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Abstract. The effects of esmolol at different rates of infu- 
sion (100, 250 and 500 gg-kg -1 BW-min -1) were com- 
pared with/3-adrenoceptor occupancy (/3l and/32, esti- 
mated by a subtype selective radioreceptor assay) and 
plasma concentrations of esmolol and its acid metabolite 
were measured by HPLC. Up to a rate of infusion of esmo- 
lol of 500 gg-kg 1 BW. rain -1 there was a maximal/3~-re- 
ceptor occupancy of 84.7 % while/32-receptor occupancy 
was below the detection limit; confirming the/31 selectiv- 
ity of esmolol. Exercise-induced increases in heart rate 
and systolic blood pressure were reduced by esmolol in a 
dose-dependent manner. The estimated EC50 values of 
rate of infusion for the reduction in heart rate and systolic 
blood pressure during exercise were 113 and 134 pg. kg -1 
BW. rain- ~, respectively. Additionally, heart rate and sys- 
tolic blood pressure were reduced moderately at rest. Be- 
cause of the short elimination half-life of esmolol caused 
by the rapid hydrolysis to its acid metabolite, 45 min after 
end of infusion high plasma concentrations of the metabo- 
lite (maximally 80 gg- ml- 1) but no esmolol were detect- 
able. Since no in vivo effects have been observed, despite 
the presence of high plasma concentrations of the meta- 
bolite, the metabolite did not participate in the observed 
effects up to an infusion rate of esmolol of 500 pg. kg-1 
BW. min 1. The plasma concentrations of antagonist de- 
tected by radioreceptor assay and plasma concentrations 
of esmolol detected by HPLC showed a good correlation 
(r--0.97). Since the cardiovascular effects, determined 
before and 45 min after termination of infusion of esmolol 
were similar, it can be concluded that the observed effects 
on heart rate and systolic blood pressure are exclusively 
mediated by esmolol. 
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Esmolol (methyl 3-[4-[2-hydroxy-3-(isopropylamino) 
propoxy] phenyl]propionate hydrochloride) is an ultra- 
short-acting fl-adrenoceptor antagonist with an elimina- 
tion half-life of about 9 min [14]. Based on experiments 
in isolated organs it has been concluded that esmolol has a 
higher affinity for /31- than for /32-adrenoceptors. It is 
rapidly hydrolyzed by esterases present in the cytosol of 
erythrocytes to its major metabolite (3-[4-[2-hydroxy-3- 
(isopropylamino)propoxyl] phenyl]propionic acid) and 
methanol [5, 6]. The metabolite, which has an elimination 
half-life of 3.72 h [3, 7], has weak/3-adrenoceptor blocking 
activity [7-10]. Therefore esmolol is a titratable/3-adreno- 
ceptor antagonist with rapidly initiated and reversed ef- 
fects. 

Esmolol has been shown to be of benefit in the treat- 
ment of patients with acute myocardial infarction because 
of the possibility for rapid reversal of its/3-adrenoceptor 
blocking action if congestive heart failure or broncho- 
spasm supervene [2, 11, 12]. Esmolol is also well suited for 
acute antiarrhythmic interventions (i. e. supraventricular 
tachyarrhythmias) and for preventing intraoperative 
stress, which should be very intensive but often brief in 
duration [13-17]. 

Although esmolol is of clinical interest and its beta- 
blocking potency and "cardioselectivity" have been 
evaluated using standard procedures both in vitro and in 
vivo [3, 18]; radioligand binding studies have revealed the 
30- to 40-fold higher affinity of esmolol for/31-adrenocep- 
tors than for/32-adrenoceptors [19]. The acid metabolite 
of esmolol had a 400-fold lower affinity than the parent 
compound. 

The aim of the present investigation was to correlate 
the in vivo effects caused by infusion of esmolol with/3j- 
and/32-adrenoceptor occupancy and with plasma concen- 
trations of esmolol and its metabolite. Esmolol was in- 
fused at three diffent rates of infusion to healthy volun- 
teers. Effects on heart rate and blood pressure were 
measured at rest and during bicycle ergometer exercise. 
The in vivo receptor occupancy in plasma esmolol was de- 
duced from the results obtained by an in vitro radiorecep- 
tor assay (separately for/31- and/32-receptors; for review, 
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see W e l l s t e i n  e t  al. [20]) of  p l a s m a  samples .  S ince  the  
r a d i o r e c e p t o r  assay c a n n o t  d i s t i ngu i sh  b e t w e e n  the  pa r -  
en t  d rug  a n d  t he  act ive m e t a b o l i t e ,  t he  c o n c e n t r a t i o n s  of  
e sm o lo l  a n d  the  m e t a b o l i t e  p r e s e n t  in  t h e  p l a s m a  s am p le s  
we re  d e t e r m i n e d  s e p a r a t e l y  by  H P L C .  

molol (Brevibloc) in a running saline infusion over 70 min at rates of 
either 100 gg. kg-  1 bodyweight (BW) ,min-  ~ (A), 250 gg .kg-  1 
BW.min  1 (B) or 500gg.kg -1 BW-min 1 (C). To reach steady 
state conditions within the first 30 rain, a bolus of 600 gg. kg-  1 BW 
(A), 1.50 rag- kg - 1 BW (B) and 3.0 rag-kg- 1 BW (C) was given be- 
fore esmolol infusion was started. 

Subjects and methods 

Radioligand binding experiments 

fl-Adrenoceptor-containing membranes were prepared from sali- 
vary glands (ill) and rat reticulocytes (f12) [20]. For saturation and 
competition experiments membranes were resuspended in 310 
mosm. 1-1 of sodium phosphate buffer (pH 7.4 at 25 °C). The incu- 
bation volume of 300 gl contained 50 gl of the membrane suspension 
(30-180 gg protein), 30 gl of the radioligand ( - ) -3H-CGP 12177 
(Amersham Buchler, Braunschweig, Germany; 43-53 Ci-mmol 1, 
0.6-0.8 nmol. 1-1), 20 gl of competing ligand or buffer and 200 gl of 
native human plasma from the drug-free or verum phase. The 
human plasma contained 0.1 m o l . l - I  tricresylphosphate (diluted 
with ethanol 1:1 v/v), a potent inhibitor of esmolol-metabolising car- 
boxyesterase [19]. The incubation was terminated after 2 h (at 25 °C) 
by rapid filtration through a Whatman GF-C Filter (Dunn-Lab; 
Ansbach, Germany). Filters were washed with 10 ml of ice-cold 
buffer and were suspended in 6 ml of scintillant (Quicksafe A; 
Zinsser Analytic, Germany) and counted for retained radioactivity 
in a Tricarb 2660 scintillation counter with external standardisation 
(Packard Instruments, Frankfurt, Germany). 

HPL C assay of drug concentration in plasma 

In parallel with the radioreceptor assay, the concentrations of esmo- 
lol and its metabolite were determined in the plasma samples by an 
HPLC method, using ultraviolet detection at 229 nm. The detection 
method employs a precolumn and reversed-phase HPLC. Esmolol 
and the metabolite were detected in a nonchiral manner. The 
method was modified according to Sum et al. and Achari et al. [7, 21]. 

1 1 The limit of detection was 0.025 gg-ml-  esmolol and 1 p,g-ml 
metabolite [19]. Esmolol and its acid metabolite were gifts from 
DuPont Pharma (Bad Homburg v. d. H., Germany). 

Studies in volunteers 

The study design was approved by the ethical committee of the 
University Hospital, Frankfurt  am Main. The volunteers gave fully 
informed written consent before participating in the study. The study 
was carried out in eight healthy, non-smoking, male volunteers after 
a clinical and laboratory check-up. The demographic data were: age 
23-31 ( 2 = 27.7) years; body weight 6%87 ( ~ = 73.7) kg; height 
1.72 to 2.00 ( ~ = 1.82) m. The individual loading intervals on bicycle 
ergometer in supine position up to a heart rate of 150 beats .rain -1 
were determined. The ergometry in the study was performed over 
10 min with five (individual) loading intervals (25-W steps) every 
2 min. All subjects were instructed to abstain from alcohol for i day 
before the beginning Of each study day. ~Ib avoid drug interactions, 
no additional medication was allowed 6 days before and during the 
entire study. 

Study design 

The study was a randomized, single-blind, crossover trial. It was per- 
formed at the Kerckhoff-Klinik (Bad Nauheim, Germany). On 
three different days, at least 7 clays apart, each volunteer received es- 

Protocol of  the study day 

Two hours after a standardised breakfast (07.30 h) the volunteers re- 
ceived two separate indwelling cannulas (BraunUle; Braun, Melsun- 
gen, Germany). The one on the left arm was ttsed for esmolol infu- 
sion and that on the right arm to draw blood samples. The volunteers 
rested for 45 min in a supine position with an i.v. infusion of 0.9 % 
saline (284 ml. h-1) before baseline registrations of blood pressure 
and heart rate were taken. Heart rate was obtained from an ECG 
running at 25 mm.s-1 .  Blood pressure was measured with a cuff 
mercury manometer. Afterwards the first exercise on a bicycle 
ergometer was performed (exercise 1). It was followed by a resting 
period of 45 min before the esmolol bolus was given, followed by es- 
molol infusion over a period of 70 rain. During the last 10 min of es- 
molol infusion the second exercise on a bicycle ergometer was per- 
formed (exercise 2), At the end of exercise 2 the infusion was termi- 
nated. After an additional resting period of 45 rain (without esmolol 
infusion) the third bicycle ergometric exercise was performed (exer- 
cise 3). 

In parallel with effect measurements, heparinised blood samples 
conditioned with 0.05 mol. 1-1 tricresylphosphate, in order to pre- 
vent further metabolism of esmolol, were drawn and plasma was 
separated by centrifugation and stored frozen at - 70 °C until use. 

Data evaluation 

Estimation of parameters was performed by the Giessen Iteration 
Program for nonlinear, least-squares curve-fitting using the follow- 
ing equation for competitive antagonists [22-24]: 

B = Bma x × L/[L + Kd X (1 + i/ki) ] + nsb x L (1) 

where B is bound radioligand at the respective concentration L, with 
a maximal binding capacity Bmax, an equilibrium dissociation con- 
stant Kd, and nonspecific binding nsb. The concentration of inhibi- 
tory (nonlabelled) ligand is i, if present, with the respective equili- 
brium dissociation constant ki. 

Values for i/k i calculated from Eq. 1 were used to estimate per- 
centage receptor occupancy in vitro according to the equation: 

~ k  i 
% receptor occupancy = 1 + i/ki x 100 (2) 

It is possible to estimate the receptor occupancy in vivo by the recep- 
tor occupancy in vitro if there is an equilibrium between the central 
and the effect compartment [20]. 

To calculate antagonist concentrations present in unknown plas- 
ma samples, the equation was solved for i. From the respective 
amount of radioligand bound (B) together with L and the parame- 
ters Bmax, Kd, nsb, and ki, the concentration of the antagonist (i) was 
determined. The detection limit in general is 0.1- to 0.2-fold of k i of 
the respective antagonist [24]. 

Plasma concentrations of drug obtained from the radioreceptor 
assay are given in multiples of the respective ki values (i. e. i/kt) of the 
antagonist(s) present in plasma. The ki values of esmolol and meta- 
bolite were calculated from competition isotherms covering several 
log units of drug concentrations above and below the k i value [20]. 

The steady-state concentration of esmolol present in plasma was 
calculated by averaging the concentrations measured between 25 
and 65 rain of infusion. The presented data are given as mean values 
with (SEM) of eight volunteers. Statistical significance of in vivo ef- 
fects was tested with Student's t-test. 



i60 

140 

i20 

100 

I I I I I I I I I I l ~ l l [ I  

80 

60 

40 

, , , i , 

I '  

I ' I '  

I I I 

~ O  ' 

I [  

, I  i 

{3 

i i i 

40 60 80 100 120 140 t60 

exercisel- heark rake (bpm) 
Fig. l ,  Correlation between effects of esmolol infusion on heart rate 
during bicycle ergometry before (abscissa: exercise 1) and 45 rain 
after termination (ordinate: exercise 3) of infusion. Given are mean 
values with SEM; n=8 .  Rates of infusion: 100-500gg.kg 1 
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The ICs0 values of plasma concentrations and rates of infusion 
of esmolol for the reduction of exercise-induced increase in heart 
rate and systolic blood pressure were calculated using the Hill 
equation. 

Results 

In vivo investigations 

At rest, esmolol infusion for 60 min decreased heart rate 
moderately but significantly in all three regimens 
[100 gg-kg -~ BW-min -1 (A), 250 gg.kg -1 BW.min -1 
(B) and 500 pg. kg- ] BW-min i (C)]. This effect was not 
dose-dependent (P < 0.05). The maximal reduction was 
8.8 (1) beats.min -1 (A), 4.9 (2) beats-min -~ (B) and 3.9 
(1) beats, min-1 (C). While no effect of esmolol on dias- 
tolic blood pressure was observed, systolic blood pressure 
was reduced significantly in regimen B [8.2 (1.5) mmHg] 
and C [14.2 (2) mmHg] (P < 0.05; not shown). 

The data for heart rate and blood pressure obtained 
during exercise 1 and exercise 3 (before and after infusion 
of esmolol) were almost identical. The good correlation 
for heart rate (Fig. 1) and systolic blood pressure (not 
shown) during exercise before and after esmolol infusion 
with correlation coefficients of 0.99 and 0.98, respectively, 
indicate that the metabolite of esmolol, despite pro- 
nounced accumulation (see Fig. 4b), did not influence the 
in vivo parameters. The mean baseline values of heart rate 
and systolic blood pressure were 64 (2) beats-min-a and 
109 (1) mmHg. Bicycle ergometer exercise caused an in- 
crease of 84 (2) beats.rain -1 and 80 (1) mmHg, respec- 
tively (Fig. 2). 

Esmolol infusion caused significant reductions in 
heart rate and systolic blood pressure increase during bi- 
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Fig.2a, b. Effects of infusion of esmolol on heart rate (a) and 
systolic blood pressure (b) during bicycle ergometry. Given are 
mean values with SEM; n = 8. SEMs for control measurements 
were smaller than the symbols. Rates of infusion (pg.kg -1 
BW-min 1): A 100, • 250, * 500. The respective resting heart rates 
before infusion of esmolol were 66 (1), 64 (2) and 67 (2) beats. 
rain -1. The systolic blood pressure values were 106 (3), 111 (5) and 
107 (1) m m H g  

cycle ergometric exercise. The maximal exercise-induced 
increases in heart rate were 75 (4) beats.min -~ (A), 61 
(3) beats .min -1 (B) and 52 (3) beats.rain -1 (C) in com- 
parison to 84 (2) beats- min ~ without esmolol. The maxi- 
mal increase in systolic blood pressure during exercise 
was 52 (7)mmHg (A), 37 (7)mmHg (B) and 34 
(8) mmHg (C) in comparison to 80 (1)mmHg without 
esmolol. 

One volunteer ended bicycle ergometry at maximal 
work loading during esmolol infusion of 250 ~tg-kg -] 
BW-min -1 and three volunteers stopped bicycle ergo- 
metric exercise during esmolol infusion of 500 pg-kg- 
BW. rain-1. 
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In vitro investigations 

The plasma concentrations of antagonist detected by 
radioreceptor assay (RRA), expressed in multiples of the 
ki-value (i/ki) and in receptor occupancy (%) were calcu- 
lated from the inhibition of receptor binding of radio- 
ligand (Eq. 2). Esmolol infusion of 100 (A), 250 (B) and 
500 gg-kg- 1 BW- min- 1 (C) caused relative steady-state 
plasma concentrations of 1.7 (0.02) x ki (A), 3.6 (0.3) x ka 
(B) and 5.8 (0.7) x ki (C). The respective/31-adrenoceptor 
occupancies were 59 (3) (A), 77 (2) (B) and 85 (2) % (C) 
(Fig. 3). Esmolol infusion of 500 ~Lg. kg- 1 BW. rain- 1 
caused a/32-adrenoceptor occupancy of below 15 %. 

Since the RRA cannot distinguish between the parent 
drug and active metabolites, the concentrations of esmo- 
lol and the metabolite were determined separately by 
HPLC. The steady state concentrations of esmolol were 
0.5 (0.1)gg.m1-1 (a) ,  1.1 (0.1)gg.m1-1 (B) and 2.4 
(0.3) gg. ml -~ (C). The maximal concentrations of meta- 
bolite observed after the end of infusion were 19.4 
(4.4) gg-m1-1 (A), 41.7 (7) gg-m1-1 (B) and 80.3 
(14.7) p,g. ml-1 (C) (Fig. 4). About 25 min after termina- 
tion of infusion, esmolol concentrations were beyond the 
limit of detection. As shown in Fig. 5 there is a linear corre- 
lation between rate of infusion and plasma concentration 
detected by RRA and HPLC. The good correlation of 
plasma concentration determined by the two methods 
(r = 0.975) indicates again that the metabolite, despite the 
high maximal concentration of 80 ~g. ml- 1, caused no de- 
tectable/31-adrenoceptor occupancy and apparently did 
not interfere with the antagonistic effects of esmolol on 
/31-adrenoceptors. 
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Fig.4a, b. Time course of plasma concentrations of esmolol (a) and 
its metabolite (b) during and after bolus and infusion of esmolol con- 
centrations over 70 min as detected by I-IPLC. Note the rapid decline 
of esmolol after termination of infusion whereas the high metabolite 
concentrations are still increasing. Given are mean values with SEM; 
n = 8. Rates of infusion (gg .kg -1BW-min-1): A 100, • 250, * 500 

D i s c u s s i o n  

As reported recently [19], in in vitro radioligand binding 
studies esmolol showed a 34-fold higher affinity for/31- 
than for fl2-adrenoceptors. It is, therefore, conceivable 
that esmolol is also highly/31-selective in vivo. This was 
confirmed in the present investigation. In view of the af- 
finity profile of esmolol//ki-values of 6-7, corresponding 
to a/31-adrenoceptor occupancy of 85 %, this should cause 
a maximal/32-adrenoceptor occupancy of 10 %. 

In radioligand binding investigations in vitro the acid 
metabolite of esmolol had a 400-fold lower affinity for/31- 
adrenoceptors than the parent drug [19]. Therefore it has 
been predicted that the acid metabolite will not occupy/3- 
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adrenoceptors  at plasma concentrations which can be ex- 
pected to occur during esmolol infusion in man. It  is clear 
from our results that there is a direct correlation between 
the rates of infusion of esmolol and the corresponding 
plasma concentrations as detected either by the R R A  or 
the H P L C  method.  The observed plasma concentrations 
of esmolol and its acid metaboli te  are in the range of those 
observed by other authors [1, 7, 8, 25]. If the accumulation 
of the acid metaboli te  during and after infusion of esmolol 
interfered with the fl~-adrenoceptor occupancy of esmo- 
lol, the concentrations of esmolol detected by H P L C  
would be below the concentrations calculated by the ra- 
dioligand binding. However,  we observed a good corre- 
lation between the results obtained f rom both methods 
(r = 0.98). Hence,  up to 80 gg- ml -  1 the metaboli te  did not 
interfere with f l l -adrenoceptor  occupancy by esmolol. 
There  was also no interference of the metaboli te  with fl~- 
adrenoceptor-mediated effects: exercise-induced rise in 
heart  rate and systolic blood pressure were identical be- 
fore and 45 min after termination of esmolol infusion, i. e. 
when esmolol concentrations in plasma were undetect-  
able and metaboli te  concentrations were as high as 
80 gg. ml. This obvious lack of effect of the acid metabo-  
lite is in accordance with results obtained by other authors 
using different methods [8-10]. 

F rom the dose-response curves depicted in Fig.6 
the ICs0 values for the rates of infusion can be estimated: 
increase in heart  rate and systolic blood pressure are 
inhibited half maximally by infusion rates of 114 
a n d 1 3 4 g g . k g  -~ B W . m i n - L  The corresponding ICso 
values for plasma concentrations of esmolol were 0.54 
and 0 .62gg .ml  -~, respectively. These results are in 
agreement  with those obtained by Sum et al. [7]. These 
authors determined IC50 values of esmolol, according to 
its isoprenaline-antagonistic effects, of 0.3 gg .ml  -~ for 
heart  rate and 0.6 gg. ml -  ~ for systolic blood pressure in- 
crease. 
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Fig.6a, b. Cardiovascular effects (aheart rate, bsystolic blood 
pressure) of esmolol during bicycle ergometric exercise dependent 
on the rates of infusion. The hyperbolic "dose"-effect relationships 
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for heart rate and 134.3 gg. kg 1BW- rain- 1 for systolic blood pres- 
sure. Given are mean values with SEM; n = 8. Rates of infusion 
(gg-kg 1BW.min-1):A 100, • 250, * 500 

It should be noted that the above-ment ioned half- 
maximally effective plasma concentration equivalents 
correspond to i/kj values of 2.5 and 3.2, respectively. 
This can be explained by the presence of agonists at the 
receptor  site: due to the enhanced sympathet ic  tone dur- 
ing bicycle ergometry, the f l -adrenoceptor  antagonist has 
to compete  with high noradrenalme concentrations for 
the fl l-adrenoceptor,  whereas under  in vitro conditions 
the ki value of esmolol is obtained in the absence of agon- 
ists. Similar results, i.e. i/k~ values of around 3 have also 
been obtained by Wellstein et al. [20] under  similar ex- 
perimental  conditions in man after application of propra-  
nolol. 
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Rest ing hear t  ra te  was reduced  significantly during all 
three infusion rates while the systolic b lood  pressure was 
reduced  only during esmolol  infusion of  250 and 
500 ~tg.kg -1 B W . m i n  -1 by at mos t  14 m m H g  ( P =  0.05). 
Some authors  have repor ted  an immedia te  reduct ion  of  
b lood pressure on infusion of esmolol  [1, 25]. F laher ty  et 
al. [8] have under l ined  the propens i ty  of  esmolol  to cause 
hypotens ive  reactions.  This effect was also no ted  by  Reilly 
et al. [26], who  c o m p a r e d  the f l - adrenocep tor  antagonist ic  
effects o f  esmolol  and propranolol .  These  authors  showed 
that  esmolol  had greater  po tency  to lower systolic than 
diastolic b lood  pressure,  which is in line with our  results. 
These  p r o n o u n c e d  hypotens ive  effects of  esmolol  may  ex- 
plain the wi thdrawal  of  four  volunteers  during exercise. 

In  conclusion, f rom the results of  the in vitro R R A  es- 
molol  is a highly selective f l l -adrenoceptor  antagonist .  Its 
cardiovascular  effects after i. v. infusion up to  500 gg.  k g -  1 
BW-  m i n -  1, which are directly corre la ted  to the rate of  in- 
fusion, are solely due to the pa ren t  c o m p o u n d  and no t  to 
its acid metaboli te .  Fur the rmore ,  f rom such in vitro mea-  
surements  rates of  infusion of  esmolol  and plasma concen-  
trations can be evaluated  which lead to a well-defined ill- 
ad renocep tor  occupancy  and also to the cor responding  
cardiovascular  effects in vivo. Such results can otherwise 
be ob ta ined  only by more  invasive methods  such as grad- 
ual infusion of  isoprenal ine to imitate an enhanced  sym- 
pathet ic  tone.  
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