15, 30, 45, 60,
90, 120 (end of infusion), 135, 150, 165, and 180 min. The sym-
bols represent the mean of at least 4±5 animals

Fig. 9: Changes of heart rate. Experimental conditions were the same as
described for Fig. 8



lowing cessation of drug infusions. While amiodarone re-
tained its complete VT-suppressing activity for at least a
full hour after the end of infusion, the analogs c, e, and f
gradually lost their antiarrhythmic activity starting at be-
tween 15 and 30 min after the cessation of infusion
(Fig. 10). Interestingly, the rate of disappearance of phar-
macological activity seemed to correlate with previously
measured half-lives in human plasma, i.e., c had the fastest
offset of activity, whereas the effects of f were the slowest
to disappear. In order to demonstrate that the test com-
pounds were truly amiodarone analogs, their effects on
certain ECG parameters were evaluated, and a profound
prolongation of PR, QRS, QT, and RR intervals was
found. The onset of action on all parameters was immedi-
ate with the new compounds c, e, and f. PR increased
from a control value of 50 ms to 60 and even 65 ms, a 20
to 25% increase (Fig. 11). By comparison, the action of
amiodarone on PR required at least 1 h to reach its peak.
The offset of activity on PR followed the same pattern as
for antiarrhythmic activity, i.e., the effects of amiodarone
were maintained for the whole duration of the experiment
following cessation of drug infusion, whereas the effects
of the test compounds wore off. The effects of c, e, and f
on QRS (Fig. 12), were also immediate and stronger than
amiodarone, showing a 25±±30% decrease in ventricular
conduction velocity. These effects were rapidly reversible
upon cessation of drug infusion. The effects of the test
compounds on QT (Fig. 13) followed the same pattern as
for QRS and PR, showing a rapid onset and a rapid offset
of action, whereas the effects of amiodarone were slow to
appear and were sustained even after the end of the infu-
sion period. The QT values in Fig. 13 were not corrected
for heart rate. A significant negative correlation was found
between the prolongation of these ECG parameters (PR,
QRS, QT) and the number of ventricular complexes dur-
ing VTs/VPBs (Figs. 14±16). As the Figs. indicate, be-
yond a certain level of PR, QRS, and QT interval prolon-
gation, the number of ventricular complexes is 0, i.e., no
ventricular tachycardia or ventricular premature beat can
be elicited by the benzene/adrenaline provocations. A sig-
nificant positive correlation was found between heart rates
and the number of ventricular complexes during VTs/
VPBs, i.e., below a certain level of heart rate reduction
caused by the drugs, no VPB or VT could be elicited by
the benzene/adrenaline provocations (Fig. 17).

3. Discussion

All three classes of drugs evaluated in the above detailed
experiments were designed and synthesized following the
principles of the inactive metabolite approach of the soft
drug design concept. The aim of these experiments was to
evaluate the cardiovascular effects of the test compounds

and, also, to demonstrate their soft nature in comparison to
traditional drugs of their classes. The evaluation of these
new compounds provided good examples on certain advan-
tages of the soft drugs over their traditional counterparts.
The muscarinic receptor antagonist compound PCMS-2
was developed for topical use to be applied either as a
mydriatic agent or as an antiperspirant. Major limitations
in the clinical use of traditional antimuscarinic drugs are
their side effects, such as dry mouth, photophobia, diffi-
culty in urination, restlessness, irritability, disorientation,
hallucinations, delirium, tachycardia, and cardiac arrhyth-
mias. There were reports on the development of toxic ef-
fects, like psychosis, with the use of scopolamine eye
drops [14, 15], which proves, that even topical applica-
tion of traditional anticholinergics can lead to systemic
side effects, because of absorption or drainage into the
systemic circulation of these drugs. On the contrary, soft
anticholinergic are expected to be much safer. The design
of their structure starts from an inactive metabolite of the
lead compound, e.g., methatropine, and an easily metabo-
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Fig. 10: The changes in the number of ventricular complexes during VT/
VPB. Experimental conditions were the same as described for Fig. 8

Fig. 11: Changes of PR interval. Experimental conditions were the same
as described for Fig. 8

Fig. 12: Changes of QRS interval. Experimental conditions were the same
as described for Fig. 8. Error bars are omitted for better visibility

Fig. 13: Changes of QT interval. Experimental conditions were the same
as described for Fig. 8. Error bars are omitted for better visibility



lizable alkyl ester group is introduced into it, which
provides the molecule with the desired antimuscarine ac-
tivity again. Locally the drug can exert its therapeutic ef-
fect (mydriasis or antiperspirant activity); however, upon
absorption or drainage into the systemic circulation, a ra-
pid enzymatic deactivation by aspecific esterases present
in blood and tissues will occur. The hydrolysis of the ester
group results in the formation of the inactive metabolite,
which is water soluble and can be eliminated rapidly

through the kidneys. In in vitro tests, PCMS-2 showed
somewhat lower receptor binding affinities to all four mus-
carinic receptor subtypes and a lower pA2 value than atro-
pineMeBr [7]. When tested as an eye drop in New-Zeal-
and White rabbits, PCMS-2 caused pupil dilations only in
the treated eye, but not in the control, untreated eye. Its
mydriatic action only lasted for 6 h, while that of atropine
lasted for 40 h. The dilation of the pupil in the untreated
eye was observed with atropine and also when tropica-
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Fig. 14: Correlation of PR interval changes and the number of ventricular complexes during VT/VPB

Fig. 15: Correlation of QRS interval changes and the number of ventricular complexes during VT/VPB



mide, a short-acting mydriatic agent, was applied. The
dilation of the untreated pupil suggests systemic actions
of these drugs after their drainage and persistent
presence in the systemic circulation [7]. Even if drainage
or absorption of PCMS-2 into the circulation actually oc-
curs, the chance for the development of systemic actions
or adverse reactions would be minimal, due to the rapid
enzymatic deactivation and fast elimination of the drug.
This hypothesis was tested in those experiments when
PCMS-2 was administered i.v. directly into the systemic

circulation and its protection against the development of
carbachol induced bradycardia was compared to the ef-
fects of atropineMeBr. PCMS-2 exerted its protection
against the development of sinus bradycardia and A±V
block elicited by repeated carbachol injections only for
15 min at a dose of 0.2 mmol/kg, while the effects of atro-
pine MeBr at the same dose lasted for 2 h. This supports
the assumption that when soft anticholinergics, like
PCMS-2, are applied locally, the therapeutic index of the
drug will be much higher than that of a traditional anti-
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Fig. 16: Correlation of QT interval changes and the number of ventricular complexes during VT/VPB

Fig. 17: Correlation of heart rate changes and the number of ventricular complexes during VT/VPB



cholinergic agent. Even higher concentrations of soft an-
ticholinergics can be applied safely, because at a dose
10 times higher then the necessary concentration for pre-
venting carbachol induced bradycardia (i.e., 2 mmol/kg),
the duration of action of PCMS-2 only increased to
30 min. This suggests, that the capacity of the enzymes
responsible for the hydrolysis of the ester groups is high
enough to provide rapid inactivation of PCMS-2.
One of the reasons for the limited use of beta-blockers is
their negative inotropic effect, which can be detrimental in
critically ill patients with left ventricular dysfunction.
Another problem arises when the transformation of these
drugs by the liver cytochrom P450 isozymes results in the
formation of multiple metabolites with considerable b-an-
tagonist activities, but different half-lives. This is the situa-
tion with bufuralol, whose hepatic transformation into ac-
tive alcohol and ketone metabolites leads to a complex
pharmacokinetic picture [28±32, 60] with increased bio-
availability, prolongation of elimination half-life, and more
intense and sustained beta-blockade, which than can lead to
severe hypotension and bradycardia especially in persons
with the poor metabolizer phenotype [33, 34, 37±40].
Earlier it was discussed in details by Bodor in connection
with the active metabolite approach of the soft drug de-
sign that ªwhenever oxidative metabolic transformations
of a drug take place going through pharmacologically ac-
tive species, if activity and pharmacokinetic considerations
permit it, the drug of choice should be the active metabo-
lite that is in the highest oxidized stateº [60]. In spite of
the possibility to chose an active metabolite of bufuralol
as the lead compound and following the active metabolite
principle of the soft drug design, the design strategy of
the compounds 2±8 evaluated here followed the inactive
metabolite approach. During the synthesis of these com-
pounds, differently sized ester groups were introduced in
the molecule to reactivate the inactive metabolite of bufuralol
to posses again beta-antagonist action. This design strat-
egy considered the observation that not only the rate of
hydrolytic deactivation can be controlled by the ester
structure, but esterases ubiquitously present in blood and
tissues should quickly hydrolyze the labile ester function-
ality to produce the corresponding inactive acetic acid de-
rivative. The soft drug design principle, which utilizes aspe-
cific esterases as the primary enzymes for one-step
deactivation into the inactive metabolite instead of hepatic
transformation into multiple metabolites, is again a good
example for an approach to develop safer drugs and, in
this case, also with an ultra-short duration of action. These
compounds exerted their beta-blocking actions for a much
shorter period of time (30±40 min) than the parent drug
bufuralol (at least 2 h) as demonstrated in the isopro-
terenol induced tachycardia model of the rat. Their
beta-antagonist potencies at equimolar doses, i.e., at
3.8 mmol/kg, were somewhat lower than that of bufuralol;
however, the most active compounds 4, 5, 2, and 3 still
demonstrated an activity of 30±50% of that of bufuralol.
These most active compounds were compared to esmolol,
the only ultra-short acting beta-blocker currently available
for clinical use. Compounds 2, 3, 4, 5, and esmolol were
infused for 10 min, and their effects on resting heart rate
and blood pressure were evaluated. The equipotent doses
of the soft bufuralol analogs were 1/10th to 1/5th of those
of esmolol, i.e., 2±4 mmol/kg/min opposed to the dose of
20 mmol/kg/min of esmolol. However, they resulted a si-
milar heart rate and blood pressure reduction as esmolol,
with a kinetics that was not significantly different from
that of esmolol. Based on these results, compounds 2, 3,

4, and 5 can be good candidates for further development
in search for more potent but ultra-short acting beta-block-
ers, which can be applied with a better safety profile than
other currently available i.v. beta-blockers like proprano-
lol, metoprolol, or labetalol in the treatment of supraven-
tricular tachycardias or postoperative/perioperative hyper-
tension even in critically ill patients with left ventricular
dysfunction.
Based on retrometabolic drug design principles, a homolo-
gous series of amiodarone analogs were synthesized in
which the 2-butyl chain of the parent drug was functional-
ized to include an ester function to be rapidly metabolized
not only in the liver, but also in blood and tissues by
aspecific esterases to a putative primary metabolite having
a carboxylic acid moiety. Enzymes such as hydrolases
(esterases, peptidases, lipases, glycosidases, phosphatases,
etc.) are particularly well suited for the purpose of rapid
metabolism of drugs, since this is a metabolism that is not
dependent on age, gender, or weight, and which is unaf-
fected by renal or hepatic function, and these enzymes are
usually non-specific and ubiquitously distributed. Before
the evaluation of the antiarrhythmic actions of these drugs,
it was shown that the new compounds are good substrates
to human plasma esterases in vitro. The purpose of these
studies was to determine the half-life (t1/2) of the members
of the series in fresh human plasma at 37 �C and to deter-
mine a relationship between the nature of the individual
esters and enzymatic hydrolytic rate, and also to give an
idea of the relative stability of the individual homologs
toward human plasma esterase; the ultimate goal being to
provide a ranking order from which preferred condidates
could be chosen for further in vivo testings. The time
course of plasma concentrations gave a first-order expo-
nential decay curve from which half-lives were calculated.
Half-lives ranged from 6 min to more than 10 h. More im-
portantly, a wide range of half-lives (6 min to 5 h) were
found for compounds with relatively small ester groups of
up to 5 carbons. This observations is important because
the electrophysiological properties of these compounds in
isolated guinea pig heart preparations seem to decrease
when the ester group is bigger than 5 carbons (results to
be published). When the test compounds were incubated
in the presence of paraoxon, an esterase inhibitor, their
concentrations did not change over time. This was taken
as convincing evidence that the compounds did not simply
hydrolyze due to pH and temperature, but rather because
of enzymatic degradation by esterases. There was a clear
relationship between the steric properties of the ester func-
tion and the observed metabolic rate. Hydrolysis was very
rapid for small esters (12 and 6 min for a and b, respec-
tively), but very slow for bulky groups (more than 10 h
for h±j), with intermediate values for esters of intermedi-
ate size (30, 60, 90, 240, and 300 min for c±g, respec-
tively) [58].
Finally, three members of the series, the isopropyl homo-
log c, the sec-butyl homolog e, and the neopentyl homo-
log f, with hydrolytic half-lives of 60, 240, and 300 min,
respectively, were chosen for further testing in an in vivo
ventricular tachycardia model of anesthetized rats [56].
The advantages of this model are the high reproducibility
of the onset of VTs after the benzene/adrenaline provoca-
tions, the relative simplicity and cheapness of the method
as it is applicable on small laboratory animals, like rats
and guinea pigs. Altogether, it is a useful screening meth-
od for evaluating the antiarrhythmic efficacy of newly de-
signed compounds. In our experiments, not only the indu-
cibility of VTs were evaluated, but intraarterial blood
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pressure and certain ECG parameters (PR, QRS, QT, and
RR) were registered, too. By evaluating the ECG and
blood pressure registrations, data on the electrophysiologic
and haemodynamic effects of the tested compounds could
be obtained, too. Compounds c, e, f, and amiodarone had
profound actions on all channels; PR, QRS, and QT seg-
ments were prolonged indicating a blocking action on
calcium, sodium, and potassium channels, respectively. PR
is a combination of both sodium channel ±± atrial conduc-
tion ±± and calcium channel ±± AV nodal conduction ±±
activity, but the main component is calcium channel ef-
fect, and the effects on QT are a combination of sodium
and potassium channel activities, with the effect on potas-
sium channel being equal to QT±QRS. The onset of ac-
tion on all ion channels was immediate with the soft amio-
darone analogs, but delayed with amiodarone. The effects
on the ECG parameters with amiodarone were maintained
for the whole duration of the experiment following the
cessation of drug infusion, whereas the effects of the test
compounds diminished within 15±30 min. The prolonging
actions on the ECG parameters are in good accordance
with the amiodarone-like activities of the new compounds;
however, further electrophysiological studies are needed to
establish their Class III properties. Due to the rapid onset
and the rapid disappearance of their pharmacological ac-
tivities, these soft analogs of amiodarone are expected to
be useful during the treatment of ventricular tachycardias/
fibrillation in emergency situations, and they are also ex-
pected to have a better safety record, due to their metabo-
lism into a water-soluble inactive metabolite that can be
eliminated by the kidneys, by which the chance for pro-
found accumulation and for the development of serious
adverse reactions can be minimized.
Summarizing our experience with soft drugs in respect to
their cardiovascular effects, it can be concluded that the
compounds in all three classes of drugs studied here
showed their class-specific pharmacological actions, i.e.,
PCMS-2 prevented the carbachol induced bradycardia, the
soft bufuralol analogs 2±8 diminished the heart rate in-
crease after isoproterenol and also reduced resting blood
pressure and heart rate, and, finally, the amiodarone ana-
logs c, e, and f protected the development of VTs in a
stress induced ventricular tachycardia model of the rat in
good correlation with their amiodarone-like (Class III) ac-
tions on the ECG parameters. In accordance with the soft
nature and the rapid enzymatic deactivation of these
drugs, their pharmacological actions were temporary com-
pared to their traditional counterparts. By the soft drug
concept, where the structure of the drugs determines the
metabolic fate of the compounds, which follows pre-
dicted one-step transformation into an inactive metabolite,
the improvement of the therapeutic index can be expected.

4. Experimental

4.1. Antagonistic effect on the carbachol induced bradycardia (PCMS-2)

Male Sprague-Dawley rats with body weights of 300� 30 g (Harlan Spra-
gue Dawley Inc., Indianapolis, IN) were anesthetized with Na pentobarbi-
tal (50 mg/kg i.p. ±± Butler Co., Columbus, OH). The skin from the neck
area was removed, and the jugular veins on both sides were cleared of
connective tissue. Needle electrodes were inserted s.c. into the limbs of the
anesthetized rats and were joined to a GOULD TA 2000 recorder
(GOULD Inc., Cleveland, OH). Standard leads I, II, and III were recorded
at a paper speed of 25 mm/s. Baseline electrocardiography (ECG) re-
cordings and all drug administrations were performed after a stabilization
period of 15 min. PP and RR cycle length (ms) were measured manually,
and HR (1/min) was calculated by the equation of 60000/RR cycle length.
The presence of Mobitz II type A±V block (2 : 1, 3 : 1, etc.) was registered,
too. Cholinomimetics such as carbachol have four primary effects on the

cardiovascular system: vasodilation, a decrease in cardiac rate (negative
chronotropic effect), a decrease in the rate of conduction in the sinoatrial
(SA) and atrioventricular (AV) nodes (negative dromotropic effect), and a
decrease in the force of cardiac contraction (negative inotropic effect) [61].
These effects of carbachol were manifested on the surface ECG as sinus
bradycardia (lengthening of the PP cycle) and as development of Mobitz II
type A±V block. After analyzing the ECG recordings, both heart rate and
percent changes of heart rate, as compared to that of baseline, were plotted
against time, and the effects of the different drugs on heart rate and on
percent changes of heart rate were characterized. All drugs were dissolved
in 0.9% NaCl (vehicle), and solutions were administered by direct
injections into the jugular veins on either side. Anticholinergic drugs
PCMS-2 and atropineMeBr (0.2 and 2 mmol/kg, in �0.3 ml volume) or
vehicle (�0.3 ml volume) were administered at 0 time, while carbachol
(5±8 mg/kg in �0.06±0.1 ml volume according to the initial individual
ECG response of each rat) was injected at ÿ5, 1, 3, 5, 10, 15, 20, 30, 45,
and 60 min. Each point on the figures represents the mean �S.D. of three
experiments. Student's t-test (two-sample assuming equal variances) was
used for statistical evaluation [7].

4.2. Effect on the isoproterenol induced tachycardia
(soft bufuralol analogs 2±8)

The weight of the male Sprague-Dawley rats in these experiments was
between 400±460 g and the anesthesia was performed as previously. Both
jugular veins and the left carotid artery were isolated, and the latter tied up
cranially with a surgical silk (Ethicon 4-0, Ethicon Inc., Australia). A plas-
tic catheter (Intracath 19GA, Becton Dickinson, Sandy, UT) filled up with
a solution containing 10% Na-Heparin (Elkins-Sinn Inc., Cherry Hill, NJ)
in normal saline (100 U/ml Na-Heparin) was introduced into the artery and
fixed with surgical silk. The catheter was connected to a pressure transdu-
cer (Ohmeda P23-XL, Ohmeda Medical Devices Division Inc., Madison,
WI) filled up with the same heparinized 0.9% NaCl solution to register
beat-to-beat arterial pressure. Needle electrodes were inserted s.c. and to-
gether with the pressure transducer were joined to the Gould TA 2000 re-
corder. Leads II, aVF, and intraarterial blood pressure were monitored si-
multaneously throughout the experiments and recorded at certain intervals
at 50 mm/s paper speed. Baseline heart rate and blood pressure parameters
were recorded for 25 min, at every 5 min, before any drugs were given.
Drug administrations were carried out as bolus injections into the jugular
veins. 50 mg/kg isoproterenol (Sigma, St. Louis, MO) was injected s.c. at
ÿ5 min. Heart rate and blood pressure were recorded at ÿ5, ÿ4 and
ÿ2 min. At 0 min the acidic metabolite of bufuralol (1), the soft bufuralol
analogs 2±8 as free base forms dissolved in 10% DMSO (Fisher Scienti-
fic, Fair Lawn, NJ) in 30% hydroxypropyl-beta-cyclodextrin (HPBCD)
(Pharmos Inc., Alachua, FL), or bufuralol (alpha-h(tert-butylamino)methyli-
7-ethyl-2-benzofuranmethanol; Roche Products Ltd., Welwyn Garden City,
UK) dissolved in the same vehicle, or vehicle (i.e., 10% DMSO in 30%
HPBCD) were injected into the jugular veins as bolus injections. Heart
rate and blood pressure were registered at 1, 3, 5, 10, 15, 20, 25, 30, 40,
45, 50, 60, 70, 80, 90, 105, and 120 min. The percent changes in heart
rate were calculated as follows: % change in HR � (HRt-HRÿ2)/
HRÿ2� 100 relative to the maximal isoproterenol induced heart rate in-
crease registered at ÿ2 min, where t � 0, 1, 3, ... 120 min.

4.3. Effect on resting heart rate and blood pressure
(soft bufuralol analogs 2±8)

The anesthesia, the surgical procedures, the ECG and blood pressure re-
cordings were the same as previously. The methyl-(2), ethyl-(3), isopropyl-
(4), and tert-butyl-(5) analogs of bufuralol were converted to their cor-
responding HCl salt forms, and were dissolved in 0.9% NaCl. For the
conversion to the salt forms a concentrated, methanolic solution of the free
base was treated with HCl (1 M) in ether, then the salt form of the com-
pound was obtained by the evaporation of the solvents in vacuum. Base-
line heart rate and blood pressure values were registered again at every
5 min for 30 min. At 0 min the four bufuralol analogs, or esmolol-HCl
(Brevibloc1, 2.5 g/10 ml Ohmeda Pharmaceutical Products Division Inc.,
Liberty Corner, NJ) diluted with 0.9% NaCl were infused into the jugular
vein for 10 min with a syringe pump (Sage Instruments, Model 341B,
Orion Res. Inc., Boston, MA) through a plastic catheter (Terumo
24GA� 3/400, Terumo Medical Corp., Elkton, MD) fixed in the jugular
vein. The doses were 2 mmol/kg/min for 2, 4, and 5, 4 mmol/kg/min for 3,
and 20 mmol/kg/min for esmolol. The percent changes in heart rate and
blood pressure values [mean arterial pressure: MAP � (SBP-DBP)/
3 � DBP] were calculated relative to the average baseline values recorded
between ÿ30 to 0 min., i.e., % change in HR � (HRt-HRav)/HRav� 100 or
% change in MAP � (MAPt-MAPav)/Mapav� 100, where t � 1, 3, ...
120 min. In both series of experiments, each compound and vehicle were
administered to at least 3 different animals, the average and the standard
deviation of all heart rate and blood pressure data were calculated. All data
were subjected to cluster analysis and to multivariate analysis of variance
for repeated measures (GLM Repeated Measures of Anova) with the SPSS
for Windows 7.5 program. Statistically significant difference between the
effects of the different compounds was accepted at p < 0.05.
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4.4. Antiarrhythmic activity in anesthetized rats
(soft amiodarone analogs c, e, and f)

The anesthesia of the male Sprague-Dawley rats (weight: 400±450 g), the
preparation of the jugular veins and of the left carotid artery, and the registra-
tion of ECG and intraarterial beat-to-beat blood pressure were performed
as previously. The surgery was completed with an incision on the trachea
where a short plastic tubing was placed and the animal was connected to a
rodent-model ventilator (Harvard Model 683, Harvard Apparatus, South
Natick, MA). The animals were ventilated in an assisted way depending
on their spontaneous breathing frequency (55±65/min). Drug administra-
tions were carried out through i.v. catheters (Terumo 24 GA� 3/400, Teru-
mo Medical Corp., Elkton, MD) inserted into both jugular veins. The left
side was used for drug infusions by means of a syringe pump (Sage Instru-
ments, Model 341B, Orion Res. Inc., Boston, MA), and the right side was
used for adrenaline injections. The experiments were started after a mini-
mum of 15 min stabilization period. Benzene/adrenaline challenges were
performed as follows: the respirator inlet was connected to a 50-ml bub-
bler half-full with benzene (Fisher Scientific, Fair Lawn, NJ) so that the
inspired air was saturated with benzene vapor. The animal was ventilated
with benzene vapor for 2 min. The tidal volume was typically 1 ml/100 g
of animal. During the last 30 s of benzene ventilation, 10 mg/kg adrenaline
was injected into the right jugular vein [56]. Typically within 30 s ventri-
cular premature beats (VPB) and hemodynamically stable sustained and
non-sustained repetitive ventricular tachycardia (VT) occurred. After 30±
60 s, the normal sinus rhythm returned, and the animal did not show other
abnormal signs. These arrhythmias could be elicited repeatedly. After three
control VTs (at ÿ30, ÿ20 and ÿ10 min), amiodarone and the ester ana-
logs (compounds c, e, and f) were injected at a dose of 5 mmol/kg i.v.
bolus, immediately followed by a slow infusion of 15 mmol/kg/h for 2 h.
There were 4 or 5 rats per test compound. The ability of the different
drugs to suppress these arrhythmias was tested against repeated benzene/
adrenaline challenges at times 5, 15, 30, 45, 60, 90, 120 (end of drug
infusion), 135, 150, 165, and 180 min after i.v. bolus administration. The
arterial pressure, heart rate, number of ventricular complexes during the
occurrence of VTs and VPBs, and certain ECG parameters (PR, QRS, QT
durations and RR cycle lengths in ms) were recorded. Each animal served
as its own control. The amplitudes of the systolic arterial pressure and
diastolic arterial pressure were registered, and the mean arterial pressure
(MAP) was calculated as previously. The results were subjected to Anova
and Newman ±± Keuls test using the SAS for Windows 6.12 program. The
changes in the observed parameters were accepted to be significant at
p < 0.05.

This research paper was presented during the 2nd Conference on Retro-
metabolism based Drug Design and Targeting, May 11±14, 1999, Amelia
Island, Florida, USA
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