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A new type of ultra-short acting B-blocker which might prove ad-
vantageous in treating acute arrhythmias was designed, synthesized
and investigated. Based on the soft drug ‘‘inactive metabolite ap-
proach,’’ the inactive phenylacetic acid metabolite of both metopro-
lol and atenolol was reactivated by esterification with sulfur-
containing aliphatic alcohols. Since the sulfur-containing moieties
are labile to the ubiquitous esterases, the new compounds should be
inactivated by a one step enzymatic cleavage back to the inactive
phenylacetic acid derivative. Pharmacological and pharmacokinetic
profiles of the new compounds were evaluated in rats and rabbits.
Isoproterenol-induced tachycardia was inhibited with short-term in-
fusion of each compound. This tachycardia blocking effect rapidly
disappeared upon termination of infusion, while B-blocking activity
was 2-4-fold longer after comparable doses of the short-acting
B-blocker, esmolol. The rapid recovery from the B-receptor block-
ade is believed due to fast hydrolysis of the soft drugs in the body.
This is supported from in vitro results showing the t,;, of esmolol is
about 10-fold longer than the new soft drugs in rat, rabbit, dog and
human blood. Hydrolysis studies in phosphate buffered solutions
indicated that the esters are labile to base-catalyzed hydrolysis.
However, the relative t,,, values measured in biological media com-
pared to phosphate buffered solution clearly support rapid enzymat-
ic cleavage of the soft drugs. Interestingly, one of the soft B-block-
ers, the sulfonyl ester derivative, showed a unique property of ex-
hibiting good B-receptor blocking activity without significant
hypotensive action.

KEY WORDS: ultra-short acting B-blockers; soft drugs; inactive
metabolite approach; metoprolol.

INTRODUCTION

Beta-blockers are widely used in the treatment of vari-
ous cardiovascular disease (1-4) and very short acting B-an-
tagonists are often used to control acute superventricular
arrhythmias in critically ill patients. However, the currently
available very short acting B-antagonist, esmolol, is limited
because of the risk of long-lasting cardiac depression and
occasional heart failure (5-7). Development of truly ultra-
short acting B-blockers could circumvent limitations of cur-
rently available agents (8,9). Another limitation for B-block-
ers is the documented transformation to active and/or toxic
metabolites (10). Several 3-blockers undergo oxidative met-
abolic transformation to products with significant -receptor
blocking activities, but different biological half-lives. Bu-
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furalol represents an example of this phenomenon with the
alcohol and ketone metabolites demonstrating significant
B-receptor blocking activities and longer half-lives (11). This
can present a complex pharmacokinetic picture and lead to
uncontrollable therapeutic dose monitoring. Design of novel
soft B-blockers with an ultra-short duration of action and
predictable metabolism offers the potential to overcome
these current dosing problems.

The soft drug concept is particularly suitable for ad-
dressing these therapeutic problems, and the ‘‘inactive me-
tabolite approach’ was used in the present study (10,12,13).
In our laboratory, the inactive acid metabolite of metoprolol
was the precursor used in a series of soft B-blockers that
were tested for cardiovascular and ophthalmic activity
(10,14,15). We selected the inactive metabolite of metoprolol
to design a new series of three ultra-short acting B-blockers
in the present study.

In 1982, Erhardt et al. reported thirty-two compounds
that were potential short acting B-blockers (16,17). Among
these compounds, the methyl ester analog was described,
but discarded as too long acting (17). In their report, es-
molol, a homolog of metoproiol, was identified for therapeu-
tic development (17). In the present work, we selected three
sulfur-containing moieties to serve as the ester functional-
ities to reactivate the inactive metabolite of metoprolol to
-antagonist action. Design considered the observation that
the rate of hydrolytic deactivation can be controlled by the
ester structure. In 1981, we explored these sulfur-containing
moieties for aspirin prodrugs and reported that the moieties
demonstrate chemical stability, but are subject to rapid es-
terase hydrolysis (18,19).

The sulfur-containing aliphatic alcohols, methylthio-
methyl and its oxidized derivatives were used to reactivate
the inactive acid metabolite of metoprolol, 4-(2-hydroxy-3-
isopropylamino)-propoxy phenylacetic acid. Soft drug de-
sign predicts that ubiquitous esterases should quickly hydro-
lyze the labile sulfur-containing ester functionalities to pro-
duce the corresponding inactive phenylacetic acid derivative
(compound 9) as shown in Fig. 1. This study evaluated the
selected pharmacodynamic and pharmacokinetic properties
in rat and rabbit models and B-antagonist action was com-
pared to esmolol (8,20-22).

METHODOLOGY

Chemistry

Chemicals were obtained from Aldrich Chemical Com-
pany and Fisher Scientific. Thin layer chromatography was
carried out with EM Science DC-aluminum foil plates coated
with silica gel or aluminum containing Fluorescent indicator.
The 'H NMR spectra were determined using Varian T-90
NMR spectrophotometer and are reported as parts per mil-
lion (3) relative to the internal standard, tetramethylsilane.
Mass spectra were recorded with FAB mass spectrometry
(Kratos MFC 500). Melting points were measured using
Fisher Johns melting point apparatus and are uncorrected.
Elemental analysis was performed by Atlantic Microlab Inc.
(Atlanta, GA).
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Fig. 1. Structural features of the soft drugs (6, 7 and 8) and their
metabolic pathways.

Synthesis of Methylthiomethyl
4-(2-hydroxy-3-isopropylamino)-propoxy
phenylacetate oxalate, 6

Intermediate, 4, ethyl 4-(2-hydroxy-3-isopropyl-amino)-
propoxy phenylacetate was synthesized following previ-
ously reported method with minor modification as shown in
Scheme 1 (10). The intermediate 4 (10 g) and potassium hy-
droxide (1.72 g) were dissolved in 100 ml of the ethanol/water
(1:1). The reaction mixture was refluxed for 10 hrs. The
ethanol was removed in vacuo and the residue was washed
with methylene chloride twice. The water was evaporated to
give 9.48 g of potassium 4-(2-hydroxy-3-isopropylamino)-
propoxy phenylacetate, 5. The intermediate 5 (7.8 g) dried
with phosphorous pentoxide was suspended in 600 ml of
dried benzene. Sodium iodide (0.96 g) and 18-crown-6 (1.35
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Scheme 1. Synthetic pathways of methyithiomethyl, 6, methylsulfi-
nylmethyl, 7, and methylsulfonylmethyl, 8, esters.
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g) were added to the reaction mixture. Chloromethylmeth-
ylsulfide (3.76 g) was added to the suspension, and refluxed
for 15 hrs. After cooling, the reaction mixture was washed
with 250 ml portions of saturated aqueous sodium carbonate
solution, twice with brine, dried and evaporated to give 7.6
g of crude oily product (23). This was purified by column
chromatography to give 5.4 g of the pure desired product
(51.5%), which was isolated as an oxalate. Column chroma-
tography: sorbent, silicagel; eluent, hexane:ethyl acetate =
1:2. Mass spectrum: (70 ev) m/z (relative intensity); 328 [M
+ H]*(100), 307 (10), 154 (18), and 136 (10).

Compound 9 (the predicted phenylacetic acid metabo-
lite) was synthesized following the method reported by
Arfwidsson (24). m.p. = 125 — 131° as an oxalate.

Synthesis of Methylsulfinylmethyl
4-(2-hydroxy-3-isopropylamino)-propoxy
phenylacetate oxalate, 7

Compound 6 (as an oxalate) (1.0 g) was suspended in 5
ml of chloroform and 20 ml of a chloroform solution contain-
ing 0.6 g of m-chloroperoxy benzoic acid (purity, 80-85%)
was added to the solution in portions over 20 min with stir-
ring in ice-cooled water bath. After stirring for 30 min at 0°C,
chloroform was evaporated in vacuo (25). The residue was
triturated with 60 ml of ether/2-propanol (1:1) solution, crys-
tallized in methylene chloride/ether, and washed with ether
to give 0.85 g of the desired product (82%) as a white crys-
talline compound. Mass spectrum: (70 ev) m/z (relative in-
tensity); 344 [M + H]*(100), 268 (10), and 116 (20).

Synthesis of Methylsulfonylmethyl
4-(2-hydroxy-3-isopropylamino)-propoxy
phenylacetate oxalate, 8

Compound 6 (as an oxalate) (1.0 g) was suspended in 5
ml of chloroform and 20 ml of chloroform solution containing
1.4 g of mcPBA (purity, 80-85%) was added to the solution
in portions over 20 min with stirring, in an ice-cooled water
bath. After stirring for 30 min at 0°C and for 5 hrs at room
temperature (25), chloroform was evaporated in vacuo, and
the residue was triturated with 60 ml of ether, crystallized in
acetone, and washed with 2-propanol and ether to give 0.85
g of the desired product (78%) as a white crystalline com-
pound. Mass spectrum: (70 ev) m/z (relative intensity); 360
[M + H]™(100), 343 (3), and 275 (3).

Analytical Method

The HPLC system used for the analysis of the soft drugs
and metabolites in buffers and biological media consisted of
a Model SP 8810 precision isocratic pump, Model SP 8450
UV/VIS detector and Model SP 4290 integrator (Spectra-
Physics, San Jose, CA). The soft drugs and esmolol were
analyzed using a Waters reverse phase NOVA-PAK Phenyl
column (10 cm X 5 mm i.d.). The acid metabolite of the soft
drugs was analyzed by using a reverse phase ASI C-8 column
(5§ mm x 30 c¢m) fitted with a C-18 guard column (RAININ)
packed with 7 p packing material.

The mobile phase included various combinations of ace-
tonitrile and 0.01 M KH,PO, buffer (pH 3.0) containing 4
mM of tetramethyl ammonium perchlorate (25/75, 14/86, 10/
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90, 3/97 and 20/80 for 6, 7, 8, 9 and esmolol, respectively).
The detector wavelength was set at 272 nm. Compounds
were detected at 272 nm in most cases. Compound 6 was
detected at 235 nm for in vivo rabbit blood samples. The flow
rate of the mobile phase was 1 ml/min, and the retention
times for 6, 7, 8, 9 and esmolol were 6.3, 6.9,6.5,5.4, and 5.5
min, respectively. The calibration curve was linear (r =
0.996 — 0.999) for compounds injected over the range of 50
M to 1 mM.

Sample Preparations for Blood and Liver Homogenate
Samples. Each collected sample was mixed with two vol-
umes of acetonitrile containing 5% DMSO, vortexed, and
centrifuged at 24,000 g for 10 min. The supernatant was an-
alyzed for the selected compounds by HPL.C. Blood samples
coliected from rabbits required chloroform extraction as fol-
low; samples (0.1 ml) were diluted 1:4 with deionized water
and mixed 1.25 parts chloroform. The mixture was vortexed
and centrifuged at 24,000 g for 10 min. A 0.5 ml of chloro-
form layer was evaporated under N, gas and the dried resi-
due was reconstituted with mobile phase and analyzed (26).
The average recovery of the compound in the chloroform
layer over the concentration range of 0.4 to 20 pg/ml was 56
* 2% with a detection limit of about 0.35 wg/ml for biood
sample.

Stability in Aqueous Buffer Solutions

Isotonic phosphate buffer solutions (0.5 mM) were pre-
pared at specific pHs ranging from 2.7 to 9.5 and held at
37°C. Solution of 6, 7 or 8 were added to buffered solutions
to result an initial concentration of 300 uM and samples were
withdrawn at selected times and analyzed for 9 and 6, 7 or 8
by HPLC. The pseudo first-order rate constant for hydrolyA
sis of 6, 7 and 8 was determined by linear regression from the
plot of natural | logarithm of the HPL.C peak area versus time.

Metabolism and Stability in Biological Media

The stability of 6, 7 and 8 was determined in blood and
liver homogenate. Blood was collected from male Sprague
Dawley rats, male New Zealand White rabbits and Mongrel
dogs. Human blood was collected by venipuncture from
healthy male and female volunteers. Heparinized blood was
used within 30 min. Compound solutions in deionized water
(40 nL, 15 mM) were mixed with blood (2 ml) at 37°C. In-
cubated samples (0.1 ml) were obtained at selected time in-
tervals and analyzed for the compounds and their metabo-
lite, 9 as described earlier. Rat, rabbit and dog liver homoge-
nates were prepared by homogenizing freshly collected liver
with pH 7.4 phosphate buffer to obtain a 20% w/v tissue
suspension. An aliquot of stock solution of the compound
was added into the prewarmed (37°C) liver homogenate.
Sampling and analysis were done by the same method as
described above.

Pharmacokinetic Studies in Rats and Rabbits

Male Sprague-Dawley rats weighing 250-300 g were
anesthetized with sodium pentobarbital (50 mg/kg, i.p.).
Compound (6, 7, or 8) was dissolved in normal saline at a
concentration of 60 mg/ml, and infused in the animals for 1.5
min at a rate of 10 mg/kg/min through the tail vein. Blood
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samples (0.1 ml) were taken at various time intervals and
analyzed for compound 6, 7 and 9 as mentioned earlier. Six
male New Zealand White rabbits weighing 2.5-3.0 kg were
used. Rabbits were anesthetized by i.m. injection of the
combination of ketamine HC! and xylazine at a dose of 35
mg/kg and 5 mg/kg, respectively. Ear veins were cannulated
for i.v. drug infusion and blood sampling took place from the
contralateral ear vein. After a 20 min stabilization period,
compound 6 was dissolved in normal saline and infused for
1.5 min at a rate of 10 mg/kg/min (cumulative dose, 15 mg/
kg). Blood samples (0.1 ml) were at 1, 2, 3, 4, 5, 6, and 7 min
post-infusion, and analyzed as mentioned earlier.

Pharmacological Studies in Rats

The effect of the soft B-blockers on isoproterenol-
induced tachycardia was compared to esmolol in anesthe-
tized rats. Groups of male Sprague-Dawley rats (n = 5)
weighing 200-300 g were anesthetized with sodium pento-
barbital (50 mg/kg, i.p.). A Narco Bio System physiograph
was connected to monitor heart rates. The heart rate trans-
ducer was implanted (s.c.) in each arterial leg. The physio-
logic signal was transduced to a Microdisplacement Myo-
graph Linear-Core F-50 recorder (Narco Bio System, Aus-
tin, TX) and the heart rate was continuously monitored.
Isoproterenol is commonly used to assess the potency of
B-blockers on the cardiovascular system (27). In these ex-
periments, unstimulated heart rate in rats under pentobar-
bital anesthesia was 420 = 10 beats per min (bpm). Isopro-
terenol (50 pg/kg, s.c.) rapidly increased the heart rate to a
steady state tachycardia of 595 *+ 27 bpm within 1-1.5 min.
This was sustained for 40—45 min and was used as the con-
trol tachycardia value to calculate percent inhibition after
B-blocker administration. Inhibition of isoproterenol-
induced tachycardia was calculated as follows:

Control tachycardia(bpm) —

% inhibition = Cmpd tachycardia(bpm) % 100
o mbiion = Control tachycardia(bpm)

After a 20 min of stabilization, isoproterenol (50 pg/kg)
was administered to induce tachycardia. Five minutes after
the administration of isoproterenol, drug solution (6) (30 mg/
ml in saline) was infused at ranges from 4 to 24 mg/kg/min via
the tail vein for 2.5 min and heart rate was monitored. Dose
response of esmolol on the inhibition of isoproterenol-
induced tachycardia was also studied at a dose range of 1-8
mg/kg/min using the same methods. The dose response
curve indicated that 24 mg/kg/min of 6 is pharmacologically
equipotent to 4 mg/kg/min of esmolol in this animal model.
Five animals were infused with normal saline (0.8 ml/kg/min)
after administration of isoproterenol to serve as the control
group.

Pharmacological Studies in Rabbits

The effects of the soft B-blockers on isoproterenol-
induced tachycardia and mean arterial pressure (MBP) were
compared with esmolol. Six male New Zealand White rab-
bits weighing 2.5-3.5 kg were used in a randomized com-
plete block design (including three soft drugs, esmolol and
control). Each drug or control was tested on two rabbits
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each time, thus every animals received 5 types of treatment
with at least 7 days separating test periods. The experiments
were completed in 2 months. Animals were anesthetized as
described above. The vein in one ear and the artery in the
other ear were cannulated for i.v. drug infusion, while the
catheter in the artery was connected to a pressure transducer
(RP-1500 Narco Bio System). The heart rate were continu-
ously monitored as described for rats. After the cannulation
and the stabilization for 20 min, each animal was injected
with isoproterenol (30 pg/kg, s.c.). The drugs (6, 7, 8 or
esmolol) were dissolved in normal saline and 15 min after
isoproterenol injection. Test solution was infused at a rate of
2.5-10 mg/kg/min via the ear vein for 1.5 min at 0.5 ml/min.
Animals infused with normal saline (0.5 ml/min) after the
administration of isoproterenol were used as the control
group.

The percentage inhibition of isoproterenol-induced
tachycardia was calculated by the same method used in rats.
Mean arterial pressure (MBP) was approximated using the
following formula:

MBP = DP + PP/3 (PP = SP — DP)
RESULTS

Syntheses

The soft drugs, 6, 7 and 8 were isolated as the neutral
oxalates (amine, - oxalic acid, ). The physical and spectral
properties of the soft drugs are listed in Table I. The racemic
mixtures were obtained in all three cases.

Stability of the Soft Drug in Aqueous Buffer Solutions

The hydrolysis rates of the soft drugs at various pH
values were investigated in order to assess their chemical
stability. The apparent rate constants (K,, ) were deter-
mined from the disappearance of 6, 7 and 8 and the corre-
sponding pH-rate profiles are shown in Fig. 2. For all three
compounds, the ester linkage undergoes base-catalyzed hy-
drolysis, which resulted in the predicted acid metabolite, 9.
At physiological pH, pH 7.4, the half-lives of 6, 7, and 8 were
209, 214 and 155 min, respectively. By mtroducmg a sulfox-
ide group (7) or a sulfone group (8), the stability in acidic
conditions (pH < 6) increased, while in basic conditions (pH
> 7), the compound was more susceptible to hydrolysis.

Yang, Wu, and Bodor
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Fig. 2. Experimentally determined pH-rate profiles for the hydro-
lysis of the soft drugs. methylthiomethyl; 6 (@), methylsulfinyl-
methyl; 7 (M) and methylsulfonylmethyl; 8 (A) esters at 37°C.

Metabolism of the Soft Drugs in Biological Media

The stability and the metabolic pathway of the soft
drugs in biological media were examined in blood and liver
homogenates obtained from different species. The hydroly-
sis rates of the soft drugs compared to esmolol are shown in
Table II. In blood or liver homogenate, the metabolism of the
soft B-blockers follows a pseudo first-order kinetics, and all
three soft drugs were converted to the corresponding acid
metabolite, 9. No other metabolic pathway was found in
blood or liver homogenate studies. The recovery of the acid
metabolite from the hydrolysis of the soft drugs in biological
media was 100 = 3%. There was a significant difference in
the hydrolysis rate among species examined (rat > human
and rabbit > dog), however, the relative order of stability for
the three soft drugs in all species was constant. Compound
6 showed the longest half-life, followed by 7 and 8. Except in
two cases, such as 6 and 7 in dog blood, the soft drugs
exhibited much faster hydrolysns rates than esmolol, espe-
cially in rat and human blood. In human blood, compared to
the half-life of esmolol, 22.8 min, significantly shorter half-
lives of the soft drugs, <1 min, were obtained. Unlike es-
molol, the soft drugs displayed a much shorter hydrolytic
half-life in human blood than in dog and rabbit blood. The
reason remains unknown, however, specie specific differ-
ence in hydrolytic enzymes might explain this result. In 20%

Table I. Spectral and Physical Properties of the Soft Drugs (6, 7, and 8)

NMR Data
Compound m.p. Common signals: 1.0-1.3 (3, 6H, CH,-CH-CH,), 6.8-7.4 Analysis
(oxalate) °C) (AB, 4H, aromatic) forC,H,N, S
6 115-120 2.2 (s, 3H, -S-CH;), 2.4-2.9 (m, 2H, -CH,-N), 3.0-3.3 (m, tH, 54.82, 7.63, 3.79, 8.68.
CH,-CH-CH,), 3.6 (s, 2H, CH,COQ), 3.8-4.1 (ABX, 2H, -O-CH,),
4.2-4.4 (m, 1H, -CH-OH), 5.1 (s, 2H, -O-CH,-S)
7 102-104 2.7 (s, 3H, -S-CH,), 2.8-3.1 (m, 3H, -CH,-N and CH,-CH-CH,), 3.7 (s, 2H, 52.29, 6.78, 3.61, 8.14.
-CH,CO0), 4.0-4.2 (ABX, 2H, -O-CH,), 4.1-4.4 (m, 1H, -CH-OH),
4.9-5.5 (q, 2H, -O-CH,-S)
8 90-93 2.6-3.4 (m, 3H, -CH;-N and CH,-CH-CH3), 2.9 (s, 3H, -S-CHj,), 3.7 (s, 2H, 50.49, 6.39, 3.53, 7.84.

-CH,C00), 3.7-4.2 (m, 1H, -CH-OH), 3.8-3.9 (s, 2H, -O-CH,), 5.2 (s,

2H, -O-CH,-S)
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liver homogenate, the hydrolytic half-life was too short to be
estimated. In dog liver homogenate, the half-lives of the soft
drugs were about 1-2 min. The results support a one-step
metabolic inactivation to the corresponding acid metabolite.

Redox Biotransformation of the Sulfur-Containing Moieties

In addition to direct hydrolysis, the redox biotransfor-
mation of the sulfur-containing alkyl groups could occur in
the body as shown in Scheme 2. Thus, redox biotransforma-
tion was investigated in rat, rabbit and dog liver homoge-
nates.

In rat and rabbit 20% liver homogenates, after incuba-
tion of the soft drugs (600 uM) at 37°C, no redox biotrans-
formation product was detected by HPLC. In the case of
20% dog liver homogenate, when 6 (600 wM) was incubated
at 37°C, only a trace of the oxidation product, 7 was detected
in the first sample (15 sec). Similarly, when 7 was incubated,
a trace of its oxidation product (but not 6, the reduction
product of 7) was detected in the first sample (15 sec). No
7 or 6, were detected after incubating 8. These results indi-
cate that oxidation precedes reductive bio-transformation.
Although no redox biotransformation of the sulfur-
containing esters could be detected in rat and rabbit liver
homogenates, it can be assumed that because of the fast
hydrolysis, the redox products could not be detected.

Pharmacokinetic Studies in Rats and Rabbits

In rats, disappearance of 6, 7 and 8 from blood was too
rapid to estimate t;, values after i.v. infusion (15 mg/kg). In
contrast, esmolol could be measured through 12 min. The
distribution and elimination half-lives of esmolol were esti-
mated at 0.4 and 2.3 min, respectively. In vitro studies indi-
cated that soft drugs were relatively stable in rabbit blood
compared to rat blood. Therefore, the disappearance profile
of 6 was studied in rabbits during the isoproterenol-induced
tachycardia studies. Results showed that the blood concen-
trations of 6 reached 14.3 = 0.6 pg/ml during the infusion,
while the blood concentration rapidly decreased to 2.1 * 0.4
pg/ml and 0.3 = 0.0 pg/ml at 0.5 and 1.5 min, respectively
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Scheme 2. Redox biotransformation of the sulfur-contammg esters.

after terminating the infusion. Because of the rapid metabo-
lism, pharmacokinetic parameters could not be estimated.

Effect of the Soft Drugs on Isoproterenol-Induced
Tachycardia in Rats

As shown in Fig. 3, infusion of saline did not show any
effect on isoproterenol-induced tachycardia, while signifi-
cant inhibition occurred with infusion of 6 (24 mg/kg/min).
During 2.5 min infusion, heart rate began to decrease within
15 sec and continued to decrease throughout the infusion
with a heart rate of 446 = 21 bpm at 2.5 min. After termi-
nating the infusion, the heart rate immediately started to
increase and reached the original isoproterenol-induced
tachycardia level within 10 min. The other two soft drugs,
7 and 8, were less potent compared to 6 with maximum %
inhibition of about 2/3 of 6. All three soft drugs demonstrated
rapid onset which was similar to esmolol, but studies showed
significantly faster recovery from the soft drug p-receptor
blockade than esmolol.

The dose of esmolol selected for comparison in these
studies was 4 mg/kg/min, which effected the same maximal
tachycardial % inhibition compared to 24 mg/kg/min of 6.
Fig. 3 illustrates that esmolol had the same fast onset of
action compared to the soft drugs, however, the B-receptor
blockade persisted for approximately 20 min after terminat-
ing the infusion.

Effect of the Soft Drugs on Isoproterenol-Induced
Tachycardia and Mean Arterial Pressure in Rabbits

The heart rate and MBP of the anesthetized (ketamine &
xylazine) rabbits determined were 156 = 9 bpm and 92 + 6
mmHg, respectively. Injection of isoproterenol (30 pg/kg,

Table II. The in Vitro Hydrolytic Half-Lives (min) of the Soft Drugs and Esmolol in the
Biological Media and in the Buffer Solution (pH 7.4)

6 7 8 Esmolol
Human blood 0.8 0.2 0.7 0.1 0.7 = 0.1 229 =03
Rat blood <0.25¢ <(.25¢ <0.25¢ 0.9 = 0.1
Rabbit blood 6.1 = 0.6 3.6 +0.1 3.4 0.1 9.9 =+ 0.1
Dog blood 109 = 18 37 =3 14 =2 40 =5
Rat liver homogenate (20%) uD? uD? uD? uD?
Rabbit liver homogenate (20%) uD? uD? uD? uD?
Dog liver homogenate (20%) 09+ 0.1 1.7+ 0.3 1.0 = 0.2 1.5 0.3
Buffer (pH = 7.4) 209 214 155 —

2 A half-life of <0.25 indicates that more than 95% of the compound was metabolized in 0.25

min.

# Undetectable. The compound was immediately metabolized after incubation.

¢ Not determined.

** Data presented in the text and table are mean = S.E.M. (3 samples for the in vitro studies,
and 4-6 samples for the in vivo studies). A student t-test for paired and unpaired data was

used for the statistical analysis.
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Fig. 3. Effects of the soft drugs, 6 (@), 7 (B), 8 (A), esmolol (),
and control (O)on isoproterenol-induced tachycardia in anesthe-
tized rats. Doses for soft drugs and esmolol were 24 mg/kg/min and
4 mg/kg/min, respectively. a, infusion started; b, infusion stopped.

s.c.) immediately produced an increase in heart rate and
decrease in mean arterial pressure that reached steady-state
within 10-15 min at 324 = 10 bpm and 87 = 6 mmHg, re-
spectively. B-stimulation was sustained for 30-35 min. Infu-
sion of normal saline (control) did not show any effect on the
heart rate and mean arterial pressure.

Each of the soft drugs (total dose, 15 mg/kg) inhibited
isoproterenol-induced tachycardia within 30 sec after begin-
ning the infusion and greatest blockade was reached at the
end of infusion (1.5 min) as shown in Fig. 4. At greatest
observed inhibition, the heart rate was reduced from 324 =+
19 bpm to 235 = 11 bpm for compound 6. The blockade
(50-60% inhibition) persisted for 3-4 min and heart rate
recovered to the pre-infusion value within 9—11 min after
terminating the infusion. Compound 7 and 8 showed lower
[B-blocking activity compared to 6 or esmolol indicating de-
creased B-blocking potency in this animal model. The same
dose of esmolol showed highest B-blockade comparable to
compound 6 however, the duration of action was nearly
twice as long.

70

% inhibition

Fig. 4. Effects of the soft drugs, 6 (@), 7 (W), 8 (A), esmolol (¢),
and control (O) on isoproterenol-induced tachycardia in rabbits at a
dose of 10 mg/kg/min. a, infusion started; b, infusion stopped. *;
Significantly different from those of the soft drugs at p < 0.002.
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The dose-response (2.5-10 mg/kg/min) of 6 on isopro-
terenol-induced tachycardia in rabbits is shown in Fig. 5.
Maximal inhibition was achieved at 5 and 10 mg/kg/min (7.5
and 15 mg/kg total dose), while duration of 3-receptor block-
ing activity of 6 increased with increasing doses.

The effects of 6 and esmolol on isoproterenol-induced
tachycardia were also compared at a dose of 5 mg/kg/min
(Fig. 6). In contrast to the results in rats, compound 6
showed greater B-blocking activity compared to esmolol in
rabbits. Maximal % inhibition attained after esmolol (5 mg/
kg/min; 7.5 mg/kg total dose) was about one-half the peak
activity after the same dose of 6. However, the duration of
activity was much longer than 6.

Fig. 7 shows that identical doses (15 mg/kg over 1.5 min)
of esmolol, compound 6 and 7 induced immediate and sub-
stantial effects on MBP. Infusion of 6 or esmolol produced
significant decreases in MBP from 87 = 6 mmHg to 35 = 5
mmHg or 48 + 3 mmHg, respectively. The recovery of MBP
started immediately upon termination of infusion and re-
turned to the pre-infusion range within 4-4.5 min for all
three compound. In contrast, compound 8 had almost no
effect on MBP and was not significantly different from sa-
line.

Fig. 8 shows the dose response of 6 on MBP for animals
treated with 3.75 to 15 mg/kg over 1.5 min. In contrast to the
maximal effects on heart rate shown in Fig. 4, a change in
dose caused a significant change in the maximal MBP de-
creases.

The effects of 6 and esmotol on MBP at a dose of 5
mg/kg/min were almost the same, although 6 showed a sig-
nificantly higher B-receptor blockade on heart rate and a
shorter duration of action than esmolol.

DISCUSSION

Three novel soft drugs (6, 7 and 8) were synthesized to
further improve the safety and selectivity of B-antagonists
for acute treatment of cardiac emergencies. These active soft
drugs were designed to undergo a facile, predicted metabo-
lism in vivo to nontoxic metabolites after exerting their ther-
apeutic action.

In vitro, each of the soft drugs were unstable in rat,
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Fig. 5. Effect of the soft drugs, 6, on isoproterenol-induced tachy-
cardia in rabbits at doses of 0 (0), 2.5(#), 5(A), 7.5 (W), and 10 (@)
mg/kg/min. a, infusion started; b, infusion stopped.
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Fig. 6. Effects of the soft drugs, 6 (@), esmolol (#), and control (O)
on isoproterenol-induced tachycardia in rabbits at a dose of 5 mg/
kg/min. a, infusion started; b, infusion stopped. *; p < 0.002 com-
pared to that of esmolol at 1-2.5 min. **; p < 0.005 compared to that
of esmolol at the same time points.

rabbit and human blood, and relatively stable in dog blood.
The hydrolytic half-lives of the soft drugs in human and rat
blood were much shorter than that of esmolol (<1 min and
<0.25 min, compared to 23 min and 0.9 min, respectively),
which indicates that these soft drugs should be metabolized
faster than esmolol after clinical administration. In 20% liver
homogenates from rats, rabbits and dogs, the soft drugs were
hydrolyzed even faster than in blood and t;, could not be
estimated. Therefore, it is reasonable to conclude that he-
patic metabolism may contribute to inactivation. While re-
dox biotransformation is possible, but it is unlikely to affect
the hydrolytic behavior of these esters because the rate of
ester hydrolysis is very rapid in biological matrices.

In isoproterenol-stimulated rabbits, the soft drugs in-
duced B-blocking effects that were generally comparable to
esmolol in potency, but showed much shorter duration of
activity. This rapid decrease in activity corresponded with
fast disappearance from blood which is believed to be the
result of the rapid hydrolysis of the compound by both blood
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Fig. 7. Effects of the soft drugs, 6 (@), 7 (W), 8 (A), esmolol (¢),
and control (O) on mean arterial pressure in rabbits at a dose of 10
mg/kg/min. a, infusion started; b, infusion stopped. *; p < 0.0001
compared to that of 6, 7, or esmolol at 1-2.5 min.
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Fig. 8. Effect of the soft drug, 6, on mean arterial pressure in rabbits
at doses of 0 (O), 2.5 (#), 5 (A), 7.5 (W) and 10 (@) mg/kg/min. a,
infusion started; b, infusion stopped.

and hepatic esterases. The facile in vivo hydrolysis is un-
doubtedly due to the sulfur-containing ester functionalities.
A sulfinyl or sulfonyl ester instead of thio ester can further
accelerate the rate of hydrolysis. The results correspond
very well with the soft drug concepts.

In rats, the potency of the soft drugs was relatively low
compared to esmolol (for 2.5 min infusion, the equi-potent
doses were 24 mg/kg/min and 4 mg/kg/min, respectively).
While species differences in receptor sensitivity might pro-
vide an explanation, difference in the stability of the soft
drugs in the body between rats and rabbits is also a likely
reason. Interestingly, differences between soft drugs were
more apparent in the MBP response. Dose response differ-
ences suggest that this is a less sensitive parameter for de-
tecting B-blocking activity. In rabbits, a 15 mg/kg dose of 6
significantly decreased MBP (—50 mmHg), while lower
doses of 6 (7.5 or 9.75 mg/kg) produced the same B-receptor
blocking activity with very little effect on MBP (—20 to —25
mmHg). At a dose of 15 mg/kg, 7 showed about the same
effect as esmolol (—35 to —40 mmHg), and 8 showed almost
no effect (—5 mmHg) on MBP.

These studies were able to identify a dose for methyl-
sulfonylmethyl ester, 8 that exhibited good B-receptor block-
ing activity with minimal effects on MBP. This suggests that
compound 8 might have therapeutic potential for treating
severe acute arrhythmias without exerting significant hy-
potensive effects. Full dose response studies should be con-
ducted to characterize the relative potencies and selectivities
of compound 6 and 8. The most frequently reported adverse
effect associated with esmolol was hypotension (28, 29). In
conclusion, this study suggests that sulfur-containing ester
type soft drugs may have significant advantages as ultra-
short acting B-blockers.
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