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Propranolol: Pooled Michaelis-Menten 
and the effect of input rate 

on bioavailabilitv 

Average steady-state propranolol plasma concentration (c,) were calculated from published steady-state 
propranolol clearance data for dose rates (RJ of 4O,8O, 160,240, and 320 mglday in divided doses every 
6 hours. The C,,-%data for each of four subjects were fit essentially perfectly by the equation: C,. = &&I 
(V, - %). Very similar V, and K,,, values were obtained with the V, and K,,,, values for four parallel 
Michaelis-Menten pathways of propranolol metabolism. It is shown by use of the mean V, and &values 
that the propranolol input rate profoundly affects its bioavailability, which is expected for a first-pass 
drug that follows Michaelis-Menten elimination kinetics after oral dosing. This most likely explains the 
poor bioavailability of propranolol after a sustained-release formulation. The decreased bioavailability of 
propranolol when the number of subdivisions of the daily dose is increased is also explained. (CLIN 
PWCOL THER 37:481-487, 1985.) 

John G.  Wagner, Ph.D. Ann Arbor, Mich. 

Garg et al.3 administered 40 mg propranolol as reg- 
ular tablets four times a day and 160 mg propranolol 
as a long-acting capsule once a day to 24 healthy men. 
The plasma AUC,, averaged 584 nglml hr for the 
long-acting preparation and 107 1 nglml hr for the reg- 
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ular tablets, yielding a relative bioavailability of only 
54.5% for the long-acting formulation. 

Ohashi et al.4 described another study in which 60 
mg propranolol once a day as a long-acting formulation 
was compared with 20 mg in conventional form given 
three times a day. Each dose was taken for 8 consecutive 
days by six subjects. At steady state on day 8, the 
average AUC for the long-acting formulation was 219 
nglml hr, compared with the value of 428 nglml . hr 
for the conventional form. The relative bioavailability 
of the long-acting product in that report was thus 
51.2%. 
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Abbreviations 
AUC,-, AUC extrapolated to infinity 

AUC,-, bolus AUC during a dosing interval at 
steady state when repetitive bolus 
doses are given every r hours by 
mouth 

AUC,+, zero AUC during a dosage interval at 
steady state when there is a constant 
rate (zero order) of input by mouth; 
equivalent to rc , ,  

p Limiting apparent elimination rate 
constant; p = Vm/VKm 

C, Initial plasma concentration - 
C,, Average steady-state concentration 

when R, is continued to steady state 
C:" Minimum steady-state concentration 

when multiple bolus oral doses are 
continued to steady state at intervals 
of r 

C1, Intrinsic clearance; C1, = V,/K, - 
CI,, Steady-state clearance; Cl,, = R&, 
D, Maintenance dose at steady state; 

D, = Ror 
F,, Steady-state bioavailability (Eq. 6) 
K, Pooled Michaelis constant, equal to 

the concentration when the velocity 
of metabolism is one-half maximal 
(in concentration units) 

Q A dimensionless parameter that 
replaces Pr as an exponential 
exponent when Michaelis-Menten 
kinetics are operative; 
Q = (1 - r)Pr = (V,r - Dm)/ 
VK, = (V, - R,)r/VK, 

Q, Liver blood flow 
% Zero-order input rate 

r Zero-order input rate as a fraction of 
V,; r = w V m  

r Uniform dosage interval for the bolus 
doses 

V Volume of distribution 
V, Pooled maximal velocity of 

metabolism (massttime); also, 
v: = v,/v 

VK, Pooled Michaelis constant in terms of 
mass 

Dvornik et a1.' reported that, when measured at 
steady state on the seventh day, 80 mg propranolol as 
conventional tablets was about 30% more bioavailable 
when given as 40 mg twice a day than when given as 
20 mg four times a day. The 24-hour steady-state AUCs 

averaged 340.1 nglml - hr after dosing four times a day 
and 446.0 nglml . hr after dosing twice a day. The 
relative bioavailability of the twice-daily regimen was 
thus 31.4% greater than that after dosing four times a 
day. 

Wood et al.13 reported that both oral and systemic 
clearances of propranolol were considerably lower after 
the seventh dose than after a single dose when 80 mg 
propranolol in conventional form was taken three times 
a day. Similar data were reported by Silber et a1.8 at 
steady state after oral doses of 40, 80, 160, 240, and 
320 mglday. They also measured metabolites of pro- 
pranolol and reported values for V, and K, for 
propranolol glucuronide, 4-hydroxypropranolol gluc- 
uronide, a-naphthoxylactic acid, and unidentified met- 
abolic pathways. 

The objective of this article is to show how to es- 
timate pooled V, and K, values from the data of Silber 
et al.' These average values are then used to explain 
the observations of Garg et a1.,3 Ohashi et a1.,4 and 
Dvornik et a1.' 

METHODS 
The propranolol C,, was calculated for each of four 

subjects at each of five R,, values by dividing the Cl,, 
value listed in Table I1 of the article of Silber et al.' 
into the R,, while correcting for units. These five C,, 
values and their corresponding R,, values were fit to Eq. 
1 by the method of Wilkinson,12 which has been shown 
to give essentially the same parameter values as non- 
linear least-squares regression: 

Eq. 1 is applicable to both one-" and two-compartment9 
models when there is zero-order input by mouth. The 
equation can also be applied when input is irregular 
and not zero order, as is the case with these propranolol 
data. 

Silber et a1.' showed that the scheme represented in 
Fig. 1 applied to propranolol. The fitting of cs,-R,, data 
to Eq. 1 indicates that the four parallel Michaelis-Men- 
ten pathways pool, such that the individual V,, and K,, 
(i = 1 to 4) values are not observed; only a pooled V, 
and K, value may be obtained from plasma or whole 
blood data. Sedman and Wagner7 published both dose- 
independent and -dependent equations to estimate the 
pooled V, and K, values from individual V,, and K,, 
values. The dose-dependent equations could not be ap- 
plied to propranolol, because steady-state plasma or 
whole blood concentrations of individual propranolol 
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v,,, Kml 
Propranolol glucuronide 

Propranolol V,,, K,, 
4-Hydroxypropranolol glucuronide 

a-Naphthoxylactic acid 

plasma V,, Km, 
Unidentified metabolic pathways 

Fig. 1. Schematic representation of propranolol metabolic 
pathways. 

metabolites have not been reported. However, the dose- 
independent equations7 were applied to the data of Sil- 
ber et a1.' and the equations are as follows: 

Pooled V, and K, values for propranolol were also 
estimated from the whole-blood propranolol single- 
dose clearance and Cl,, values reported by Wood et al.I3 
by the use of Eqs. 4 and 5, which were derived by 
Wagner1' and also reported by Wagner et Clearance 
estimated from first-dose data was used as the estimate 
of Cl,. 

The propranolol F,, varies with the R,, and is calcu- 
lated by Eq. 69: 

Additional equations used in the construction of Fig. 4 
are included in the Appendix. 

RESULTS 
Results of fitting the C,,-R, data of the four subjects 

to Eq. 1 are shown in Fig. 2, and the estimated values 
of V, and K, are listed in Table I, along with the C1, 
and coefficients of determination for the fittings. The 
V,, and K,, values shown in Fig. Is were substituted 
into Eqs. 2 and 3 to provide the estimates of the pooled 
V, and K, values shown in Table 11. An item-by-item 

Fig. 2. Results of fitting C,,-R, data of four subjects to Eq. - 
1. The circles are the observed propranolol C,, values at 
various R, levels, and the solid lines are values based on the 
estimates of V, and K, listed in Table I. 

matching of Tables I and I1 indicates reasonable simi- 
larity of data for subjects A, B, and C, while those for 
subject D should not be compared. 

Substitution of the Cl, and Cl,, values of Wood 
et a1.I3 into Eqs. 4 and 5 gave the pooled V, and K, 
values listed in Table 111. It should be noted that the 
V, and K, values listed in Tables I and I1 are based 
on propranolol levels in plasma, while those in Table 
111 are based on propranolol levels in whole blood. 
Substitution of the mean V, and K, values in Table I 
and a QLof 1.5 Llmin into Eq. 6 gave the circles in 
Fig. 3, while substitution of the mean V, and K, values 
in Table 111 and the same QLvalue into Eq. 6 gave the 
triangles in Fig. 3. The mean bioavailability as shown 
in Fig. 3 was 33.8% and ranged from 20.0% to 45.6% 
in six subjects (as reported by Wood et al.13). 

Fig. 4 is a plot of the ratio AUC, - .zero/AUC,-. bolus 
as given by Eq. 12 in the Appendix for propranolol 
when the mean V, and K, values in Table I and 
a V of 300 L with a 7 of 6 hours are substituted into 
the equation. Propranolol V is linearly related to the 
free fraction of propranolol in blood,5 and the use of a 
value for V of 300 L is representative of a centrally 
located volume. On the same plot, the AUC ratio for 
verapamil is shown as a fraction of I&,; the mean V, 
(469 mglday) and K, (48.8 nglml) as reported by 
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Table I. Pooled parameter estimates for propranolol based on fitting average cSs-& data to Eq. 1 by 
Wilkinson's method" 

A 376 37.8 6.91 0.9992 
B 438 32.2 9.45 0.9973 
C 457 48.4 6.56 0.9913 
D 605 76.7 5.48 0.9894 
- 
X 469 48.8 7.10 

Coefficient of variation (%) 20.7 40.6 23.7 

Table 11. Pooled parameter estimates for propranolol 
based on the dose-independent equation of Sedman 
and Wagner7 (namely, Eqs. 2 and 3 with the Vmi 
and K,, values for propranolol glucuronide, 
4-hydroxyglucuronide, a-naphthoxylactic acid, and 
unidentified metabolic pathways of Silber et al.') 

vm Km a 
Subject (mglday) (nglml) (Llmin) 

A 382 34.0 7.80 
B 496 33.7 10.2 
C 513 50.2 7.10 
D 490* 59.7* 5.70 
- 
X 470 44.4 7.70 

Coefficient of variation 12.7 28.8 24.4 
(%I 

*Omitting the V, of 4577 mglday and K, of 6297 nglml for propranolol 
glucuronide. 

Wagner" with V = 300 L and 7 = 6 hours were used 
in construction of the curve. 

To approximately simulate the data of Dvornik 
et a1. ,2 numerical integrations were performed on a mi- 
crocomputer with use of the one-compartment open 
model with Michaelis-Menten elimination kinetics, the 
mean V, and K, values in Table I, and a V value of 
300 L. To simulate 20 mg every 6 hours, the initial C, 
value was (20 x 103)/300 = 66.67 nglml, while that 
for the 40 mg every 12 hours regimen was (40 x lo3)/ 
300 = 133.3333 nglml. The C, values for subsequent 
doses were obtained by adding the minimum value from 
the previous dose to this C, value. The AUC,-, values 
were obtained at steady state by application of the log- 
arithmic trapezoidal rule. For the 20 mg four times a 
day regimen, the simulated data gave an AUC, -, of 
330.4 ng/hr ml, compared with the 340.1 nglrnl hr 
reported by Dvornik et a1.* The 40 mg twice a day 
regimen gave an AUC,-, of 466.4 nglml hr, com- 
pared with the 446.0 ng/ml . hr reported by Dvornik 
et al.' Thus the simulated data indicated an increased 

Table 111. Pooled parameter estimates for 
propranolol obtained with Eqs. 4 and 5 from data of 
Wood et al.I3 based on whole blood assays 

vm Km Cl, 
Subject (mglday) (nglml) (Llmin) 

1 378 26.8 9.79 
2 853 161.8 3.66 
3 342 41.8 5.68 
4 878 161.8 3.77 
5 414 83.3 3.45 
6 567 62.9 6.26 
- 
X 572 89.7 5.44 

Coefficient of variation 42.0 65.8 44.7 
(%I 

bioavailability of (466.4 - 330.4)/330.4 X 100 = 
41.4% for the twice-daily dosing regimen, while the 
observed value2 was 3 1.4%. 

DISCUSSION 
Results in Fig. 2 and Tables I and I1 indicate that the 

pooled Michaelis-Menten parameters V, and K, ade- 
quately describe the propranolol C,,-R, data and that 
the much more complicated models used by Silber 
et a1.' are unnecessary. Parameter values for subjects 
A, B, and C (Tables I and 11) are of the same order, 
item by item, but those for subject D are not, because 
the V, and K, values for propranolol glucuronide were 
so large that they had to be omitted in the calculation 
of the pooled V, and K, values from Eqs. 2 and 3. 

Although the data are not strictly comparable because 
values in Table I are based on plasma levels and those 
in Table I11 are based on whole blood levels, t tests 
were applied. The mean V, of 469 mglday in Table I 
does not differ from the mean of 572 mglday in Table 
I11 (t = 0.8; df = 8). The mean K, of 48.8 nglml in 
Table I likewise does not differ from the mean of 89.7 
ng/ml in Table I11 (t = 0.95; df = 8). 

The mean V, and K, values in Table I substituted 
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DOSE RATE OF PROPRANOLOL (mglhr) 

Fig. 3. Plots of propranolol F,, against R, from Eq. 6. The symbol X is the mean bioavailability 
and the bars represent the range of individual subject bioavailabilities reported by Wood et al.I3 
The intercepts of the curves on the y-axis are the intrinsic bioavailabilities (see text). 0 = Calculated 
with the use of V, and K, data from Table I; A = calculated with the use of V, and K, data from 
Table 111. 

PROPRANOLOL 

DOSE RATE (rnglday) 

Fig. 4. The ratio AUCo_, zero/AUCo-, bolus plotted against the R, based on the equations in the 
Appendix, the mean V, and K, values listed for propranolol in Table 11, and the mean V, and K, 
values for veraparnil reported by Wagner. lo 

into appropriate equations offer adequate explanations 
of reported observations and also lead to other inter- 
esting predictions. For example, application of Eq. 6 
led to Fig. 3.  This indicates that the intrinsic bioavail- 
ability (i.e., the bioavailability extrapolated to an R, of 
zero) is predicted to be 18.4% from use of the mean 
V, and K, values in Table I and 25.3% from those 
values in Table 111. Bioavailability increases as R, in- 
creases, until bioavailability is loo%, when the R, is 

equal to the V,, namely, 19.5 mg/hr (469 mglday) from 
data in Table I and 23.8 mg/hr (572 mglday) for data 
in Table 111. These predictions exactly bracket the ob- 
served bioavailabilities reported by Wood et a1.I3 for 
an R,, of 10 mg/hr (Fig. 3). 

Bolus dosing and constant rate (zero order) are the 
extremes in input rates. Hence a plot of the ratio AUC,-. 
zero/AUC,-,bolus as a function of R, indicates the 
sensitivity of a drug to changes in bioavailability in 
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relation to both rate of absorption and drug intake rate. 
Fig. 4 shows that, with respect to bioavailability 
changes, propranolol is very much more sensitive to 
input rate than is verapamil. Fig. 4 data for propranolol 
explain the observations of Garg et al.3 and Ohashi 
et of markedly reduced bioavailabilities of long- 
acting propranolol formulations relative to conventional 
ones. The minimum value in the AUC ratioldose plot 
occurs approximately at an R, of 200 mg/day, when 
the area ratio is 63.6%. The data of Bottini et al. ' could 
be construed as an exception to results in Fig. 4. The 
latter compared a so-called once-a-day propranolol for- 
mulation and conventional tablets in six subjects and 
reported mean AUC,-, values of 838.6 and 860.4 ng/ 
ml . hr after the same total dose of 160 mg propranolol. 
However, careful inspection of the mean propranolol 
plasma concentration profiles strongly suggest that the 
once-a-day regimen provided only delayed absorption, 
with a time shift in the concentration-time curve rather 
than a formulation with truly slow absorption. 

Simulation of the results of Dvornik et a1.' was also 
quite successful and indicated that the slower input of 
the same dose (20 mg four times a day compared with 
40 mg twice a day) resulted in appreciable loss of bio- 
availability, namely, 76.1% observed2 compared with 
70.8% simulated here. 

It does not appear to be recognized generally that the 
bioavailability of first-pass drugs that obey Michaelis- 
Menten kinetics will be sensitive to rate of drug input. 
Before the formulation of long-acting or sustained-re- 
lease formulations of such drugs is begun, it would be 
wise to conduct a kinetic study at steady state in which 
different absorption and input rates are simulated by 
oral aliquots of an aqueous solution of the drug at dif- 
ferent rates. Thus the magnitude of the decrease in 
bioavailability with change in input rate could be as- 
sessed. If Eq. 1 herein fits the data from such a study 
well, then pooled V, and K, values could be estimated 
and projections such as those reported herein could be 
made for a different drug. 

APPENDIX 
Equations used in construction of Fig. 4. 

For intermittent bolus dosing to steady state, Wagner 
et al." derived Eq. 7 for the one-compartment open model 
with Michaelis-Menten elimination: 

For continuous zero-order input to steady state, both the 
one-" and two-compartment9 open models with Michaelis- 
Menten elimination give Eq. 8: 

A ratio of Eq. 8 to Eq. 7, with some simplification, gives 
Eq. 9: 

Sawchuk and RectoP showed that C F  for the one-com- 
partment open model with Michaelis-Menten elimination is 
given by Eq. 10: 

in which Q is given by the first term on the right side of Eq. 
11 (I have shown that Q is also given by the second term on 
the right side of Eq. 11): 

Substituting from Eqs. 10 and 11 into Eq. 9, followed by 
division of the numerator and denominator by K,, yields 
Eq. 12: 

The terms D,/VK and l/(eQ - 1) have opposite effects. As 
VK, increases, then D,/VK, decreases and l/(eQ - 1) in- 
creases. Because Dm = KT, there is a minimum in the area 
ratio as R,, increases. The area ratio is equal to unity when 
R,, = 0, since r = 0 and Dm = 0; the area ratio again be- 
comes equal to unity when R, = V,. 

Author's note added in proof 
If a sustained-release form of propranolol were to travel 

through the gastrointestinal tract and reach the colon without 
releasing all of its drug, then it is feasible that drug released 
in the colon could escape the first-pass effect and provide a 
greater AUC than expected from the equations in this article. 
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