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INTRODUCTION

Propranolol is a non selective beta-adrenergic blocking agent indi

cated for the treatment of angina pectoris, hypertension, cardiac arrhyth

mias, thyrotoxicosis, as well as many other diseases. The beta-adrenergic

blocking effect of the drug is stereospecific; S (-)-propranolol is about

100-fold more potent a beta-adrenergic blocker than the R(+)-enantiomer.

Propranolol is essentially completely metabolized prior to its elimination

in man and various animal species.

The disposition of propranolol in man has been investigated by various

groups. Conflicting information exists as to whether the elimination of

propranolol is saturable or first-order. There is no information published

regarding the disposition of S (-)- and R(+)-propranolol after administra

tion of the racemic mixture or the possibility that metabolism of the drug

is stereoselective. Although cytochrome P-450 has been suggested to be

important in the biotransformation of propranolol, there is no published

data describing which metabolic pathways are mediated by this enzyme

system. In addition, there is a paucity of published information regard

ing the influence of enzyme induction with phenobarbital on the disposition

and metabolism of propranolol in vivo.

The present research was carried out to investigate in detail stereo

selective, nonlinear and biochemical aspects of propranolol disposition

in man and dogs. The dissertation is divided into nine chapters. Chapter

I reviews the physicochemical and pharmacological properties of propranolol.

The fundamental pharmacokinetic properties of propranolol are discussed

in Chapter II. In Chapter III, the influence of heparin administration on

the plasma protein binding and disposition of propranolol is presented .



Chapter IV describes the development of a stereospecific assay for S(-)-

and R(+)-propranolol and for their corresponding glucuronide conjugates in

human and dog plasma. A non stereospecific assay for propranolol and its

basic metabolites in plasma and urine is described in Chapter W. Chapter

VI describes the influence of enzyme induction with phenobarbital and pre

treatment with a cytochrome P-450 suicide substrate on the disposition and

metabolic pattern of propranolol, and how the latter was utilized to probe

the enzyme system(s) responsible for the formation of propranolol metabo

lites. Evidence for a dose-dependency in the elimination of propranolol and

its major metabolites in man is presented in Chapter VII. In Chapter VIII,

evidence is presented that suggests that propranolol undergoes stereoselec

tive disposition and glucuronidation in man. Chapter IX is an overall

summary and conclusion.
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CHAPTER I. PHYSICOCHEMICAL AND PHARMACOLOGICAL PROPERTIES OF PROPRANOLOL

1. Physicochemical Properties of Propranolol

Propranolol (1), 1-isopropylamino-3-(1-naphthoxy)-2-propanol, is an

optically active aminoalcohol. The asymmetric center is located at the C-2

position on the aliphatic side chain.

Commercially available propranolol is a racemic mixture of the hydro

chloride salts of S(-)-propranolol (2) and R(+)-propranolol (3). The empi

rical formula of propranolol hydrochloride is C16H21NO2 HCl with a corres

ponding molecular weight of 295.8. Propranolol hydrochloride is a bitter

tasting odorless white powder melting between 194° - 196°. It is soluble at

20° C in both water and 95 percent ethanol, slightly soluble in chloroform,

and practically insoluble in ether, benzene, and ethyl acetate (British

Pharmaceutical Codex, 1973). The solubility of the free base in water is

0.07 mg/ml and a 1 percent solution of propranolol hydrochloride in water

has a pH between 5 and 6. Propranolol hydrochloride is unstable to light;

in aqueous solution at ambient temperature, it decomposes with oxidation

of the isopropylamine side chain, accompanied by reduction in the pH and

discoloration of the solution. Aqueous solutions are stable at pH 3 when

stored at 4° C whereas decomposition is enhanced under alkaline conditions.

Propranolol hydrochloride is only slightly hygroscopic; less than 1 percent

water is absorbed at 25° C at relative humidities to 80 percent.

Because propranolol is a weak base with a pKa of 9.45 (determined by

titrimetry), partitioning between organic and aqueous solvents is obviously

pH dependent. The partition coefficient for propranolol in chloroform-water

is 34.5 at pH 7.4 (Levy, 1968). In n-octanol-0.16 M phosphate buffer, the





partition coefficient is 5.39 at pH 7 and 52.5 at pH 8 (Hellenbrecht et

al., 1973). The partition coefficient of propranolol in various organic

solvents is shown in Table I-l.

2. Identification of Adrenergic Receptors, Agonists and Antagonists

By interacting with discrete loci on cell surfaces of membranes, cate

cholamines such as R(-)-epinephrine (4), R(-)-norepinephrine (5), and R-(-)-

isoproterendl (6) are able to mediate a number of pharmacological responses

in man; these loci are referred to as adrenergic receptors. Discrimination

between alpha- and beta-adrenergic receptor subtypes has been appreciated

for over 30 years (Ahlquist, 1948).

Lands et al. (1967) first proposed the existence of two subtypes of

beta-adrenergic receptors, beta1 and beta2- More recent evidence has also

provided evidence for subtypes of alpha-adrenergic receptors (Berthelson

and Pettinger, 1977). The physiologic effects associated with alpha

and beta-adrenergic receptors are shown in Table I-2

Binding by catecholamines at the adr energic receptor induces changes

in the receptor followed by a cascade of events in the cell which ultimately

manifest as an observed pharmacological effect due to the drug. Pure ago

nists induce maximal responses whereas partial agonists induce qualitatively

similar effects but always of a lesser magnitude than pure agonists. An

antagonist is a compound that interacts with the receptor but is incapable

of eliciting a response and reduces the efficacy of an agonist. Because

beta-adrenergic blocking agents are competitive inhibitors, their effects

can be overcome by increasing the concentration of the agonist at the

receptor site. Beta-adrenergic agents are compared on the basis of their

intrinsic activity and affinity. Affinity, which is another term describing



Table I-l. Partition coefficient of propranolol between organic solvent
d

0. l N NaOH.

Solvent Dielectric Constant Partition Coefficient
of Propranolol

n-Heptane |.92 29.9

Benzene 2.28 309.6

Toluene 2.38 169.8

Diethyl Ether 4. 34 290.0

Chloroform 4.8] 932.0

Amyl Alcohol 5.82 391.0

Octan-2-ol _b | 10.9

Ethyl Acetate 6.02 3.0

d
Data from Schürmann and Turner, 1978.

b
Data not available.
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Table I-2. Responses of effector organs to adrenergic stimulation in Selected

tissues.

Effector Organ Receptor Type Response Resulting from Stimulation

Eye
radial muscle, iris Cl contraction (mydriasis)
ciliary muscle 6 relaxation for far vision

Heart

S-A node Él increase in heart rate
Atria É increase in contractility andconduction velocity
A-V node Él increase in automaticity and

conduction velocity
His-Purkinje system 3 increase in automaticity and

l conduction velocity
ventricles Bl increase in contractility, conduction velocity, automaticity,

and rate of idioVentricular
pacemakers

Arterioles

coronary G. 32 constriction; dilatation
Skin and mucosa C. constriction

skeletal muscle 2.É2 constriction; dilatation
cerebral Cl constriction

pulmonary 3,52 constriction; dilatation
abdominal visceral ;

renal *:52 constriction; dilatationsalivary C. constriction

Weins (systemic) 2.É. constriction; dilatation

Lung

bronchial muscle £2 relaxationbronchial glands 2 inhibition (?)

Stomach

motility and tone *2.É2 decrease (usually)
sphincters C. contraction (usually)

Intestine

motility and tone *2.É2 decreasesphincters C. contraction (usually)

Kidney *2 renin Secretion

Liver 2.82 glycogenolysis, gluconeogenesis
Pancreas

acini O. decreased secretion
islets (8 cells) Ol decreased Secretion

32 increased secretion

Fat cells o,8] Lipolysis

d From Goodman and Gilman, 1980.



the interaction between drug and receptor, measures the tightness with

which the drug combines with a receptor. The more tightly a drug binds

to a receptor, the lower the concentration of that drug needed to occupy

a given fraction of receptors. It should be pointed out that there is no

inherent relationship between intrinsic activity and receptor affinity for

a given drug. Many drugs (e.g. propranolol) have a very high affinity for

the beta-adrenergic receptor yet lack intrinsic activity. The affinity of

a drug for a receptor can be measured by determining the dissociation constant

of the drug for the receptor; the dissociation constant is defined as the

concentration of drug resulting in 50 percent receptor occupation. There

fore the higher the affinity, the lower the dissociation constant.

Ahlquist (1948) first proposed that responses to catecholamines in

various tissues were mediated through alpha- and beta-adrenergic receptors.

A distinction between these classes was made on the basis of the effects

of specific ligands. Epinephrine and norepinephrine are potent agonists

at alpha-adrenergic receptors whereas isoproterenol is a very weak agonist

at the alpha receptor. In contrast, isoproterenol and epinephrine are very

potent beta-adrenergic agonists whereas norepinephrine is a very weak agonist

at this receptor. Additional discrimination between classes has been made

on the basis of affinities of each class of receptors to various adrenergic

receptor antagonists. Phentolamine (7) and phenoxybenzamine (8) are potent

alpha-adrenergic receptor antagonists whereas propranolol is a potent non

selective beta-adrenergic receptor antagonist.

Subsequent evidence suggested the existence of subtypes of both alpha

and beta-adrenergic receptors (Berthelson and Pettinger, 1977; Lands et al.,

1967). Beta-adrenergic receptors, such as those that mediate the positive

inotropic effects of catecholamines in the heart are those at which
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epinephrine and norepinephrine are approximately equal in potency. Beta2
adrenergic receptors, such as those that mediate smooth muscle relaxation

in the bronchi, skeletal muscle and liver are those at which isoproterendl

is substantially more potent than norepinephrine. The differences between

beta1- and beta2-adrenergic receptors are believed to be due to structural

differences.

The structural differences between alpha-adrenergic subtypes may be

more pronounced than for beta-adrenergic receptor subtypes. Drugs having

up to 10,000-fold selectivity for alpha-adrenergic receptor subtypes are

known. In contrast, Practolol (23) and metoprolol (24), the most selective

beta-adrenergic blockers available, show but a 10- to 20-fold greater af

finity for the beta -adrenergic than for the betao-adrenergic receptorl 2

subtype (Minneman et al., 1979). The structures of the alpha- and beta

adrenergic blocking agents are shown in Figure I-1 and I-2, respectively.

Studies of beta-adrenergic receptors and their subtypes have for the most

part been performed on mammalian tissue. Minneman et al. (1979) have

recently shown that pharmacological specificity is virtually identical for

beta-adrenergic receptor agonists and antagonists in a variety of mammalian

tissues.

Although the beta-adrenergic receptor of the turkey erythrocyte has

frequently been employed as a model system for studying beta-adrenergic

receptors and their coupling to adenylate cyclase (Brown et al., 1976;

Bilezikian et al., 1978; Tolkovsky and Levitzki, 1978), recent evidence

suggests that the affinities of beta1- and beta2-adrenergic receptor selec

tive drugs for the beta-adrenergic receptor in the turkey erythrocyte did

not correlate with the affinity of these drugs for betan – or betaol 2

adrenergic receptors as determined in a variety of mammalian tissues
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(Minneman et al., 1980). Therefore, the use of the turkey erythrocyte

as a model system for studying beta-adr energic receptors should be

approached with caution.

The chemical structure of beta-adrenergic blocking agents fall into

two categories; arylethanolamines and aryloxypropanolamines. The major

difference between these two classes is the presence or absence of a methyl

eneoxy (-0CH,) bridge between the aromatic and aliphatic groups. Many of

the structural modifications resulting in enhanced beta-adrenergic blocking

agents were developed in the arylethanolamine series. The derivatives in

this category are about one order of magnitude greater in potency than those

in the latter group. Both classes, however, are derivatives of catechola

mine receptor agonists.

Dichloroisoproterendl (14) was the first beta-adrenergic receptor

blocking agent developed; however, its large degree of intrinsic beta

adrenergic agonist activity precluded its use in clinical practice. Prone

thalol (15) is a potent beta-adrenergic blocking agent devoid of beta

adrenergic stimulating properties. It was removed from clinical use,

however, soon after its introduction after it was shown to be carcinogenic

in mice.

Propranolol is a structural analog of pronethalol. Propranolol remains

the most important and most intensively investigated beta-adrenergic block

ing agent and like its prototype, pronethalol, it is a non selective agent

devoid of intrinsic sympathomimetic activity. It was discovered by Impe

rial Chemical Industries, Ltd. (Black et al., 1964). Animal studies showed

it to be about 10-fold greater in potency than pronethalol and non carci

nogenic in animals. Although many additional beta-adrenergic blockers have

since been synthesized and tested in man (mostly in Europe) (Figure I-2),
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the only beta-adrenergic blockers available in the United States besides

propranolol are metoprolol (24), timolol (21), and nadolol (22). Timolol

is only available as a sterile isotonic solution for use in open-angle

glaucoma. Many of the other agents are presently undergoing clinical trial

in this country.

A large number of patients receiving beta-adr energic receptor blocking

agents suffer from angina pectoris. Because drug therapy is directed

toward reducing or blocking beta1-adrenergic receptors in the heart, researchl

has focused on the development of selective beta1-adrenergic receptorl

blockers. Practolol (23) was the first therapeutic agent used as a cardio

selective (beta1) adrenergic blocking agent. However, serious side effects

noted in man during long term use necessitated its withdrawal from the

market.

Beta-adrenergic receptors have been identified and characterized in

many tissues using highly specific beta-adrenergic blocking agents labeled
l

with high specific activity iodine and tritium (e.g. ( 231) iodohydroxy

benzylpindolol and (*H) dihydroalprenolol) (Aurbach et al., 1974; Williams

et al., 1976). The affinities of the various agents for beta1- and beta2
adrenergic receptors has thus been determined. As mentioned previously,

metoprolol and oxprenolol (19) exhibit the greatest degree of cardioselec

tivity. They have between 10- and 20-fold greater affinity for the beta1

than for the beta2-adrenergic receptor. Atenolol (26), in contrast, has

only 3-fold greater affinity for the beta1-adrenergic receptor (Minnemanl

et al., 1979). At the present time, metoprolol is the only cardioselective

beta adrenergic blocking agent available for use. It must be emphasized,

however, that selectivity for the beta1-adrenergic receptor is not absolute;l

increased doses of betal-blockers as may be required in hypertension can
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result in a loss of receptor selectivity. In addition, documentation

of increased efficacy of metoprolol over propranolol in the treatment

of angina pectoris or hypertension is lacking.

3. Structure Activity Relationship for Beta-Adrenergic Blockers

As mentioned previously, compounds having beta-adrenergic receptor

blocking activity are similar in structure to beta-adr energic agonists

(e.g. epinephrine and isoproterendl); the most notable similarity is in

their aliphatic side chains. Structural modification of beta-adrenergic

blockers results in an alteration in both potency and receptor selectivity

(beta, vs. beta2).l

Substitution on the amine nitrogen by an isopropyl or tert-butyl

functionality favors interaction with beta-adrenergic rather than alpha

adrenergic receptors. The nature of the substituents on the aromatic ring

dictate whether the resulting molecule will possess stimulatory or inhibi—

tory characteristics. Aromatic substituents also determine whether the

agent will be cardio selective or non selective. Hydroxyl groups in the

3,4-position provide for optimal beta-adrenergic agonist activity (Innes

and Nickerson, 1970). Replacement of these hydroxyl groups by chlorines,

as in dichloroisoproterenol, reduces beta-adrenergic agonist activity,

increases the duration of action at the receptor, and elicits beta-adrenergic

blocking properties. Cardioselectivity is observed when a para substituent

is placed on the ring as in practolol, metoprolol, atenolol, acebutolol (25),

and tolamolol (27). The specific para substituent determines the degree of

cardio selectivity observed. Removal of substituents and fusion of the

aromatic ring at the 3,4-position further reduces intrinsic beta-adrenergic



16

stimulatory activity and increases beta-adrenergic blockade. A substantial

increase in beta-adrenergic blocking potency is obtained by insertion of

a methyleneoxy bridge between the aromatic group and the aliphatic side

chain. The secondary hydroxyl group on the side chain is also essential

for optimal beta-adrenergic blocking activity; the absolute configuration

about the asymmetric center (C-2) is crucial in determining the potency

of the agent. As in the case of epinephrine, norepinephrine, and isopro

terendl, the (–)-enantidmer of propranolol is about 100-fold more potent

than its optical antipode (Howe and Shanks, 1966; Barrett and Cullum, 1968).

The significant difference between these two enantiomers allows for a

separation of their beta-adrenergic blocking from other pharmacological

effects of the drug. For example, both enantiomers have equal local anes

thetic and myocardial depressant activity. In contrast, the absolute

configuration of beta-adrenergic agonists are not the same as that for the

beta-adrenergic antagonists.

Replacement of the secondary hydroxyl group on the aliphatic side

chain by anything that cannot be metabolized to a hydroxyl group results

in essentially complete loss in beta-adrenergic blocking activity. Addition

of a methyl group on the carbon adjacent to the center of asymmetry, thereby

introducing a new optically active center and addition of methoxy groups

at the ortho and meta positions transforms the molecule into a beta2
adrenergic blocking agent (e.g. butoxamine (28) (Levy, 1966; Levy, 1967;

Somani, 1969; Van Deripe and Moral, 1965).

Although isopropyl and tert-butyl side chains are most commonly utilized

as substituents on the amine nitrogen, longer alkyl side chains still result

in pharmacological activity albeit with much lower potency. However,

arylethyl substituents attached to the amine nitrogen having one or two
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additional groups resembling a tert-butyl group have substantial activity

as beta-adrenergic blockers. The steric hindrance provided by a bulky

group such as tert-butyl may give optimum basicity or nucleophilicity to

the amine group for receptor affinity. However, the amine must be

secondary to retain beta-adrenergic blocking activity.

4. Pharmacology of Beta-Adrenergic Blocking Agents

i. General Considerations

Although all beta-adrenergic blocking agents are not identical in their

pharmacological activity, their effects are nevertheless quite similar.

Differences as well as similarities are depicted in Table I-3. Because

beta-adrenergic blocking agents are competitive antagonists for beta-adre

nergic receptors, the dose-response curve for beta-adrenergic agonists

(e.g. epinephrine, isoproterenol) is shifted to the right but remains

parallel.

Cardioselective beta-adrenergic blockers, in general, are more hydro

philic than non selective agents; the P value (an index of lipophilicity)

for these agents is usually less than 1. These agents are not as completely

absorbed as the lipophilic drugs and are less able to penetrate the central

nervous system, possibly due to their decreased ability to cross the blood

brain barrier (Heel et al., 1979; Cruickshank, 1980). The use of cardio

selective agents has been advocated in patients with angina pectoris and

cardiac arrhythmias amenable to beta-adrenergic blockers. Proponents of

cardio selective beta-adrenergic blockers also suggest that the relative

lack of betao-adrenergic receptor blockade peripherally should reduce the2

likelihood of non selective beta-adrenergic blocker-mediated and unopposed
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d
Table I-3. Comparison of Beta-Adrenergic Blocking Agents.

Potency as Beta Local Intrinsic
Blocker Anesthetic Sympathomimetic

Compound (Propranolol = 1) Activity Activity

Non selective Beta-Adrenergic Blockers

Alprenolol 0.3 – 1 + ++
Nadol Ol 0.5 () O
0xprenolol 0.5 - 1 + ++

Pindol Ol 5 - 10 + +
Propranolol l ++ 0
Sotal ol 0.3 0 0

Timol Ol 5 - 10 0 +

Cardioselective Beta-Adrenergic Blockers

Acebutolol 0.3 + +

Atenolol l 0 U

Metoprolol 0.5 - 2 + U
Practol Ol 0.3 0 ++

Tolamolol 0.3 - 1 * 0

d

Based on data from Waal-Manning, 1976; Brogden et al., 1977; Benson et al.,
1978; Prichard, 1978; and Scriabine, 1979.
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alpha-adrenergic receptor related vasoconstriction; in theory, this

would prevent or minimize the potential for increased ventricular

afterload associated with the non selective agents.

Some beta-adrenergic blocking agents also possess beta-adrenergic agonist

activity, referred to as intrinsic sympathomimetic activity (ISA). It was

thought that beta-adrenergic blockers with ISA might be less likely to pre

cipitate cardiac insufficiency in susceptible patients. It has not been

shown, however, that beta-adrenergic blocking drugs with ISA provide any real

advantage over those beta-adrenergic blockers without ISA in such patients

(Frishman, 1979).

In addition, beta-adr energic blocking agents possess a direct myocardial

depressant or membrane-stabilizing (quinidine-like) effects. Unlike beta

adrenergic blocking effects in the heart which are stereospecific, membrane

stabilizing effects are similar for each enantiomer. However, because

concentrations of 10 ug/ml or greater are required to ellicit these effects

(Coltart and Meldrum, 1970), and because these concentrations are about 100

fold greater than needed for maximal beta-adrenergic blockade in clinical

practice (Coltart and Shand, 1970), the antiarrhythmic properties of these

drugs are now regarded to be solely due to their ability to block beta

adrenergic receptors (Singh and Jewett, 1974).

ii. Beta-Adrenergic Blocking Effects of Propranolol

In healthy resting individuals, intravenous administration of propranolol

results in a decrease in heart rate and cardiac output, prolongs mechanical

systole, and only minimally reduces blood pressure (Epstein et al., 1965;

Robin et al., 1967). The degree of change in these indices depends on the

extent of oxygen demand by the heart and on sympathetic tone; the most dra

matic effects on cardiac output and heart rate are observed when propranolol
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is administered during exercise.

For propranolol, a linear relationship exists between the reduction

in exercise-induced tachycardia and the logarithmic concentrations of drug

in plasma up to about 100 ng/ml (Pine et al., 1975; Coltart and Shand, 1970).

These results are shown in Figure I-3.

An accurate measurement of inctropic response can only be achieved by

invasive procedures. Propranolol reduces the maximum rate of rise of left

ventricular pressure (dp/dt); this is a reflection of reduced myocardial

contractility. In addition, propranolol has been shown to reduce the duration

of the preejection period.

Propranolol increases bronchial tone and airway resistance. Although

this effect is usually not clinically important in healthy individuals, it

may be of crucial importance in patients with bronchial asthma. Because

bronchial smooth muscle is under the control of both sympathetic and para

sympathetic nervous systems, and propranolol blocks betao-adrenergic recep2

tors in the bronchioles, unopposed parasympathetic effects result in broncho

constriction. This effect, however, can be blocked by pretreatment with

anticholinergics.

In man, epinephrine stimulates glycolysis in skeletal muscle primarily

via adrenergic receptors in the liver, predominantly by alpha-adrenergic

receptors. Resting plasma glucose and insulin concentrations in normal

individuals are unaffected by propranolol. The fall in plasma glucose

observed after administration of insulin is also unaffected but the rate

of recovery of blood glucose levels after insulin-induced hypoglycemia is

reduced and the increase of plasma glycerol is prevented, since these

effects depend in part on the beta-adrenergic effects of catecholamines

reflexly released in response to hypoglycemia. For this reason, diabetics
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are sensitive to the effects of propranolol (Abramson et al., 1966;

Hesse and Pederson, 1973; Hesse et al., 1974; Wray and Sutcliffe, 1972).

Other factors involved in propranolol-mediated changes in carbohy

drate metabolism are: increased secretion of growth hormone (Hansen,

1971; Imura et al., 1971; Werbach et al., 1969) and inhibition of glu

cagon secretion (Harvey et al., 1973; Lawrence et al., 1972). Propra

nolol also prevents the rise in free fatty acid levels resulting from

peripheral lipolysis from increased sympathetic tone. In addition,

propranolol reduces cholesterol-induced atheromatosis in rabbits

(Whittington-Coleman et al., 1973).

iii. Mechanism of Action of Propranolol in Angina Pectoris and

Cardiac Arrhythmias

Exercise initially results in a withdrawal of parasympathetic

activity in the heart resulting in a net increase in cardiac output;

a further in crease in cardiac output is brought about by increased

inotropism resulting from an increase in sympathetic tone. This results

in an increase in oxygen demand (due to increased myocardial activity).

Propranolol decreases cardiac contractility and heart rate resulting

in decreased cardiac oxygen demand which is believed to be responsible

for delaying the onset of ischemic pain. In addition, propranolol improves

1eft ventricular wall perfusion favoring more ischemic areas, and

reduces hemoglobin's affinity for oxygen at low oxygen tension resulting

in enhanced availability of oxygen at sites of ischemia. When anginal

pain is unrelieved by beta-adrenergic blockers, inadequate drug dosage

or poor patient compliance should be considered as a cause for failure.
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iv. Mechanism of Action of Propranolol in Hypertension

Propranolol is one of the most useful antihypertensive agents cur

rently available. Reduction in blood pressure may result from a reduction

in cardiac output, a reduction in plasma renin activity, a slow decrease

in peripheral vascular resistance, or some as yet unexplained effect on

the central nervous system. Because essential hypertension is a syndrome

rather than a disease entity, the mechanism of action of propranolol in

a given patient is difficult to assess. Whatever the mechanism(s), pro

pranolol's action is stereospecific since the R(+)-enantiomer is devoid

of antihypertensive activity.

One of the primary factors controlling arterial blood pressure is

plasma renin activity. Renin is produced in the juxtaglomerular complex

in the kidney and its release is controlled by: sodium concentration

in the distal renal tubule, renal perfusion, and by sympathetic tone.

Propranolol inhibits renin secretion (Simpson, 1974). Renin is an enzyme

that promotes the formation of angiotensin I, the precursor of the potent

antihypertensive agent, angiotensin II. Angiotensin II stimulates secretion

of aldosterone, which causes sodium retention resulting in an expansion

of blood volume and a concomitant rise in blood pressure (Laragh, 1973).

Patients with normal and high renin activity are thought to be more sen

sitive to the hypotensive actions of propranolol than those with low

plasma renin activity. Yet, even hypertensive patients with low renin

activity respond to propranolol when the dose has been sufficiently in

creased (Hollified et al., 1976). However, because an association between

propranolol's antihypertensive activity and plasma renin activity have

not been consistent, the importance of this pharmacologic effect continues

to be debated (Buhler et al., 1972; Castenfors et al., 1973; Hansson and

Zweifler, 1974).
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5. Adverse Effects of Beta-Adrenergic Blocking Drugs

Bronchospasm is a common adverse effect of beta-adrenergic blockers.

This is especially true for non selective agents such as propranolol and

nadolol. Cardio selective agents such as metoprolol and atenolol may have

a decreased liability for causing bronchospasm (Heel et al., 1979; Koch

Weser, 1979). In asthmatics, however, all beta-adrenergic blockers can

induce broncho spasm (Millar-Craig, 1979).

In patients who are predisposed to heart failure, bradycardia, or

heart block, caution should be used in initiating a trial of beta

adrenergic blockade.

Decreased cardiac output and blocked vasodilator response in

peripheral skeletal muscle can result in peripheral vasoconstriction due

to unopposed alpha-adrenergic activity (Simpson, 1974; Zacharias et al.,

1972). This resulting vasoconstriction may cause cold extremities or

Raynaud's phenomenon. All beta-adrenergic blockers have been associated

with cold extremities; however, this problem may be less important with

the beta1-adrenergic blocking agents.

Hypoglycemia is another adverse effect associated with beta-adrenergic

blockade. Beta-adrenergic blockers, especially non selective ones, have

been implicated in prolonging hypoglycemia in diabetics (Lager et al.,

1979). Glycolysis and gluconeogenesis may be diminished by beta-adrenergic

blockers. . Therefore, warning signs of hypoglycemia may be concealed and

the patient may be unable to respond to the hypoglycemic episode. Marked

hypoglycemia and in untreated diabetics, hyperglycemia and nonketotic

coma following propranolol administration has been reported (Podolsky,

1970; Podolsky and Pattavina, 1973).

Propranolol, as well as other lipophilic beta-adrenergic blockers,
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has been associated with depression, increased dreaming, hallucinations,

and nightmares (Simpson, 1974). The more lipid soluble drugs, because

they penetrate the central nervous system better than the hydrophilic

agents are more likely to produce these side effects (Cruickshank, 1980;

Frisk-Holmberg, 1979). With long-term use, however, central nervous

system effects are seen with all beta-adrenergic blockers (Davies and

McMahon, 1980).

There have been a number of reports of serious adverse effects follow

ing the abrupt termination of propranolol after chronic therapy (Kristensen

et al., 1978). These reactions have included the precipitation of angina

pectoris, acute myocardial infarction, and rebound hypertension (Shand,

1975). To decrease the possibility of developing this syndrome, patients

using propranolol should be tapered off the drug gradually over several

days when it is to be discontinued.
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CHAPTER II. PHARMACOKINETICS OF PROPRANOLOL

1. Absorption and Bioavailability

Propranolol is essentially completely absorbed from the gastrointes

tinal tract following its oral administration. Peak plasma concentrations

occur about 2 hours after an oral dose in fasted individuals (Paterson et

al., 1970; Shand and Ragno, 1972; Lowenthal et al., 1974; Castleden et al.,

1975; Castleden et al., 1978). Paterson et al. (1970) gave a 40 mg dose

of “c-labeled propranolol to eight subjects; between 84 and 91 percent of

total radioactivity could be accounted for in urine by 48 hr, and between

84 and 96 percent could be accounted for by collection of both urine and

feces. Therefore, essentially all of the oral dose in man can be accounted

for in urine as metabolites. In contrast, urinary and fecal recovery of

labeled propranolol was 68.2 and 26.8 percent, respectively, in the rat,

and 79.5 and 21.5 percent, respectively, in the dog. In all species, a

significant fraction of propranolol in both plasma and urine appeared as

glucuronide conjugates. Because of the apparent complete absorption and

lack of propranolol in feces (in man), it is likely that enterohepatic

cycling is more complete in man than in other animal species.

Melander et al. (1977) administered 80 mg of propranolol orally to

fasted individuals and also after a standardized breakfast containing

440 calories. Although there was no apparent difference in the time to

reach maximal concentration and the half-life of the drug, both the

maximal concentration and the area under the plasma concentration time

curve (AUC) for propranolol following the meal were about twice that in

the fasted experiment. Because of propranolol's complete absorption,

these results cannot be explained by an increase in the extent of absorption
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or availability as a result of tablet disintegration or better dissolution

resulting from gastrointestinal motility and cholic acid production (these

mechanisms have been used to explain food-associated enhancement in the

absorption of spironolactone (Melander et al., 1977), nitrofurantoin (Bates

et al., 1974), and carbamazepine (Levy et al., 1975)).

Gibaldi et al. (1972) have shown that the systemic availability of a

drug completely absorbed and eliminated entirely by hepatic metabolism

is given by Equation I-1:

QH
F = -TEL- Equation I-1

Equation I-1 which is model dependent (e.g. well stirred model), suggests

that availability (F) increases asymptotically with hepatic blood flow

(QH) and approaches a value of 1 as intrinsic clearance (91 int) becomes

much smaller than QH. Therefore, a substantial increase in splanchnic blood

flow would result in an increase in F.

The results observed by Melander et al. (1977) can be explained by

either a food-associated reduction in 9-in , or a food-associated transientt

increase in QH.
McLean et al. (1978) tested the latter hypothesis by computer simu

lation. They compared the F of a high extraction ratio drug (like propra

nolol) under conditions where splanchnic blood flow was held constant

at 1.5 L/min, or increased at a constant rate from 1.5 to 2.5 L/min or

from 1.5 to 4.5 L/min for 30 min after drug administration. Blood flow

was then held constant for 90 min and then decreased back to 1.5 L/min at

a constant rate for 30 min. These simulations, although differing in

absolute terms, mimic in vivo physiological changes in splanchnic blood
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flow occurring after food intake. These simulations showed that a

transient increase in splanchnic blood flow during the absorption phase

resulted in an increase in the AUC of drugs subject to a high first-pass

effect (Figure II-1). These results suggest therefore that the results

observed by Melander et al. (1977) are mediated, at least in part, by a

transient increase in splanchnic blood flow resulting from food intake.

However, the direct influence of food on *int of propranolol has not been

tested.

Further evidence in support of a blood-flow mediated effect on the

AUC of propranolol was provided by McLean et al. (1980). “c-Labeled
propranolol was given in the absence and presence of hydralazine at a

dose of either 25 or 50 mg. Hydralazine is a potent vasodilator and its

concurrent administration therefore should result in peripheral vaso

dilatation, including the splanchnic bed. Therefore, splanchnic blood

flow should be greater after hydralazine and propranolol than after pro

pranolol alone. Coadministration of hydralazine resulted in significant

increases in peak concentration and AUC of propranolol. In addition, the

AUC of propranolol was greater after the 50 mg dose of hydralazine than

after the dose of 25 mg (Figure II-2). These results cannot be explained

on the basis of a change in gastrointestinal absorption of propranolol since

urinary recovery of “c-label was 85.8+1.94 percent, and 81.0+5.5 percent

in the absence and presence of hydralazine, respectively. Alternative

explanations for these results include an increase in plasma protein

binding and an increase in systemic availability after hydralazine. In

addition, the reduction in first-pass elimination of propranolol may be

due to an inhibition in propranolol metabolism by hydralazine metabolites,

or from transient changes in splanchnic blood flow.
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Figure II-l. Drug concentration in plasma after oral
administration under differing conditions affecting
hepatic blood flow, simulated according to the perfu
sion model. Simulation. I. hepatic blood flow maintained
at 1.5 L/min to mimic drug administration in fasting
subjects. Simulation II. hepatic blood flow increased
to 2.5 L/min after drug administration and maintained
elevated for 2 hr, then reduced to 1.5 L/min. Simula
tion III. hepatic blood flow increased to 4.5 L/min
after administration of the drug and maintained ele
wated for 2 hr, then reduced to 1.5 L/min. Simulations
II and III were intended to mimic drug administration
with a meal that stimulates splanchnic blood flow
(from McLean et al., 1978).
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The influence of cimetidine administration on the pharmacokinetics

of propranolol was recently examined (Feeley et al., 1981). Cimetidine

administration reduced hepatic blood flow as measured by indocyanine green

clearance by 33 percent. In addition to reducing the clearance of intra

venous propranolol by decreasing hepatic blood flow, cimetidine also inhi

bited the metabolism of oral propranolol and thereby further reduced eli

mination. These results also suggested that the inhibition of drug meta

bolism by cimetidine was dose related. As can be seen in Table II-l, cime

tidine administration had significant effects on intrinsic clearance and

systemic clearance of propranolol and liver blood flow. This drug-inter

action likely represents a complex series of events caused by cimetidine;

these alterations are important not only for propranolol, but especially

for any drug with a low therapeutic index such as lidocaine, morphine,

and other beta-adrenergic blockers whose clearance is primarily determined

by hepatic blood flow. The pharmacodynamic implications of the observed

changes in propranolol kinetics are shown by the increased reduction in the

resting heart rate after the combination of cimetidine and propranolol as

compared with the reduction in heart rate after propranolol alone (Figure

II–3).

Another factor that can affect the bioavailability of drugs, especially

those displaying saturable kinetics, is the input rate; this is related

in part to gastric emptying. Although Castleden et al. (1978) found no

correlation in six hypertensive patients between the rate of gastric emptying

and the peak plasma concentration of propranolol, their conclusions were

based on measurements of time to peak concentration and peak concentration,

rather than a direct assessment of the absorption rate. In contrast,

their own results showed that coadministration of metoclopramide (a cho
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Table II-l. Effects of Cimetidine on the disposition Ofpropranolol in six subjects.”

Variable Control Cimetidine

Oral half-life (min) 262.5 + 36.4 265.1 + 41.2

Intrinsic clearance (ml/min) 2945 + 26] 2300 + 22."
Systemic half-life (min) 226 + 22.4 266.3 + 23.5

Systemic clearance (ml/min) 929 + 48 678 + 64°
Volume of distribution (liters) 299.9 + 25.9 262.7 + 15.2

Bioavailability 0.31 + 0.04 0.34 + 0.04

Liver blood flow (ml/min) 1503 + 149 961 + 114"

Q

From Feely et al., 1981.

Values are expressed as mean + S.E.M.

“Significantly different (p<05) from control value.
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linergic agonist) resulted in higher, and propantheline (a cholinergic

antagonist) resulted in much lower concentrations of propranolol when

compared with propranolol alone. These latter results suggest that indi

vidual variation in the rate of bioavailability is dependent at least

partly, on variation in the rate of gastric emptying.

2. Metabolism of Propranolol in Man and Animals

Propranolol is eliminated from the body in all animal species after

undergoing one or more metabolic transformations. In man, less than 1

percent of the oral dose is recovered intact in the urine (Walle et al.,

1978). Although metabolism of propranolol has been demonstrated in lung,

liver, heart, and brain, the liver is believed to account for essentially

all of the metabolism of the drug in man. As previously mentioned, essential

ly all of the drug can be recovered in urine and less than 3 percent of the

drug is found in feces (Pater son et al., 1970). Rat, dog, monkey, and man

handle propranolol essentially the same; similar metabolites have been

identified for these species (Walle and Gaffney, 1972). Metabolism of

propranolol occurs via three major metabolic pathways resulting in over 17

metabolites, including at least 7 glucuronide conjugates (Bond, 1967;

Walle and Gaffney, 1972; Walle et al., 1974). A metabolic scheme for pro

pranolol is shown in Figure II-4.

i. Glucuronidation of Propranolol

Glucuronidation of drugs has been reported to occur in the gut wall,

the liver, and in other tissues. Propranolol is found largely in plasma
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and urine as the O-glucuronide. Although the specific site(s) of glucu

ronidation in man is not known, the liver is believed to be the major

organ responsible for this metabolic process. Results from portacavally

transposed dogs suggest that glucuronidation occurs in the liver and not

in the gut wall (Lo et al., 1981b). Propranolol glucuronide (as measured

by excretion in urine) in man accounts for about 8 to 15 percent of the

oral dose (Schneck et al., 1980); a similar pattern is observed in the dog

(Lo et al., 1981c). In addition, glucuronidation of propranolol in the dog

appears to be a linear process. Since a large fraction of the dose is meta

bolized to the glucuronide, this pathway has a significant impact on the

oral availability of the drug. Garceau et al. (1978) found that adminis–

tration of the hemisuccinate ester of propranolol to dogs resulted in an

8-fold increase in the AUC of propranolol when compared to a similar

molar dose of propranolol. Therefore, blocking first-pass glucuronidation

of propranolol in dogs resulted in a tremendous alteration in observed

concentrations of the drug.

Because propranolol is administered as a racemic mixture of the S(-)-

and R(+)-enantiomers, stereoselective glucuronidation may take place.

Ehrsson (1975) first observed that this phenomenon was occurring in the

dog. After administration of the racemic drug, he observed that glucuronide

concentrations of the S(–)-enantiomer in urine were about 16-fold greater

than for the glucuronide conjugate of R(+)-propranolol. Murphy et al. (1976)

reported that glucuronide concentrations of S(-)-propranolol were about

15-fold greater in plasma than glucuronide concentrations of the R(+)-

enantiomer. Walle and Walle (1979) recently found in the dog that the AUC

for the glucuronide conjugate of S(-)-propranolol was about 4-fold greater

than for the conjuate of the R(+)-enantiomer. The half-lives, however,

of the glucuronide conjugates were similar. There are no published
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reports describing stereoselective glucuronidation of propranolol in

Ina Il .

ii. Aromatic Hydroxylation of Propranolol

Isomeric ring hydroxylated, methoxy, methylthio, and catechol-like

metabolites of propranolol have been identified in rats and man (Walle

et al., 1974). Although the precise mechanism of propranolol ring hydroxy

lation is not yet clear, observations from the metabolism of structurally

related compounds along with observed propranolol metabolites allow reason

able inferences to be made. Ring hydroxylated metabolites of propranolol

are found in plasma and urine almost entirely as their glucuronide conjugates.

Propranolol can be considered to be an o-alkoxy analog (29) of naph

thalene (30). Jerina et al. (1968) first demonstrated that naphthalene

1, 2-epoxide (31) was an obligatory intermediate in the hepatic metabolism

of naphthalene. Hepatic microsomes from rats convert naphthalene to its

l, 2-epoxide by a cytochrome P-450 mediated mechanism. Spontaneous isome

rization of this epoxide can yield o-naphthol (32), undergo enzymatic hy

dration to trans dihydrodiol (33), or conjugate spontaneously or enzyma

tically with glutathione (34). Boyd et al. (1972) showed that isomeriza

tion of naphthalene 1, 2-epoxide to O-naphthol was accompanied by migration

of deuterim from the C-1 to the C-2 position; this phenomenon is referred

to as the NIH shift effect.

Daly et al. (1972) have suggested that the kinds of metabolic end

products resulting from intermediate arene oxides depends on: a) the

intrinsic stability of the arene oxide to form phenols, b) susceptibility

of the arene oxide to enzymatic hydration by epoxide hydrase to the trans
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dihydrodiols, c) the susceptibility of the epoxide to conjugation with

glutathione, and d) the affinity of nucleophilic groups of macromolecular

tissue components.

The relative stability of arene oxides is a function of the number

and kind of substituents. Electron-donating groups decrease whereas

electron-withdrawing groups increase the stability of arene oxides (Kasperek

et al., 1972). In the case of propranolol, the large distance of the

alkoxy group from the (impending) epoxide minimizes the potential electron

withdrawing (inductive) effect that would tend to stabilize the epoxide.

However, the electron-donating effect of this group would tend to promote

* esonance stabilization of the carbocation intermediate and destabilization

of the epoxide.

Walle et al. (1974) isolated 4-hydroxypropranolol in man, dog, and

* at - Recently a 2- or 3-hydroxy isomer of propranolol was discovered

C Tir dell et al., 1978). If a 3,4-epoxide of propranolol was being formed,

** would expect to see a mixture of 3- and 4-hydroxy monophenols; there

should be about a 3-fold margin of 4- to 3-hydroxy propranolol. Because

+someric ring hydroxylated metabolites of propranolol were found initially

++, man and rat, but not in dog (Walle et al., 1974), there was a suggestion

C f a major species variation in the mechanism of ring hydroxylation. How

ever , Ram et al. (1976) recently showed that the dog formed a 5-hydroxy

Pro Pranolol metabolite; until 4-deutero propranolol is given to the dog

**i determination of whether an NIH shift effect is observed, the exact

**s hanism of hydroxylation in this species will not be conclusive.

Recently, Nelson and Powell (1979) examined the mechanism of 4-hydroxy

+ation of propranolol in rat and in man. 4-Deuteropropranolol was incubated

*ith rat 1iver 9000 g supernatant fraction. Deuterium retention in the
r *sulting 4-hydroxy metabolite was 73 to 75 percent. In addition, a 40 mg
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oral dose of 4-deuteropropranolol was given to a human subject. After

treating urine samples with 8-glucuronidase, thereby liberating the

free 4-hydroxypropranolol, relative deuterium retention was again about

75 percent. This finding represents the first demonstration of an arene

c + -ide pathway by an NIH-shift mechanism in the metabolism of this group

of agents by humans and also demonstrates that the metabolic pathway in man

talkies place by a mechanism that is similar to that observed in tissue homo

geriates from the rat.

Two dihydroxypropranolol metabolites have also been identified in rat

1_iver 9000 g supernatant (Tindell et al., 1978). In addition, Walle et al.

C 1978) have reported a methoxyhydroxy propranolol glycol and a methoxy

hNZdroxy o-naphthoxylactic acid metabolite of propranolol suggesting that

Cat echol-O-methyltransferase may be involved in the metabolism of the drug.

Further evidence for the involvement of an arene oxide intermediate

+n the metabolism of propranolol is the recent isolation of a methylthio

derivative of the drug in urine from rat and man (Walle, 1977).

Although Phase 1 metabolic reactions generally result in compounds

having greater polarity and lesser pharmacological activity, hydroxylated

** tabolites of propranolol have beta-adrenergic blocking activity equal to

‘’” greater than the parent drug propranolol (Fitzgerald and O'Donnell, 1972;

Ram et al., 1976). The contribution of hydroxylated metabolites to the

Slirical effects seen after administration of propranolol are not known.

iii. Side Chain Oxidation of Propranolol

Side chain oxidation of propranolol can occur by three different steps:

s )
Sixidative N-dealkylation, b) oxidative deamination, and c) 0-dealkylation.
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N-Dealkylation would result in the formation of N-desisopropylpropranolol

and acetone whereas oxidative deamination would yield a reactive inter

mediate aldehyde and isopropylamine. The finding of much larger amounts

of acetone as opposed to isopropylamine could suggest that N-dealkylation

is quantitatively a much more important first step than is oxidative deami

nation. However, these results by themselves do not prove such a contention.

The very small amounts of isopropylamine and large amounts of acetone

observed could also be explained by initial formation of isopropylamine

followed by metabolism of isopropylamine to acetone and ammonia. This

latter reaction could be catalyzed by monoamine oxidase, a ubiquitous en

zyme. Therefore, utilization of isopropylamine and acetone as an index of

metabolic pathway must be approached with caution.

Evidence in support of N-dealkylation as the more important initial

step in the side chain oxidation of propranolol was elegantly demonstrated

by Nelson and Burke (1978). Side-chain labeled deuteropropranolol (d5),

unlabeled propranolol (do) and N-desisopropylpropranolol were incubated

with rat liver 9000 g supernatant. Results from these experiments clearly

indicate that conversion of propranolol to propranolol glycol proceeds

through the reactive aldehyde intermediate. Additionally, conversion of

N-desisopropylpropranolol to propranolol glycol is much faster than the

direct conversion of propranolol to propranolol glycol by about 45 to

65 times. In the presence of a 1 : 0.12 molar ratio of propranolol-d;

to N-desisopropylpropranolol-do, 7 times as much propranolol glycol-do WaS

produced as propranolol glycol-da, indicating about a 60-fold difference

in rate.

As seen in Figure II-4, metabolism of the reactive aldehyde intermediate

can proceed by two routes, reduction to propranolol glycol and oxidation
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to q-naphthoxylactic acid. Propranolol glycol is a relatively minor

metabolite in man, dog, and rat in plasma and urine when compared with

or-naphthoxylactic acid. Therefore, the results of Nelson and Burke must

be interpreted in light of the fact that they assessed metabolic pathways

by measuring formation of a minor metabolite; it is possible that dif

ferent results may be obtained if formation of both propranolol glycol and

q-naphthoxylactic acid from propranolol and N-desisopropylpropranolol were

investigated.

Although plasma concentrations of propranolol glycol are low in all

animal species, high concentrations of this metabolite are found in the

brain (Saelens et al., 1974). Propranolol glycol is very similar in struc

ture to mephenesin (35), a compound utilized as an anti-convulsant. Saalens

et al. (1973) have suggested that propranolol glycol may be important in

contributing to the usefulness of propranolol in central nervous system

disorders (Grosz, 1972; Tyler, 1972).

N-Dealkylation of secondary and tertiary amines to the corresponding

primary and secondary amines is one of the most frequently encountered reac

tions in drug metabolism. The initial and rate limiting step in these

reactions is believed to be oxidation of the o-carbon atom (Testa and Jenner,

1976). However, some studies have shown that absolute selectivity for

the 0-carbon atom for hydroxylation is not always found (Taylor, 1974;

Thomas and Judy, 1972). By contrast, O-dealkylation, resulting in d-naphthol,

accounts for only a tiny fraction of the dose of propranolol (Schneck et

al., 1980). Qualitatively similar results have been observed from studies

of ethylmorphine metabolism in animals. For example, the rate of N-deal

kylation of ethylmorphine was about 4- and 3-fold greater than 0-dealky

lation in the rat and rabbit, respectively (Nerland and Manning, 1978).
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As previously mentioned, cº-naphthoxylactic acid is a major metabolite

resulting from side chain oxidation of propranolol. Whereas propranolol,

4-hydroxypropranolol, propranolol glycol as well as other ring hydroxylated

metabolites are found largely in plasma as glucuronide conjugates, o-naphtho

xylactic acid is found in plasma and urine unconjugated. C-Naphthoxylactic

acid accounts for about 14 to 22 percent of the oral dose in dos and man

(Schneck et al., 1980; Lo et al., 1981c). Further oxidation of o-naphthoxy

lactic acid to 0-naphthoxyacetic acid has been demonstrated in all species

but accounts for less than one percent of the dose (Schneck et al., 1980).

Pretreatment of rats with phenobarbital results in the induction of

propranolol metabolism (Pritchard and Schneck, 1977). Although phenobar

bital is known to increase the amount of cytochrome P-450, the specific

metabolic pathways and metabolites altered by phenobarbital induction have

not been investigated.

Although many metabolites of propranolol have been identified, and

although essentially all radioactivity following a dose of labeled propra

nolol can be accounted for in urine, known metabolites account for only

about 60 percent of the dose (Walle et al., 1979; Walle et al., 1980; Walle

et al., 1979); the major metabolites are propranolol glucuronide, 4-hydroxy

propranolol glucuronide, and O-naphthoxylactic acid.

3. Distribution of Propranolol

As is the case for many basic drugs, propranolol is widely distributed

in the body. Using autoradiography, Masuoka and Hensson (1967) found that

in mice, propranolol was distributed in brain, lung, kidney, heart, and

liver. In man, the apparent volume of distribution (Vds) of propranolol
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was reported to be 236+51 liters and 295+53 liters by Shand and Rangno

(1972) and McAllister (1976), respectively.

Propranolol is highly protein bound in all animal species. In man,

the percent free was reported to be 6.96+1.57 by Evans and Shand (1973),

5 to 11.8 percent at a concentration of 78 ng/ml by Sager et al. (1979),

10.7 percent at a concentration of 1 ng/ml by Piaf sky et al. (1978), and

6.8 percent by McDevitt et al. (1976).

The protein binding of propranolol was shown to be affected by the

method of sample collection. It was observed that use of different collec

tion tubes resulted in different values for the fraction free (Cotham and

Shand, 1975); use of Vacutainer tubes, specifically, was associated with a

higher free fractions.

Tris(2-butoxyethyl) phosphate (TBEP), is a contaminant in plasma col

lected with Vacutainer tubes. When in contact with blood TBEP leeches out

of the rubber stoppers of the tubes and displaces propranolol, as well as

other basic drugs, from plasma protein sites; specifically from a 1-acid
glycoprotein (Borga et al., 1977).

Recent studies by Piaf sky et al. (1978) and Sager et al. (1979) have

demonstrated a strong correlation between the concentration of al-acid
glycoprotein and the percent free propranolol or the bound/free ratio

(Figure II-5 and Figure II-6). In contrast, there is no correlation

between serum albumin concentration and B/F. Similarly, propranolol does

not bind to lipoproteins (Sager et al., 1979), rather it partitions into

these tissues. Similar observations have been noted for tetracyclines

(Powis, 1974) whereas binding of quinidine to lipoproteins has been docu

mented (Nilsen, 1976).

The most conclusive evidence that the binding of propranolol in plasma
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is mediated by al-acid glycoprotein was provided by Scott et al. (1979).

Using "C-labeled propranolol and immunoelectrophoresis (a technique allow

ing for the separation of more than 40 plasma proteins), they found that

almost all of the radioactivity in plasma was associated with a single

spot, on-acid glycoprotein.

The plasma protein binding of propranolol has also been suggested to be

affected by heparin administration (Wood et al., 1979). Results obtained

from an in vitro study suggested that heparin administration resulted in

a perturbation in the plasma protein binding of the drug; a larger free

fraction was noted after heparin. In addition, they found a close corre

+ation between free fraction of propranolol and either the dose of heparin

(cumulative), or the free fatty acid concentration. This investigation,

however, was not an in vivo experiment.

Because free fatty acids are known to displace drugs bound extensively

to *lbumin, and because free fatty acids should theoretically not influence

drug binding to al-acid glycoprotein, the results of Wood et al. (1979)
*** difficult to explain.

The blood to plasma ratio (B/P) of propranolol in man has been report

ed to be 1. 33+0. 28 (Sawchuck et al., 1974), 0.940.03 (Weiss et al., 1978),

*rld O.78+0.12 (Kornhauser et al., 1978). These results come from studies

irl Which large dosing ranges were employed, and in which single dose or

***ady-state studies were utilized. Jellet and Shand (1973) reported that

*here was no concentration dependency of the B/P at concentrations from 50

to lood ng/ml. However, these results were obtained using washed red cells

in isotonic buffer rather than whole blood and plasma. Lo et al. (1981c)

*ound that the B/P of propranolol in the dog ranged from 0.76 at a concen

tration of 75.9 ng/ml to 1.88 at a concentration of 3,165 ng/ml.
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4. Linear vs. Nonlinear Elimination of Propranolol in Man

The whole blood clearance of propranolol was reported as 1.08+0.22

L/min in subjects given 10 mg intravenously (Shand and Ragno, 1972), and

0.940. 27 L/min in subjects given 8.9 ug of *H-propranolol intravenously

while at steady-state on 240 mg/day (Kornhauser et al., 1978). Because

the drug is virtually completely removed on first-pass through the liver,

it is a drug with a very high extraction ratio.

The disposition of propranolol after oral administration is much more

Variable between individuals than after intravenous administration; up

to 20-fold differences in concentrations of propranolol have been observed

Petween individuals receiving the same oral dose (Shand, 1975). These

*ifferences have been 1argely attributed to differences in first-pass

*** raction by the liver. Shand and Rangno (1972) found that there was a

***Proportionate increase in the area under the blood concentration time

$"rve after single oral doses from 40 to 160 mg when plotted against dose
whil

- - - -S*reas a linear relationship was observed after intravenous doses. After

single 20 mg oral dose, almost no propranolol was detected in blood.

Over the dose range of 40 and 160 mg, there was an apparent linear rela
t -*Sr. ship between the AUC and dose.

Shand and Rangno (1972) suggested there was a threshold dose of about
3.

O Tng. They suggested that single oral doses of 30 mg or less are completely
S.

*tracted by the liver resulting in essentially no systemic availability.

They contend that such a process involves an avid or high-affinity extract

*Sn site in the liver; this site may or may not be involved in the metabo

*ism of the drug. Gomeni et al. (1977), in contrast, found a linear

relationship between the AUC (from 0 – 12 hours) and dose over a 10 to
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40 mg dose range; the intercept of this line determined by least-squares

regression was not statistically different from zero. However, when the

total AUC (0 to co ) was plotted vs. dose, a nonlinear relationship between

AUC and dose was observed. The large AUC observed by Gomeni et al. (1977)

at the lowest (10 mg) dose may be falsely elevated because about 45 percent

of the AUC is dependent upon the accuracy of the last three concentration

time points and they were all close to the sensitivity limit of the assay.

Utilizing a specific and sensitive high performance liquid chromato

graphic technique, Mackichan et al. (1980) observed a disproportionate rela

tionship between the AUC (0 to co ) and dose over a 10 to 80 mg dose range

With a threshold dose approximated at 7.0 mg. They also found that the

intrinsic clearance of propranolol was decreased by 44 percent as the dose

was increased over the 8-fold range. Walle et al. (1978) measured peak

Concentrations of propranolol in patients taking from 40 to 960 mg per day

after chronic dosing. They observed a nonlinear relationship between peak

Plasma concentrations and dose up to 160 mg per day and an apparent linear

**lationship between concentration and dose over 240 and 960 mg per day

dose range. Detailed mathematical analysis of this data (Muir et al.,

1981), revealed a change in both systemic and intrinsic clearance, and a

Shange in the estimated bioavailability over the dosing range studied.

Although evidence exists suggesting nonlinear elimination of propranolol

*fter oral doses and large interindividual variation between subjects, the

"echanisms responsible for these phenomena have not been carefully exa

mined. The apparent nonlinearity could be explained by: a) saturable

*onspecific uptake of propranolol as in the case of imipramine (Beaubien

and Pakuts, 1979), b) saturability of a high-affinity binding site in the

liver as suggested by Shand et al. (1973), or c) saturability of one or
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more of the metabolic pathways of propranolol. One or more of these

mechanisms could also explain, at least in part, the apparent decrease

in oral clearance with an increase in dose.

5. Stereoselective Disposition of Propranolol

Substrate specificity refers to the process wherein two stereoisomers

of an a symmetric substrate are metabolized at different rates whereas

product stereoselectivity refers to the preferential creation of one of two

Possible asymmetric molecules during the metabolism of a substrate bearing

a prochiral center (Jenner and Testa, 1973). Because propranolol is opti

cally active, and because it is given as a racemic mixture, the potential

exists for stereoselective disposition and metabolism of the drug.

As previously described (Walle and Walle, 1979), the AUC of S(-)-pro

Pranolol was about 54 percent that for the R(+)-enantiomer after oral

administration of the racemic mixture in the dog. Kawashima et al. (1976)

found that the half-life of propranolol in rats after an intravenous dose of

the R(+)-enantiomer was shorter than after a dose of the racemate whereas

* such difference was observed in mice (Levy et al., 1976). George et al.

(1972) reported that the half-life of propranolol after oral administration

of the R (+)-enantiomer in man was shorter than after a dose of the racemic

mixture. However, because racemic but not R(+)-propranolol affects hepatic

blood flow (due to the S(–)-enantiomer in the racemic mixture), the clearance

of the drug will not be the same after giving the two dosage forms. Be

* the clearance of propranolol is blood-flow rate limited, the clear

*** observed after the racemic dose should be lower than for the R(+)-

*nantiomer and should be associated with differences in half-life as well.
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Therefore, conclusions regarding potential differences between the dis

position of propranolol enantiomers cannot be made using this type of

experimental design. The correct experiment would be to study the dispo

sition of both enantiomers simultaneously after giving the racemic mixture.

No such studies have been conducted in man.

In addition to the potential stereoselectivity in the disposition of

enantiomers, potential differences in metabolism need to be investigated.

Such differences may have clinical importance since some propranolol meta

bolites (presumably the S(–)-enantiomers) have significant pharmacological

activity (e.g. 4-hydroxypropranolol).
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CHAPTER III. THE INFLUENCE OF HEPARIN ADMINISTRATION ON THE PLASMA

PROTEIN BINDING AND DISPOSITION OF PROPRANOLOL

1. Background

Heparin is an anticoagulant given parenterally for direct therapeutic

purposes. It is also used to maintain function of indwelling catheters

(heparin lock). Recently, reports have indicated that heparin injection

or infusion decreases the plasma protein binding of propranolol (Wood et

al., 1979), digoxin and digitoxin (Storstein and Janssen, 1976), triiodo

thyronine (thomson et al., 1977), bilirubin and salicylate (Wiegand and

Levy, 1979). However, the plasma protein binding of warfarin was found

to increase after heparin administration (Nilsen et al., 1977; Routledge

st al., 1979).

Since the unbound or free concentration of drug at the receptor is

believed to be responsible for drug action and to control drug clearance,

*9mPounds affecting plasma protein binding may cause significant pertuba

tions in drug disposition and pharmacological response. This is particularly

important with highly bound drugs where small changes in percent bound

**use large changes in the fraction free.

Because studies of propranolol disposition were underway in dogs and

IIlan using heparin locks, it became important to examine this reaction,

Since drug disposition might be critically affected by changes in the

free fraction. In this investigation, the effect of heparin administra

tion on the plasma protein binding and disposition of propranolol was

determined in the dog. A previous investigation (Wood et al., 1979) on

the effect of heparin administration on the plasma protein binding of
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propranolol revealed a close correlation between free fraction of propra

nolol and either the log dose of heparin, or the change in non-esterified

fatty acid (NEFA) concentration. The decreased plasma protein binding of

bilirubin and salicylate (Wiegand and Levy, 1979) noted after the adminis

tration of heparin was reversed when the plasma was treated with activa

ted charcoal. This procedure is known to remove most of NEFA from albumin.

It has been proposed that NEFA concentrations are elevated as a result of

heparin's lipolytic activity (Storstein and Janssen, 1976). Since NEFA are

extensively protein bound, the result is a competitive reaction leading to

displacement of the drug from the plasma proteins. These results have

already been published (Silber et al., 1980).

2 - Experimental

Propranolol was administered as a 5 mg intravenous (I.W.) bolus dose

in a 24 kg male mongrel dog on two separate occasions, one week apart. In

the first experiment, each blood sample was obtained by separate veni

Pºncture. In the second experiment, 1 ml of heparinized saline (10 U/ml)

**s given after each blood sample was obtained by separate venipuncture.

^ total of 130 U of heparin was given over a 500 min period.

The effect of intermittent heparin administration on the plasma pro

tein binding and disposition of propranolol in the same dog was also

*xamined at steady-state. Following a 5 mg I. V. bolus loading dose, pro

**lol was infused at a rate of 0.035 mg/min using a Harvard" pump
through an indwelling catheter in the right forelimb vein. Blood samples

(6 *) were withdrawn from the contralateral forelimb vein through an

*ndwelling Butterfly catheter (Abbott Laboratories) whose function was
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maintained by infusion of physiological saline at a rate of 0.02 ml/min.

Blood samples were collected into 10-ml disposable syringes and immediately

transferred to disposable screw cap test tubes containing 100 U of heparin.

After gentle mixing and centrifugation for 10 min at 2000 rpm (500 x g),

plasma was transferred to glass screw cap vials and stored at –20° C.

Nine blood samples were obtained from 309 to 530 min after the start of

the infusion. During the next period, the rate of propranolol adminis

tration was maintained at 0.035 mg/min and the saline infusion in the

Contralateral vein was discontinued. Nine additional blood samples were

obtained between 644 and 774 min; 1 ml of heparinized saline (10 U/ml)

was injected after each blood sample was obtained.

i - Determining Protein Binding of Propranolol in Plasma

In order to establish appropriate conditions for determining protein

binding of propranolol in plasma using equilibrium dialysis, we dialyzed

700 ul of plasma containing 50 ng/ml propranolol against an equal volume

Of Krebs-Ringer buffer, pH 7.4. From these experiments, we chose to dialyze

*Perimental samples for 8 hr at 37° C with plexiglass cells rotated in

* Water bath. The cell components were separated by a cellulose membrane

having average pore radii of 24 X (WWR Scientific, Inc. Cat. No. 25225–

*48, size #27).

ii. Assay for Propranolol

Propranolol concentrations on both sides of the membrane were determined

after equilibration by an HPLC fluorometric method (Lo and Riegelman, 1980).
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iii. Assay for Non-Esterified Fatty Acids in Plasma

Non-esterified fatty acid (NEFA) concentrations in plasma were deter

mined by colorimetric titration (Dole and Meinertz, 1960).

3. Results

i. Intravenous Bolus Studies

The disposition of propranolol following a 5 mg I. V. bolus dose was

unaffected by the administration of 130 U of heparin. As shown in Figure

III-1, the two curves are virtually superimposable. The terminal half-life

was 120 min.

ii. Protein Binding of Propranolol

Equilibration of free propranolol between plasma and buffer chambers

was complete by six hr (Figure III-2). There were no significant volume

shifts (<10%) between dialysis chambers. Since cells became turbid if they

were allowed to equilibrate for longer than 10 hr, we assessed plasma pro

tein binding after 8 hr.

iii. Intravenous Infusion Studies

Figure III–3 and Table III-l summarize the results of the dog infusion

experiment. After an 8 mg I. V. loading dose of propranolol, the drug

was infused at 0.035 mg/ml for 530 min. Since the terminal elimination
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Table III-l. Mean plateau free and total propranolol concentrations
and percent free propranolol before and after heparin
administration in the dog.

Parameter Before Heparin After Heparin

n 9 9

Total propranolol dconcentration (ng/ml) 46.58 + 2.28 47.29 + 2.22

Free propranolol
concentration (ng/ml) 5.93 + 0.42 6.42 + 0.39

Percent free
propranolol 12.71 + 0.48 13.52 + 1.05

d
Mean + SD. There were no significant differences (p<0.05) between
before and after heparin values.
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half-life was 120 min (see above), eight blood samples were taken after

about 3 half-lives (360 min) between 309 and 530 min and resulted in

average plateau free and total propranolol concentrations of 5.93+0.42

(mean + S.D.), and 46.58+2. 28 ng/ml, respectively, during the heparin-free

period. The average fraction free was 12.71 + 0.48 percent. The infusion

of propranolol was continued and nine additional blood samples were ob

tained from 644 to 774 min. After each blood sample, 1 ml of heparinized

saline (10 U/ml) was injected. In addition to the above assays, NEFA con

centrations were determined in each sample.

Average NEFA concentrations were found to significantly increase (p <

0.001) after heparin administration (Table III-2).

4. Discussion

The results of this investigation show that administration of heparin

in doses necessary to maintain the function of indwelling catheters (Hol

ford et al., 1977) has no apparent effect on either the plasma protein

binding (Figure III–3 and Table III–1) or disposition of propranolol (Fig

ure III-1) even when non-esterified fatty acid (NEFA) concentrations are

significantly increased (p < 0.001) as a result of heparin's lipolytic

activity (Table III-2).

At least in propranolol's case, we have shown that heparinized catheters

can be used to sample blood during chronic studies without altering the

protein binding or disposition of the drug.

Our results, however, differ from those obtained by others (Wood

et al., 1979). In these studies, blood was obtained from subjects given

accumulated doses of heparin; propranolol was added to these blood samples



Table III-2. Non-esterified fatty acid (NEFA) concentrations before
and after heparin administration in the dog during an
infusion of propranolol.

Time of Sample NEFA Concentration
Period (min) (um/ml)

Heparin-Free 309 0.35
-

379 0.47
393 0.43
408 0.36
425 0.40
44] 0.44
476 0.58
494 0.51
530 0.61

mean + SD 0.46 + 0.09

Heparin 644 0.59
659 0.67
677 0.60
693 0.70
710 0.62
725 0.6]
743 0.72
758 0.7]
772 0. 55

mean t SD 0.64 + 0.06"

*NEFA concentrations were significantly greater (p<0.001) after heparin
administration.
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and the free fraction was determined using equilibrium dialysis. The

change in the free fraction correlated with the log dose of heparin and

with the change in NEFA concentrations. However, these workers gave doses

of heparin that far exceed the amounts required in heparin locks, covering

a range from 5 to 1200 U administered over 48 min. In addition, no pre

heparin NEFA concentrations were reported. However, our mean NEFA concen

trations for the dog prior to heparin were 0.46+0.09 pmole/ml (mean + SD),

virtually identical to that reported in man (Wood et al., 1979) after 5 U

of heparin, 0.45 + 0.05 pmole/ml. Wood et al., (1979) saw an exponential

increase in NEFA concentrations as the dose of heparin was increased. How

ever the rate at which heparin was administered even exceeds the usual

anticoagulating regimen, and far exceeds what is necessary to maintain

catheter patency.

A previous study (Wiegand and Levy, 1979) reported that NEFA displace

both bilirubin and salicylate from albumin. NEFA bind to albumin and lipo

proteins, but not to on-acid glycoprotein (Skipski et al., 1967; Shafrir,l

1958). Since propranolol is bound in plasma predominantly to a1-acid gly

coprotein (Sager et al., 1979; Scott et al., 1979), elevated concentrations

of NEFA resulting from heparin's increased lipoprotein lipase activity

would not be expected to significantly increase the free fraction of pro

pranolol in plasma. Our results are consistent with such a prediction.

The paradoxical observation of increased warfarin plasma protein

binding after heparin administration (Nilsen et al., 1977; Routledge et

al., 1979) and the lack of a relationship between changes in NEFA concen

trations and warfarin binding (Routledge et al., 1979) suggest that me

chanisms other than competitive binding need to be considered.
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CHAPTER IV. STEREOSPECIFIC ASSAY FOR S(–)- AND R(+)-PROPRANOLOL IN HUMAN

AND DOG PLASMA.

l. Methodologies for the Resolution of Enantiomers

There are many asymmetric molecules that are used in drug therapy as

racemic mixtures of (-)- and (+)-enantiomers. Frequently, enantiomers pos

sess widely differing pharmacological activity, disposition, and metabo

lism.

The separation of enantiomers by various processes is referred to as

resolution. Since a pair of enantiomers have identical physical and che

mical properties (except when in a chiral environment such as plane pola

rized light) resolution of enantiomers can be a more difficult process than

resolution of geometrical isomers or the separation of compounds differing

in composition.

There are two major approaches to the quantitation of enantiomers in

* a cemic mixtures. Pseudoracemic mixtures of drugs can be prepared in which

‘’”* of the enantiomers is labeled with a suitable stable isotope (usually
2 13

H or In this approach, isotopically-labeled drug acts as a stereoC).

*hernical tag; the ratio of enantiomeric composition is measured by mass

*Pectrometry (Gal et al., 1975; Gal et al., 1976; Gal, 1978), usually by
Se - - - - - -+ected ion monitoring. To obtain absolute enantiomeric concentrations,

3. * Hird isotopically-labeled drug, usually containing a greater number

of +-sotopic atoms, is employed simultaneously as an internal standard

*****kan et al., 1976; Melanon and sullivan, 1976; walle et al., 1978).
^** Heugh this technique requires the synthesis of stable isotopically
lab, *-led compounds to form pseudoracemic mixtures, information can be
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derived subsequently using this approach that cannot be obtained by other

For example, stereochemical information can be obtainedmethodologies.

for molecules devoid of derivatizable groups (thus preventing analysis as

diastereoisomers) (McMahon and Sullivan, 1976; Cox et al., 1976), and the

stereochemical origin of achiral metabolites of asymmetric drugs can also

be ascertained (Gal et al., 1976; Weinkam et al., 1976).

The second major approach achieves resolution of enantiomers by a

Sevechromatographic technique, usually gas or thin layer chromatography.

ral excellent reviews on this subject have been published (Raban and Mislow,

1967; Gil-Av and Nurok, 1974; Halperin, 1978). In contrast to the pseudo

racemic mixture approach, this methodology does not require synthesis of

Various stable isotopically labeled compounds or expensive mass spectrometry

One also can monitor for potential enantiomeric interconinstallations.

However, this techniqueVersions (Lan et al., 1976; Adams et al., 1976).

requires a derivatizable functional group on the asymmetric molecule, usually

an a Tnine or a phenolic or alcoholic hydroxyl group.

Chromatographic techniques can be further subdivided into two classes.

The first involves the derivatization of asymmetric molecules by chiral

** Pounds (usually acid chlorides or carbonyl imidazolides) resulting in

the formation of diastereoisomers. The second involves stereoselective

i
- - - - - - -***ractions between enantiomers with either an optically active stationary

Or *S bile phase (Nakazawa and Yoneda, 1978; LePage et al., 1979; LePage

** = a--, 1979; Gil-Av et al., 1980; Hare and Gil-Av, 1979). The latter
te S■ ºr idue is relatively new and has been most successfully applied to the
Se P*ration of amino acids. Both classes, however, exploit the fact that
di

*** ereoisomers have sufficiently different physical and chemical pro
Per * Hies to permit their separation.
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Many excellent reviews have described the salient features in the

optimization of the chromatographic separation of enantiomers. The most

important factor in the successful estimation of enantiomeric composition

is the availability of an optically pure derivatizing agent. Since achiral

chromatographic techniques cannot be distinguish between R, R and S, S, or

S, R and R,S diastereoisomers, utilization of a chiral derivatizing agent

contaminated by a small percent of its optical antipode will result in

Several factors have been identified as contributingconfounding results.

to improved resolution of diastereoisomers. Conformational immobility of

the groups attached to the asymmetric center increases resolution (Karger

et al., 1967); an agent containing an asymmetric center within a ring system

yields much improved resolution. The larger the size differential in the

groups attached to the asymmetric center the more effective the agent

(Karger et al., 1967), especially when the distance between asymmetric cen

ters is three atoms or less (Feibush and Spialter, 1971; Karger et al., 1969).

The nature of the polar groups between the asymmetric centers is also

important; although a carbonyl group is not absolutely necessary, it can

be Very effective. Diastereoisomeric amides are usually superior to esters

CKarger et al., 1969). The presence of additional polar or polarizable

** Sups close to the functional group being derivatized usually enhances

*Xarogen bonding or T-orbital overlap between the generated diastereoisomers

*nci the stationary phase (Halpern, 1978). Asymmetric agents possessing rings

Or *a cyl groups therefore facilitate multiple interactions that enhance
I *** lution of diastereoisomers. Karger has suggested that the behavior
O r ‘liastereoisomers can be explained on the basis of differential acces
S **ility to a key polar group (Karger et al., 1967; Rose et al., 1966).
I

Il * <idition, Feibush (1971) has shown that the order of emergence and the
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resolution factors of a series of esters can be predicted from the rela

tive size or bulk of substituents at the asymmetric carbons. Similar

studies with optically active stationary phases suggest that the separation

of enantiomers is the result of transient cyclic hydrogen bonded association

complexes between solute and solvent (Feibush et al., 1972; Gil-Av et al.,

1966; Feibush and Gil-Av, 1967).

2. Development of a Stereospecific Technique for Propranolol

Enantiomers.

Propranolol is utilized clinically as a racemic mixture of S(-)-

and R(+)-enantiomers. As previously mentioned , S(-)-propranolol has 100–

times greater activity as a beta-adrenergic blocking agent than its R(+)-

OP tical antipode (Barrett and Cullum, 1968).

The objective of this study was to develop an analytical technique to

investigate the disposition of both propranolol enantiomers simultaneously

after administration of the racemic mixture without the need for mass spec

* r <>rnetry. The approach taken involved generation of diastereoisomers of

P* ~ Pranolol from the reaction with a suitable chiral derivatizing agent,

** Paration of the diastereoisomers by high performance liquid chromatogra

Phy > synthesis of a suitable internal standard to quantitate enantiomer

‘ ‘’FA centrations, and the use of fluorescence absorption for detection.

Several chiral derivatizing agents have been utilized to form dias
t ** eoisomers with primary and secondary amines and alcohols. These include

ea D N-trifluoroacetyl-S(-)-prolyl chloride (TPC) (36) (Halpern and Westley,
l

S ess ; Manius and Tscherne, 1979), b) S(–)-O-methoxy-o-trifluoromethyl

****ylacetyl chloride (37) (Dale et al., 1969), c) S(-)-N-pentafluoro
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benzoyl-S (-)-prolyl l-imidazolide (38) (Matin et al., 1973), and d) S(+)-

o-methyl-o-methoxypentafluorophenylcarbonylimidazolide (39) (Pohl and

Trager, 1973; Valente et al., 1980).

Preliminary results suggested that 37 was not reacting with propranolol

whereas TPC was derivatizing propranolol at room temperature. Because I

wanted to have a methodology that allowed for the assessment of both

substrate (propranolol) disappearance during the reaction and appearance

of the diastereoisomeric derivative, I needed a chiral agent that would

form a diastereoisomeric pair that would elute in a reverse phase system

in a reasonable period of time. Therefore, the diastereoisomers could not

be too lipophilic. TPC appeared to fulfill the necessary criteria for

Selection. Although this derivatizing agent is available commercially

(Regis Chemicals), it cannot be utilized in drug metabolism studies for two

rea sons. First, it contains from 4 to 12 percent of its optical antipode

as a contaminant, and second, it is diluted in chloroform preserved with

et Hanol; ethanol reacts with TPC forming the ethyl ester thereby inactivating

it - In addition, Regis TPC was observed to undergo substantial racemization

*Pºrl storage. For these reasons, I chose to synthesize optically-pure TPC

that would not undergo racemization on storage for long periods of time.

*his work has recently been published (Silber and Riegelman, 1980).

3. Experimental Section

i. Chemicals

(–)-Propranolol [melting point of 196° C, [a]: = -26.2° (c = 0.381,
E

* OH), (+)-propranolol [melting point of 196° C, [a]: = 28.7° (c = 0.327,
Et SH) 1, and racemic propranolol hydrochloride were obtained from Imperial
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Chemical Industries, Ltd. Macclesfield, England. The specific rotations

obtained agree well with those reported in the literature; Yost and

Holtzman (1979) reported a [3].” = -23.8° and [a].” = 23.0° for S(–)-

and R(+)-propranolol hydrochloride, respectively; Howe and Shanks (1966)

8 –22.7° and [a].” = 22.9° for S(–)- and R(+)-propranololreported a [a]:
hydrochloride, respectively. (-)-Proline [melting point of 228-232° C,

and [a]: = - 85.0° (c = 4.0, water) }, trifluoroacetic anhydride, and pyri

dine were obtained from Aldrich Chemicals, Milwaukee, Wisconsin (Gold Label

quality). Triethylamine, thionyl chloride and ethyliodide were from Tridom

Fluka, Hauppauge, New York. Anhydrous ether and n-heptane were from Mallinc

krdot, Inc., Paris, Kentucky. Methylene chloride, acetonitrile, tetrahy

drofuran, and benzene were UV grade from Burdick and Jackson Laboratories,

Inc - , Muskeegon, Michigan. Bis(trimethylsilyl) trifluoroacetamide (BSTFA)

was from Pierce Chemical Co., Rockford, Illinois, 8-Glucuronidase (Cat. no.

G-C751, lot no. 29C–0454) was from Sigma Chemical Co., St. Louis Missouri.

ii. Synthesis of N-trifluoroacetyl-S(-)-prolyl chloride (TPC)

The resolving agent, N-trifluoroacetyl-S(-)-prolyl chloride (TPC),

Wa s synthesized using a modification of a previously reported technique

GP= browiak and Cooke, 1971; Hoopes et al., 1978). (-)-Proline (1.15 g;

O - Oil mol) dried for 24 hr under high vacuum was suspended in 20 ml of anhy

** <>us ether by magnetic stirring in a nitrogen environment at -78° C.

** + fluoroacetic anhydride (15 ml) was added dropwise, the bath removed

*arlei the mixture was allowed to stand for an additional hour at ambient

***Perature. Rotary evaporation of the mixture under high vacuum yielded

> ellow oily residue to which was added a mixture of freshly distilled
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benzene (10 ml) and doubly distilled thionyl chloride (10 ml). Reaction

was continued for 1.5 hours at ambient temperature. Benzene, S02, HCl,

and excess thionyl chloride were removed by rotary evaporation under high

vacuum yielding a golden-yellow oily residue. The synthetic procedure is

depicted in Figure IV-1. Addition of about 97 ml of methylene chloride

to the oily residue results in a 0.1 M TPC solution. When stored in

glass vials with teflon septum stoppers (Pierce Chemical Co., Rockford,

Illinois) sealed under nitrogen at - 20° C, is stable and free from race

mization for at least 8 months.

iii. Derivatization of Propranolol Enantiomers by TPC in Human

and Dog Plasma

(+)-, and racemic propranolol hydrochloride were added to(–)-,

l6 x 150 mm glass teflon-lined screw cap test tubes (Kimble 73750–16150)

corn taining 1-ml of either human or dog plasma. These were extracted with

+C ml ether after adding 0.4 ml of 0.2 N KOH by vortexing for 2 min,

*nd centrifuging at 2,000 rpm (500 x g) for 10 min. Ether extracts trans

ferred to conical test tubes (Kimble 45161-15) were evaporated to dryness

*rici er nitrogen. After adding methylene chloride (1-ml), tubes were placed

+rn a –78° C bath (dry-ice/acetone). TPC (0.3 ml) and triethylamine (50

lu l- D were added to the tubes, removed from the bath, and allowed to stand

for ls min after briefly being vortexed. After adding 8 ml of 0.05 N

Neora. vortexing for 2 min, and centrifuging at 2,000 rpm (500 x g) for

l O *nin, the upper layer (pH > 11) is discarded and the lower layer is

*Y= Perated to dryness under nitrogen after being transferred to culture
t

* st tubes. An aliquot of the residue reconstituted with an equivolume
In *>sture of acetonitrile and water, is injected onto the HPLC for analysis.
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Figure IV-1. Synthetic scheme for the preparation of N-trifluoroacetyl
S(-)-prolyl chloride (TPC).
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1 ml of basified plasma is extracted

with ether; the organic layer is drº,tº Y- )—

O NH (...)- o CH2Cl2 O \{-#-CC, oº+

N *c. 15 min Of º
C

wash with 0.05M NaOH

/ N
aqueous layer organic layer

W

discard dry under N2
reconstitute with 1:1 CH3CN/H2O

inject onto HPLC

Figure IV-2. Extraction, derivatization and clean-up procedure for the
derivatization of propranolol with TPC to form diastereo
isomers.
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The step-wise procedure outlined above is shown in Figure IV-2.

iv. Synthesis of N-ethylpropranolol

N-Ethylpropranolol was synthesized according to a previous method

(Wood et al., 1978). Propranolol hydrochloride (0.5 g) in 5 ml of water,

l-ml of 10 NaOH, and 30 ml of ethyl iodide were refluxed for 24 hr. The

mixture was extracted with heptane (2 x 100 ml), and the heptane fractions

dried by rotary evaporation under high vacuum yielded a clear oily residue

which could not be crystallized. Injection of the residue reconstituted

with methanol onto the HPLC revealed trace amounts of unreacted propranolol.

Propranolol-free N-ethylpropranolol was isolated by collecting the retention

volumes corresponding to N-ethylpropranolol from the HPLC. These were

extracted with ether at pH 11. Ether extracts were dried by rotary evapo

ration under high vacuum yielding a clear oily residue which was stored as

a methanolic solution at 4° C for use as an internal standard.

v. Chromatographic Conditions

Chromatographic conditions developed allow for the separation of pro

pranolol, N-ethylpropranolol, and the derivatives resulting from the deri

vatization of (-)-, and (+)-propranolol with TPC. A Waters 6000 A high

performance liquid chromatograph (HPLC), an Altex 5 um particle size 25 cm

x 4.6 mm I. D. Ultrasphere ODS column, and a Schoeffel FS 970 fluorescence

detector with excitation at 216 nm, and a Corning 7–60 band-pass (290 to

404 nm) emission filter were used. The mobile phase was composed of aceto

nitrile (49%), tetrahydrofuran (3%), phosphoric acid (0.01222M), and potas

sium hydroxide (0.0048 N); the pH is 3. The flow rate and chart speed are
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2 ml/min, and 20 cm/hr, respectively.

4. Results

The chemical structure of propranolol, N-trifluoroacetyl-S (-)-

prolyl chloride (TPC), N-ethylpropranolol, and the proposed structure of

the derivative obtained upon reaction of propranolol with TPC are shown in

Figure IV-3.

i. Optical Purity of the Resolving Agent (TPC) and Stability to

Racemization.

(–)- and (+)-Propranolol were separately derivatized with TPC at

-78° C. The results depicted in Figure IV-4a-d show that the optical

purity was >98% and/or the extent of racemization during the reaction or

clean-up procedures was 2%. The separation achieved between the diastereo

isomers resulting from derivatization of racemic propranolol is depicted

in Figure IV-4 e.

The stability to racemization was evaluated by running the reaction

at -78°C, ambient temperature, and 60° C. Less than 2%, 10%, and 25%

racemization were observed at the respective temperatures.

ii. Functional Group Reactivity of Propranolol to TPC

The reactivity with TPC of N-ethylpropranolol, a propranolol analog

containing only a potentially-derivatizable hydroxyl group, was determined

by the usual work-up procedure. Comparison of chromatographic results with

A-Tºw

yºu!
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Figure IV-4.

a. Chromatogram
rivatization
plasma.

b. Chromatogram
rivatization
human plasma.

c. Chromatogram
rivatization

resulting from the de
with TPC of control dog

resulting from the de
with TPC Of Control

resulting from the de
with TPC of plasma spiked

with 100 ng/ml of (-)-propranolol.

d. Chromatogram
rivatization

resulting from the de
with TPC of plasma spiked

with 100 ng/ml of (+)-propranolol.

e. Chromatogram
rivatization

resulting from the de
with TPC of plasma spiked

with 200 ng/ml of racemic propranolol.

The retention times for unreacted pro
pranolol (l), N ethylpropranolol (2),
and the derivatives resulting from de
rivatization of
(+)-propranolol

(-)-propranolol (3) and
(4) are also indicated.
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+ H. c s e obtained from unreacted N-ethylpropranolol showed no new peaks,

a-rici quantitative studies resulted in essentially 100% recovery of the

c cºrn Pound. Supporting evidence for the postulate that derivatization of

E, ºr- c. Pranolol was occurring at the secondary amine group was obtained in the

+ c 1 Lowing way. Retention volumes of the reaction products of TPC with res

P e c tive propranolol enantiomers were collected from the HPLC, extracted

~~7 it H ether (eluant pH = 3), and the ether extract was evaporated to dryness

* LIlci er nitrogen. The golden-brown residue reconstituted with an equivolume

IEli ><ture of acetonitrile and water injected onto the HPLC yielded a peak with

t Ha e same retention time as initially observed.

iii. Mass Spectral Results

The retention volumes of the respective diastereoisomers collected

fr CIn the HPLC were extracted with ether, and the ether extracts were eva

PC rated to dryness under nitrogen. The residue, reconstituted with pyridine

C C - 2, ml) was transferred to conical screw cap test tubes and after addition

* * B STFA (0.4 ml), reaction was carried out for 30 min at 60° C. Samples

C f t He products resulting from the derivatization of both enantiomers sub

nit ted for chemical ionization mass spectral analysis yielded identical

* = suits (Figure IV-5); a molecular ion (MH+) of 525 was observed. A sample

c += the product resulting from the derivatization of racemic propranolol sub
IIli

- -* tº ed for analysis by high-resolution electron impact mass spectrometry
y -i

e Loi ed a molecular ion of 524 (exact mass of 524. 2306); the spectra is de
P =i ‘ ‘ed in Figure IV-6.

ºl.
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iv. Rate and Extent of Propranolol Derivatization with TPC

The rate of derivatization for each propranolol enantiomer was deter

mined by measuring the appearance of the respective diastereoisomer and

the disappearance of propranolol after reaction for from 5 to 240 min. To

establish the extent of derivatization, human plasma was spiked with racemic

propranolol in concentrations ranging from 2 to 1,000 ng/ml. Samples were

analyzed for the appearance of respective diastereoisomers and disappearance

of propranolol (Table IV-1). Typical standard curves obtained are shown

in Figure IV-7.

v. Assay Precision

The intraday and interday coefficients of variation for the stereo

specific assay were determined in human plasma samples spiked with (-)-

and (+)-propranolol at concentrations of 10, 50, and 250 ng/ml (Table IV-2).

iv. Assessment of Possible Assay Interference by Propranolol

Metabolites

N-Desisopropylpropranolol and 4-hydroxypropranolol are metabolites

that are potentially extracted along with propranolol during the work-up

procedure. Human plasma samples spiked with each metabolite at a concent

tration of 100 ng/ml and processed in the usual way did not result in any

interference (Figure IV-8).



TableIV-1.Extentof
propranololderivatizationwith
N-trifluoroacetyl-S(-)-prolylchloride(TPC).

Peak-Height-Ratio

PercentPropranolol

(+)-Propranolol(-)-Derivative
:

NEp°(+)-Derivative
:
NEPPropranolol
:
NEPReacted

b o

2ng0.0110.010
->99% 100.0570.054

->99% 200.1250.110
->99% 500.2950.2680.006

>98% 1000.5700.5250.02]
>98% 2501.420l.3000.052

>98% 5002.9202.6800.098
>98% l,0005.9105.4320.208

>98%

d

N-Ethylpropranolol(NEP)istheinternalstandard.
b

Indicatesthatpropranololconcentrationswerenotdetectable.

Co No

*~***ºº,f&■ º--*
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*-rºº,
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,
º,sº3×..Itsn°
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No of S(–)- or R(+)-propranolol derivatized

figure IV-7. Standard curves obtained after derivatization of S(-)-
[O]- and R(+)-[o]-propranolol.
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TableIV-2.Assayprecisionstudies. Spikedconcentrations
ofS(-)-andR(+)- propranolol

inplasma(ng/ml)1050250 Intradayvariation
(n=5)

S(-)-Propranololconcentrationfound(ng/ml)11.5+0.2°51.7
±3.6250.1
+5.6 Percentcoefficient

of
variation2.83.]1.0

R(+)-Propranololconcentrationfound(ng/ml)10.4
+0.552.2+4.0249.3
+10.7 Percentcoefficient

of
variation3.83.51.9 Interdayvariation

(n=2)b
S(-)-Propranololconcentrationfound(ng/ml)10.2+1.749.2+4.l233.8
+4.5 Percentcoefficient

of
variation11.66.01.4

R(+)-Propranololconcentrationfound(ng/ml)10.4+1.048.9+3.7230.6
+10.7 Percentcoefficient

of
variation7.05.33.3 “Mean

+SD. b ---

Analysiswascarriedoutover
a2%weekperiod.



85

.02 &

TIME (min)

Figure IW-8, Chromatograms obtained after reaction with TPC of 100
; fºrwarrio (a) and N-desisopropylproprano | O -
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vii Application of the Assay to Human and Dog Plasma Samples

Blood samples obtained from a 64 year old 81 kg male angina patient

receiving 200 mg of propranolol orally every six hr were analyzed for

(-)- and (+)-propranolol, and their corresponding glucuronide concentrations

in plasma (Figure IV-9). Glucuronide concentrations were determined as the

difference before and after enzymatic hydrolysis with 3-glucuronidase

(LO and Riegelman, 1980). The area under the plasma concentration-time

curve (AUC) for both enantidmers and their glucuronides were calculated

using the trapezoidal rule. The ratio of the AUCs for (-)-; (+)-propra

nolol was 1.4. The ratio of (-)-; (+)-propranolol glucuronide was 3.4.

Plasma concentrations of (-)- and (+)-propranolol and their correspond

ing glucuronides were also measured in two male mongrel dogs each weighing

22 kg after a single 80 mg oral dose (FigureS IV-10 and IV—ll). The ratio

of the AUCs for (-)- : (+)-propranolol averaged 0.5, and the ratio of the

AUC for (-)- : (+)-propranolol glucuronide averaged 3.1. Plasma con

centrations of (-)- and (+)-propranolol were measured in a third mongrel

dog after a 5 mg intravenous bolus dose of the racemic mixture. In contrast

to results obtained after oral dosing, the disposition curves for each enan

tiomer were similar after intravenous administration (Figure IV-12).
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5. Discussion

The stereochemical assay for the simultaneous determination of (-)- and

(+)-propranolol and their corresponding glucuronide concentrations in human

and dog plasma after oral administration of the racemic mixture represents

the first time such a technique has been reported.

Several previous studies (George et al., 1972; and Kawashima et al.,

1976; and Levy et al., 1976) investigating the disposition of propranolol

after administration of the racemic mixture or the (+)-isomer reported

conflicting estimates of the elimination half-life.

Conclusions drawn from these studies, however, are not applicable to

interpretation of results when racemic propranolol is administered since

(+)-propranolol has no influence on liver blood flow, whereas racemic pro

pranolol results in a decrease in liver blood flow (Branch et al., 1974).

Propranolol has a high hepatic clearance (Shand and Ragno, 1972). Based on

clearance concepts (Rowland et al., 1973), racemic propranolol would be

expected to have a longer elimination half-life when compared with (+)-

propranolol.

Walle and Walle (1979) measured the concentrations of both propranolol

ºnentioners simultaneously after administration of a stable isotope labeled

pseudoracemic mixture of the drug in the dog; no difference in the terminal

half-lives between the enantiomers was observed. Unfortunately, this

technique requires the synthesis of three deuterium-labeled compounds

((-)- and (+)-propranolol, and hexadeuterated propranolol as internal

standard) in order to undertake quantitation by mass spectrometry.

The present technique allows for the quantitation of both propranolol

enantiomers after administration of commercially-available propranolol by

fairly simple analytical methodology. Propranolol is derivatized with
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optically-pure N-trifluoroacetyl-(-)-prolyl chloride (TPC) yielding a

single diastereoisomer from each respective enantiomer (Figure IV-4).

Diastereoisomers are then separated by HPLC and measured by fluorometry.

The optical purity of the resolving agent (TPC) is crucial to the

methodology. Commercially-available TPC (Regis Chemical Co.) was found to

be contaminated by its optical antipode from 4 - 15%, and rapidly underwent

racemization during storage. Therefore, it is unsuitable for investigations

examining stereoselective metabolism of drugs. TPC synthesized according

to the procedure reported in the experimental section was found to have an

optical purity of >98% and/or extent of racemization during the reaction and

work-up procedure of 32%. The extent of racemization was related to tempe

rature; & 2%, 10%, and 25% racemization occurred when derivatization was

carried out at -78° C, ambient temperature, and at 60° C, respectively.

Similar temperature-related effects on the degree of racemization were report

ed by others (Bonner, 1974; Bonner et al., 1974; and Manius and Tscherne, 1979).

TPC has been utilized to derivatize optically-active primary and

secondary amines (Halpern and Westley, 1965; and Manius and Tscherne, 1979).

Since TPC could potentially react with hydroxyl groups, the derivatizability

of the secondary hydroxyl group of propranolol was investigated in order

to determine whether reaction of propranolol with TPC resulted in two mono

or two bis-derivatives, or a mixture of both.

Since tertiary amines are not derivatized by TPC, any reaction between

N-ethylpropranolol (Figure IV-3) and TPC must involve reaction at the second

ary hydroxyl group to form a potentially-labile ester. Quantitative

studies indicated essentially 100% recovery of N-ethylpropranolol after

incubation with TPC. Alternatively, the ester may form but be hydrolyzed

to the free compound during the clean-up procedure due to alkali exposure.

Even if this were occurring, hydrolysis is apparently complete and the assay
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is reproducible at all concentrations studied.

Mass spectral data verified the predicted molecular weight and provided

supporting evidence for the proposed structure of the derivative. Chemical

ionization mass spectra of the (-)- and (+)-propranolol product after

reaction with TPC, and bis(trimethylsilyl) trifluoroacetamide were identical

for both isomers (Figure IV-5). The observed molecular ion (MH+) of 525 is

consistent with a mono-TPC and monosilylated propranolol derivative. High

resolution electron impact mass spectra obtained after derivatization of

racemic propranolol with TPC and BSTFA yielded a molecular ion with an exact

mass of 524. 2306 (Figure IV-6). The fragmentation pattern of this species

is virtually identical to that reported by Caccia et al. (1978) after deri

vatization of propranolol with TPC and BSTFA.

Structure elucidation of the diastereoisomers formed from reaction of

propranolol enantiomers with TPC was further validated by physicochemical

studies of the products obtained by isolating the peaks from the HPLC. Only

neutral (and acidic) molecules would have been extracted by the procedure

used. The retention times of the respective derivatives were unresponsive

to changes in eluant pH or ionic strength, but were responsive to changes in

the eluant acetonitrile and/or tetrahydrofuran composition. Taken together,

these observations are consistent only with a diastereoisomer formed by

reaction of TPC with the secondary amine group of propranolol (Figure IV-3).

The detection limit of the assay is 1.5 ng/ml plasma for each enan

tiomer and the standard curve for both is linear over a large concentration

range (Table IV-1 and Figure IV-7). The diastereoisomer resulting from

derivatization of (-)-propranolol has a shorter retention time than that

for its optical antipode, and the resolution between the two is excellent;

essentially baseline at 100 ng/ml (Figure IV-4). The precision of the
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assay was investigated. The intraday and interday coefficients of 9

variation at various concentrations are shown in Table IV-2 and illustrate

that the assay is accurate and reproducible.

Only two basic metabolites (4-hydroxypropranolol and N-desisopropyl

propranolol) are present at measurable concentrations in man and dog after

administration of the racemic mixture (Walle and Gaffney, 1972). When

plasma spiked with 4-hydroxypropranolol or N-desisopropylpropranolol at a

concentration of 100 ng/ml was derivatized with TPC, the results indicated

that no interference occurred (Figure IV-8).

Using this assay technique, we measured (-)- and (+)-propranolol, and

their corresponding glucuronide concentrations in a patient with angina pec

toris taking 200 mg of propranolol every six hr. The bioavailability of (−)-

propranolol was 1.4 times greater than for its optical antipode and glu

curonidation of the former was 3.4 times that of the latter (Figure IV-3).

Studies in two dogs following a single 80 mg oral dose showed that the

bioavailability of (-)-propranolol averaged 50% that of its optical anti

pode (Figure IV-10), and glucuronidation of the former averaged 3.1 times

that of the latter (Figure IV-11). These results in dogs are in agreement

with those reported by Walle and Walle (1979). They found that the bio

availability of (-)-propranolol was 54% that of its optical antipode, while

glucuronidation of the former exceeded that of the latter by 4 times. In

contrast, administration of racemic propranolol by the intravenous route

resulted in a similar concentration time profile for S(-)- and R(+)-propra

nolol enantiomers (Figure IV-12).
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CHAPTER W. ASSAY FOR PROPRANOLOL AND ITS BASIC METABOLITES IN PLASMA

AND URINE

1. Introduction

As previously stated in Chapter II, th major metabolites of propranolol

in man both in plasma and urine are: propranolol glucuronide, 4-hydroxypro

pranolol glucuronide, and o-naphthoxylactic acid. Minor metabolites include

N-desisopropylpropranolol, propranolol glycol glucuronide, and Q-naphthoxy

acetic acid (Walle and Gaffney, 1972; Walle et al., 1974).

Because studies were planned in man and dog to investigate the dispo

sition, metabolism, and elimination of propranolol and its major metabolites

in plasma and urine, sensitive and specific analytical methodologies are

required.

Lo and Riegelman (1980) recently reported a technique for the measure

ment of propranolol and its metabolites in plasma and urine. Although the

method does not require extensive sample work-up, because a direct injection

method is utilized, it has some serious limitations: interference from

normal plasma constituents make it impossible to measure concentrations of

4-hydroxypropranolol below 20 ng/ml. In addition, the method is not adap

table to automation because the fluorescence emission maxima for 4-hydroxy

propranolol and propranolol are 430 and 350 nm, respectively. Because the

excitation and emission wavelengths of the fluorescence detector used in

that assay (Perkin-Elmer 650–10) are monochromator controlled, the emission

wavelength setting must be changed during each assay to measure both

compounds. Therefore, an automated injector system cannot be employed in

this analytical procedure. The sensitivity for measuring propranolol alone

is quite adequate (2 ng/ml) of plasma).
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If the Schoeffel FS 970 fluorescence detector is used, a cut-off

filter can be inserted in the emission pathway which is transparent above

a certain wavelength, thereby allowing more than one compound to be

detected without necessitating a change in wavelength during each assay.

Unfortunately, normal plasma constituents again interfere with the detection

of 4-hydroxypropranolol limiting the sensitivity to 100 ng/ml or above.

These endegenous compounds can be removed by a double extraction procedure.

This study has recently been submitted for publication (Lo et al., 1981a).

Other high performance liquid chromatographic methods measuring 4–

hydroxypropranolol and propranolol in plasma have appeared in the literature;

these methods, however, do not measure N-desiscpropylpropranolol. Two of

these methods (Mason et al., 1977; Taburet et al., 1979) require separate

injections and detect two compounds at different emission wavelengths. The

method described by Schneck et al. (1979) involves a time consuming evapo

ration step after a single basic extraction step. The method reported by

Nation et al. (1978) is most similar to the method reported in this chapter,

but they did not adapt their technique to urine and N-desisopropylpropra

nolol was not determined.

Q-Naphthoxylactic acid, a major metabolite, is not measured by the

technique described below, but can be measured by the technique of Lo and

Riegelman (1980) using a Schoeffel FS 970 fluorescence detector and a 340

nm cut-off filter.

2. Experimental

i. Chemicals, Reagents, and Solvents
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Propranolol HCl, 4-hydroxypropranolol HCl, N-desisopropylpropranolol,

and the internal standard 1-(methylamino)-3-(1-naphthyloxy)-2-propanol

(ICI 45,837) were supplied by Imperial Chemical Industries, Ltd., Maccles

field, England. 8-Glucuronidase/aryl sulfatase (10,000 units/0.2 ml) was

from Sigma Chemical Company. St. Louis, Missouri. Acetonitrile and metha

nol (UV-grade) were from Burdick and Jackson Labs, Muskeegon, Michigan.

Absolute diethyl ether (analytical reagent grade) was from Mallinckrodt,

Inc., Paris, Kentucky. All other reagents were of analytical grade.

ii. Chromatographic conditions

An Altex model 100A high performance liquid chromatograph equipped

with a Schoeffel FS 970 LC fluorometer and a Waters WISP 710A automatic

injector were used. The fluorescence output was recorded on a Spectra

Physics model 4100 integrator. The fluorometer was set at an excitation

wavelength of 216 mm and the fluorescence emission monitored by a 340 mm

cut-off filter (Hoya Glass Company, available through Schoeffel). An Altex

Ultrasphere ODS column, 15 cm x 4.6 mm I. D., 5 pm particle size was used.

The mobile phase was composed of 28% acetonitrile, 16% methanol, and

0.021 M phosphoric acid. The pH is 3.0. The flow rate and chart speed are

2.5 ml/min and 0.5 cm/min, respectively. The column temperature is main

tained at 30° C by using a water jacket.

iii. Measurement of Propranolol, 4-Hydroxypropranolol, and N

Desisopropylpropranolol in Plasma

Daily standard curves were prepared as follows: a 0.4 ml quantity

of 10 pg/ml propranolol in methanol and 0.3 ml of 4 ug/ml. N-desisopro
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pylpropranolol also in methanol were added to an empty 16 x 100 mm dis

posable culture tube and evaporated to dryness under nitrogen. A 3.6 ml

quantity of drug-free human plasma was then added and the tube vortexed

briefly. A 0.4 ml aliquot of 4-hydroxypropranolol (10 ug/ml in 0.01 M phos

phoric acid including 5 mg/ml (-)-a scorbic acid to minimize oxidation) was

added to plasma to yield the highest plasma standard (1000 ng/ml propranolol,

1000 ng/ml 4-hydroxypropranolol, and 300 ng/ml. N-desisopropylpropranolol).

The standard was then serially diluted 1000-fold to lower concentrations

with more drug-free plasma.

Plasma samples were handled as follows: 0.05 ml of a methanolic

internal standard solution (about 2 ug/ml of ICI 45,837) was added to a

16 x 150 mm disposable teflon-lined screw cap tube. After evaporating

the methanolic standard under nitrogen, 1.0 ml of plasma along with 0.05

ml of (-)-ascorbic acid (100 mg/ml in water) were added and the solution

vortexed. The plasma was then alkalinized with 0.5 ml of carbonate buffer

(0.25 N sodium hydroxide in 0.25 M sodium carbonate) yielding a final pH

of about 10, and the mixture was extracted with 10 ml of ether by vortexing

for 2 min and centrifuging for 10 min at 2,000 rpm (500 x g). Most of

the upper organic layer is then transferred to a 15 ml conical teflon-lined

screw cap tube to which had been added 0.25 ml of a 0.01 M phosphoric

acid solution stabilized with 5 mg/ml of (-)-ascorbic acid. The sample

was vortexed for 2 min and centrifuged again at 2,000 rpm (500 x g) for

10 min. After discarding the upper organic layer, an aliquot of the

lower acidic layer was injected onto the HPLC for analysis.

iv. Measurement of Propranolol, 4-Hydroxypropranolol, and N

Desisopropylpropranolol in Plasma and Urine after Enzymatic

Hydrolysis
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The plasma standards were prepared as previously outlined in section

2 iii, Chapter IV, however, much higher urine standards were necessary.

To l ml of aqueous propranolol (40 pg/ml) was added 1 ml of aqueous

4-hydroxypropranolol (40 ug/ml in 0.01 M phosphoric acid with 5 mg/ml

of (-)-ascorbic acid). The mixture is serially diluted up to 100-fold

with phosphoric acid/(-)-a scorbic acid solution. A 0.05 ml aliquot of

each standard and 0.05 ml of drug-free urine were added to each culture

tube.

A 0.2 ml aliquot of a methanolic internal standard solution (about

4 ug/ml) was added to an empty disposable culture tube and the methanol

evaporated. After adding 0.1 ml of a 200 mg/ml (-)-ascorbic acid solution

and 0.05 ml of urine, the sample was incubated with 0.2 ml of 3-glucu

ronidase aryl sulfatase in 0.09 M sodium acetate buffer (pH 5.0) for

90 min at 37° C. For plasma samples, a 0.2 ml aliquot of plasma and the

same amount of internal standard was used as in the method above.

After incubation, 0.75 ml of carbonate buffer (0.25 N sodium hydrox

ide in 0.25 M sodium carbonate) was used to alkalinize the mixture to

pH 10 and the sample was then extracted with ether as described above,

except that 1 ml rather than 0.25 ml of the 0.01 M phosphoric acid solu

tion was used to re-extract the compounds from ether.

3. Results and Discussion

Figure V-1 depicts chromatograms of blank plasma and plasma from a

patient taking propranolol. It is evident that excellent separation of the

four compounds is achieved. The limits of detection using 1 ml of plasma

are 0.2 ng/ml for propranolol, 1 ng/ml for 4-hydroxypropranolol, and 0.2

ng/ml for N-desisopropylpropranolol. Figures V-2 and V-3 depict chroma
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Figure W-l. A. Drug-free human plasma, and B. plasma (prior to enzymatic
hydrolysis) from an angina patient taking propranolol.
Peak l = 4-hydroxypropranolol, 8.7 ng/ml; 2 = N-desisopropyl
propranolol, 0.85 ng/ml ; 3 = internal standard (ICI 45,837);
4 = propranolol, 43.5 ng/ml.
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Figure V-2. A. Hydrolyzed drug-free plasma, B. hydrolyzed plasma from a normal
volunteer taking propranolol. Peak l = 4-hydroxypropranolol, 415 ng/
ml; 3 = internal standard (ICI 45,837); 4 = propranolol, 519 ng/ml.
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Figure W-3. A. Hydrolyzed drug-free human urine, B. Hydrolyzed urine sample
from a normal volunteer taking propranolol. Peak l = 4-hydroxy
propranolol, 8.7 ug/ml; 2 = N-desisopropylpropranolol, l. l ug/ml ;
3 = internal standard (ICI 45,837); 4 = propranolol, 21.2 ug/ml.



103

tograms of hydrolyzed plasma and urine samples, respectively. It can

be seen that enzymatic hydrolysis did not introduce any significant

interference.

The double extraction technique is superior to a single extraction

step not only in saving time which would be necessary in evaporation but

also in being more specific for measuring basic compounds. Various ex

traction solvents have been tried (e.g. benzene, methylene chloride,

hexane/ isoamyl alcohol (98. 4:1.6), hexane/n-butanol (80:20 v/v), ether/

methylene chloride combination and ether alone. None of these offers

any advantage over the use of ether alone.

The extraction efficiencies of the three compounds from plasma were

as follows: propranolol 68 to 82%, from 4 to 500 ng/ml, 4-hdyroxy

propranolol 68 to 81%, from 2 to 40 ng/ml, and N-desisopropylpropranolol

59 to 73%, from 1 to 20 ng/ml. The precision and accuracy for both

methods for plasma and urine are summarized in Tables V-1, V-2, and W-3.

Excellent reproducibility and accuracy of the assay technique can be seen

from the data summarized in these tables.

One of the metabolites, 4-hydroxypropranolol, is unstable in aqueous

solution but is stable in plasma for at least two months if kept frozen.

It is also stable in acidified aqueous solution for up to 36 hr, if

protected with (-)-ascorbic acid and stored at 4° C. This has been

validated by testing the final acidic extract immediately after back

extraction and again 36 hr later; no degradation of 4-hydroxypropranolol

was observed.

It is likely, therefore, that 4-hydroxypropranol is stable in plasma

because of the presence of antioxidants (e.g. a scorbic acid). As men

tioned previously, the direct injection technique is not adequate to

measure very low concentrations of 4-hydroxypropranolol and N-desiso
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Table V-1. Intraday assay variation of propranolol, 4-hydroxypropranolol,
and N-desisopropyl propranolol in plasma.

Spiked concentration (ng/ml) % CW (n = 3)

Propranolol

1.0 8.0

3.9 8. 3

15.5 8.7

62.0 8. 3

248.0 1.9

4-Hydroxypropranolol

1.0 10.0

3.9 10.1

15.6 2.4

62.5 8.8

250.0 6.6

N-Desisopropylpropranolol

0.6 8.8

2.3 10.0

9.4 8. 3

37.5 6.0

150.0 5.9
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Table V-2. Interday assay variation of propranolol, 4-hydroxypropranolol,
and N-desisopropyl propranolol in plasma.

4-Hydroxy- N-Desisopropyl

Parameter Propranolol Propranolol Propranolol

Spiked concentration
(ng/ml) 56.8 227.8 49.5 197.8 20.5 163.6

Average concentration
found (ng/ml) 59.9 236.6 50.2 202.9 21.4 173.7

% CW 6.5 4.3 11.2 5. 1 15.0 5.9

Bias . + 5.5 + 3.9 + 1 .. 4 + 2.6 + 4.4 + 6. 2

*Determinations were made over a 7 week period; n = 13.



106

Table W-3. Intraday and interday assay variation of propranolol and
4-hydrºxypropranolol in urine following enzymatic hydro
lysis.

Spiked concentration Intraday as Say variation” Interday assay variation*
Average Conc. % CW

(ug/ml) % CW Found (ug/ml)

Propranolol

0.30 8. 3 _d
-

1. 18 4.6
- -

2.37 3.5 2.46 7.7

9.46 3.7
- -

18.92 4.5
- -

37.84 6.6 38.10 3.4

4-Hydroxypropranolol

0.73 7.5
- -

1 .45 6.7
- -

1.69
-

1.76 8.5

5.80 2.6
- -

11.60 6.7
- -

23.20 6. I
- -

26.96
-

27.67 6.9

*Each sample was incubated with 10,000 units of enzyme for 90 min at 37° C.
N = 3.

C
Interday assay variation study was performed over a 4 week period, n = 4.

*Not determined.
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propylpropranolol. In addition, if many hydrolyzed samples must be

assayed (plasma or urine), the wavelength change becomes a hindrance

to automation because no fluorometer is yet available which can auto

matically switch the emission wavelength during each chromatographic
run. Even though the extraction technique described in this report

requires more time in sample preparation than that for the direct injection

technique described by Lo and Riegelman (1980), the analyst ends up

saving time because of automation in HPLC analysis.
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CHAPTER VI. IN VIVO EFFECTS OF THE CYTOCHROME P-450 SUICIDE SUBSTRATE

2–ISOPROPYL–4–PENTENAMIDE (ALLYLISOPROPYLACETAMIDE) ON THE

DISPOSITION AND METABOLIC PATTERN OF PROPRANOLOL

As previously discussed in Chapter II, propranolol is essentially

completely metabolized prior to its elimination from the body. The three

major metabolites of propranolol in man and dog are propranolol glucuro

nide, 4-hydroxypropranolol glucuronide, and o-naphthoxylactic acid. Al

though two major metabolites are formed by oxidative pathways, the enzyme

systems (e.g. cytochrome P-450, cytochrome P-448, etc.) responsible for the

formation of these metabolites has not been identified.

Phenobarbital pretreatment has been shown to increase the rate of

elimination of propranolol in in vitro preparations, and to result in lower

steady-state propranolol concentrations and increased hepatic blood flow

in vivo (Pritchard and Schneck, 1977; Branch et al., 1914). No data is

available regarding the particular metabolic pathways affected by enzyme

induction with phenobarbital.

By utilizing allylisopropylacetamide, a cytochrome P-450 specific

suicide substrate, the objectives in this investigation were to : a) de

termine what the effects of a cytochrome P-450 suicide substrate are on the

disposition of another drug (propranolol) exclusively metabolized by the

liver, b) determine which metabolic pathways are mediated by cytochrome

P-450, and c) determine what effect attenuating or blocking cytochrome

P-450 mediated metabolism of propranolol has on non cytochrome P-450

mediated metabolism. An additional objective was to identify which pharma

cokinetic parameters are affected by enzyme induction with phenobarbital.
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1. Background on Allylisopropylacetamide

The mechanisms of heme biosynthesis, degradation, and regulation as well

as the relationship between these processes to the porphyrias has been exten

sively investigated utilizing the porphyrinogenic agent allylisopropylaceta

mide (2-isopropyl-4-pentenamide) (De Matteis, 1978). The first indication

of the cause of the potent porphyrin synthesis-inducing properties of allyl

isopropylacetamide was the observation that it specifically destroys the

prosthetic heme of cytochrome P-450, resulting in an abnormal hepatic green

pigment (De Matteis, 1971; Levin et al., 1972; Schwartz et al., 1955). The

origin of this hepatic green pigment and the cause of cytochrome P-450 loss

has been attributed to formation of a covalent adduct between allylisopro

pylacetamide and a heme pyrrole nitrogen (Ortiz de Montellano et al., 1980).

The destruction of cytochrome P-450 by allylisopropylacetmiade is a "suicidal"

process in which substrate activation and subsequent reaction of the heme

alkylating species occurs within the confines of the active site of the

enzyme (Ortiz de Montellano and Mico, 1981). Recent in vitro studies utiliz

ing highly purified rat liver cytochromes coupled with in vivo microsomal

studies have established that allylisopropylacetamide inactivates pheno

barbital but not 3-methylcholanthrene inducible cytochrome P-450 isoenzymes

(De Matteis, 1970; De Matteis, 1971; Farrell and Correia, 1980; Ortiz de

Montellano et al., 1981). Previous studies have demonstrated that allyl

isopropylacetamide has no known influence on other microsomal proteins

(De Matteis, 1970; De Matteis, 1971; Farrell et al., 1979; Farrell and

Correia, 1980).

In addition to allylisopropylacetamide, a rapidly growing number of

pharmaceutical agents including secobarbital (Levin et al., 1973), allo
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barbital (Levin et al., 1973) novonal (Brinkschulte-Freitas and Uehleke,

1979), norethisterone (Ortiz de Montellano etal., 1979; White and Muller

Eberhard, 1977), ethchlorvynol (Ortiz de Montellano et al., 1981) fluroxene

(Bradshaw et al., 1978; Marsh et al., 1977; Murphy et al., 1980) and the

propargylic class of insecticide synergists (Ortiz de Montellano and Kunze,

1980) have been reported to destroy cytochrome P-450 by an analogous auto

catalytic destructive process. The destruction mediated by ethylene (Ortiz

de Montellano and Mico, 1980; Ortiz de Montellano and Mico, 1981) and acety

lene (Ortiz de Montellano and Kunze, 1980), functionalities commonly present

in pharmaceuticals, demonstrates that the potential for self-inactivation

is inherent in the catalytic interaction of cytochrome P-450 enzymes with

unsaturated double or triple bonds, respectively. These results suggest

the possible generality of this destructive interaction as well as the po

tential for drug-drug interactions in vivo.

Although the influence of allylisopropylacetamide on the disposition of

a second compound has been demonstrated in vitro (Hodgins et al., 1973), no

studies on the effects of allylisopropylacetamide on the disposition and

metabolic pattern of a second in vivo have been reported. We have there

fore investigated the influence of allylisopropylacetamide in vivo on the

disposition and metabolic pattern of propranolol in the dog. This study

has recently been accepted for publication (Silber et al., 1981b).

2. Experimental

i. Chemicals and Reagents

Commercially available propranolol tablets (40 mg) and sterile solution
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for intravenous administration ( 1 mg/ml) (Inderal; Ayer st Laboratories,

New York, New York), and phenobarbital tablets (20, 60, and 100 mg) (Parke

Davis, Morris Plains, New Jersey) were used. Propylene glycol (reagent

grade) was from Mallinckrodt, Inc., Paris, Kentucky. 2-Isopropyl-4-pente

namide (allylisopropylacetamide) was from Hoffman–La Roche, Nutley, New

Jersey.

ii. Animal Model

All experiments were performed in a single 22 kg male mongrel dog.

Complete blood chemistry, kidney, and liver function tests on blood samples

obtained and analyzed before, during, and after the experimental period

were all within normal limits. A constant diet was provided throughout

the study. Food was witheld for at least 16 hr prior to and until complet

ion of each experiment. During the course of each experiment, the dog was

placed in a sling (Alice King Chatham, Los Angeles, California) providing

complete body support. The animal was able to rest comfortably for many

hours (frequently up to 10 hr) in a well lit and ventilated room maintained

at a constant temperature. An investigator was always present during the

experiment to monitor for any adverse effects and to provide water ad

libitum. Experiments were separated by a period of no less than 5 days.

iii. Experimental Design

Experiments 1 through 10 were divided into two subgroups: pre

(experiments 1 – 3) and post- (experiments 4 - 10) enzyme induction with

phenobarbital. In experiments 1 and 2, 80 mg oral and 5 mg intravenous
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bolus doses of propranolol, respectively, were administered to estimate

the bioavailability (F), plasma clearance (CL), apparent post-distribution

volume (Vd), rate constant for elimination (k), and the elimination half-life

(t1/2) of propranolol. In experiment 3, a 100 mg/kg (2.2 g) dose of allyl

isopropylacetamide dissolved in a 6.5 ml of propylene glycol (with gentle

heating) was administered as an intravenous infusion over a 45 min period

(to minimize the sedative-hypnotic effects of allylisopropylacetamide), 1 hr

prior to an 80 mg oral dose of propranolol.

Since previous in vitro work in rats had demonstrated a greater effect

of allylisopropylacetamide on cytochrome P-450 destruction after pretreat

ment with phenobarbital, we investigated the effects of allylisopropyl

acetamide after enzyme induction with phenobarbital; subsequent experiments

(4-10) were carried out three weeks after induction was begun.

An 80 mg oral and 5 mg intravenous bolus dose of propranolol were given

in experiments 4 and 5, respectively. Comparison of results obtained from

experiments 1 and 2 with those from experiments 4 and 5 allow for an assess

ment of changes in the F, CL, Vd, k, and t 1/2 of propranolol due to enzyme

induction with phenobarbital.

Because allylisopropylacetamide is insoluble in physiological saline,

dextrose, or plasma, it was administered after being dissolved in 6.5 ml

of propylene glycol. The potential effects of propylene glycol on the

disposition and metabolic pattern of propranolol therefore needed to be

accounted for. We administered propylene glycol in experiments 6 and 8

in the same way as in experiment 3 except without the allylisopropyl

acetamide. In experiments 7 and 9, administration of allylisopropyl

acetamide together with propylene glycol was followed by an 80 mg oral

dose of propranolol, whereas in experiment 10, a 5 mg intravenous bolus

dose of propranolol followed the infusion.



iv. Enzyme Induction with Phenobarbital

Following experiment 3, enzyme induction with phenobarbital was begun

as described by Bekersky et al. (1977). A once daily dose of phenobarbital

initiated at 1 mg/kg was successively increased to 2, 3, 4, 5, 6, 7, 8, 9,

and 10 mg/kg on days 2, 3, 4, 5, 6, 7, 8, 8, 9, and 10, respectively, and

maintained thereafter at 10 mg/kg/day until completion of all experiments.

v. Blood Sampling and Treatment of Samples

On the day of each experiment, indwelling Butterfly cannulae were

placed in the right, the left, or in both for elimb veins. Patency of these

cannulae was maintained by flushing with 1 ml heparizined saline (10 U/ml)

(Holford et al., 1977; Chapter III). Separate indwelling cannulae were uti

lized for blood sampling and for intravenous administration of either pro

pranolol or of the allylisopropylacetamide dissolved in propylene glycol.

Blood samples for propranolol analyses were obtained from the contralateral

vein on occasions when propranolol was given intravenously.

Blood samples were obtained at 0, 15, 30, 45, 60, and 90 min, and at

2, 3, 4, 5, 6, and 7 hr, and at 0, 2, 5, 15, 30, 45, 60, and 90 min, and

2, 3, 4, 5, 6, and 7 hr after oral and intravenous administration of pro

pranolol, respectively. Blood samples were collected in the following

way: 0.5 ml of blood withdrawn with a sterile 3 ml disposable syringe

was discarded before a 6 ml blood sample was collected in a sterile 12 ml

disposable syringe. The blood sample was immediately transferred to a

16 x 150 mm teflon-lined screw cap glass tube to which had been added

100 U of aqueous sodium heparin. After gentle mixing, blood samples were
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centrifuged at 2,000 rpm (500 x g) for 10 min. Plasma (approximately 4 ml)

was transferred with a disposable pasteur pipette to glass screw cap vials

which were stored at - 20° C until assay.

vi. Urine Collection

Urine samples were collected at frequent intervals after the dose of

propranolol in experiments 1 - 10. Urine volumes were recorded and aliquots

stored at - 20° C until as say after adding 10 mg (-)-ascorbic acid to pre

vent oxidation of phenolic metabolites (Lo and Riegelman, 1980).

vii. Assay for Propranolol and 4-Hydroxypropranolol and their

Corresponding Glucuronide Conjugates

Propranolol and 4-hydroxypropranolol concentrations in plasma and urine

were measured according to the double extraction technique described in

Chapter IV. Glucuronide concentrations were calculated as the difference

before and after enzymatic hydrolysis.

viii. Assay for Q-Naphthoxylactic Acid

Since virtually all Q-naphthoxylactic acid in plasma and urine is un

conjugated, concentrations in plasma and urine were measured without the

need for enzymatic hydrolysis by a method previously described (Lo and

Rigeleman, 1980).
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ix. Data Analysis

The plasma clearance (CL) of propranolol in experiments 2, 5 and

10 were calculated by Dose/Area under the plasma concentration time

curve from time zero to time infinity (AUC). Auc. was calculated

/kby trapezoidal rule from the concentration (C) to C t and by °lastt=0 las

from “last to °t= co. The apparent volume of distribution (Vd) was

obtained by CL/elimination rate constant (k). The Aucl. for propranolol,

propranolol glucuronide, 4-hydroxypropranolol glucuronide, and -naphtho

xylactic acid in experiments l, 3, 4, and 6 through 9 were calculated

as above. The bioavailability (F) of propranolol was calculated by

(Dosery/AUCry) X (AUCpo/Dose ). The k for propranolol and its majorPO

metabolites was calculated by least-squares regression utilizing at least

4 plasma concentration time points in the terminal log-linear region.

The terminal elimination half-life (t 1/2) for propranolol was calculated

by 0.693/k.

The renal clearance of each metabolite was calculated by least

squares regression of the urinary excretion rate of that metabolite vs.

the concentration of that metabolite in plasma at midpoint during the

collection period.

3. Results

i. Effects of Allylisopropylacetamide on the Disposition and

Metabolic Pattern of Propranolol Before Enzyme Induction

with Phenobarbital

The disposition and metabolic pattern of propranolol were studied be
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fore and after administration of allylisopropylacetmide (dissolved in

propylene glycol) in these experiments is depicted in Figure IV-1. The

AUc. (ug.min-mi") for propranolol, propranolol glucuronide, 4-hydroxy

propranolol glucuronide, and C-naphthoxylactic acid are presented in

Table V-1. Allylisopropylacetamide administration resulted in a 7.20%

increase in the AUC of propranolol, a 112% increase in 4-hydroxypropranolol

glucuronide, a 34% decrease in Q-naphthoxylactic acid, and a 17% decrease

in propranolol glucuronide. However, the effects of propylene glycol,

without the coadministration of allylisopropylacetamide, were not examined.

The influence of allylisopropylacetamide on the disposition and metabolic

pattern of propranolol was next studied after enzyme induction with

phenobarbital.

ii. Alterations in the Pharmacokinetics of Propranolol Due to

Enzyme Induction with Phenobarbital

The influence of chronic phenobarbital administration was examined in

experiments l, 2, 4, and 5. As indicated in Table VI-2, the F of propra

nolol decreased by 32%, Vd decreased by 46%, k increased by 133%, and

t 1/2 decreased by 57% after enzyme induction. The change in the dispo

sition of intravenously administered propranolol before and after enzyme

induction is illustrated in Figure VI-2.

iii. Influence of Propylene Glycol Administration on the Disposition

and Metabolic Pattern of Propranolol. After Enzyme Induction

with Phenobarbital
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Figure WI-l.
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Because it was necessary to utilize propylene glycol as a vehicle for

the administration of allylisopropylacetamide, the potential effects of the

former on the disposition and metabolic pattern of propranolol needed to

to be examined. In the control experiments (6 and 8), the oral dose of

propranolol was preceded by a 6.5 ml intravenous infusion of propylene

glycol. Using results from experiment 5 (intravenous dose of propranolol

and experiments 6 and 9 (oral dose), an estimate of the F of propranolol

of 5.4% after pretreatment with propylene glycol was made (Table VI-2).

The AUC of propranolol glucuronide and a-naphthoxylactic acid were in

creased by 23% and 56%, respectively, whereas the AUC of 4-hydroxypro

pranolol glucuronide was reduced by 13% after propylene glycol adminis

tration (Table VI-1).

iv. Isolating the Pure Effects of Allylisopropylacetamide on

the Disposition and Metabolic Pattern of Propranolol after

Enzyme Induction with Phenobarbital

The combined effects of allylisopropylacetamide and propylene glycol

on the disposition and metabolic pattern of propranolol were examined in

experiments 7 and 9. A comparison of results obtained from experiments

6 and 8 (control; propylene glycol) and 7 and 9 (allylisopropylacetamide

and propylene glycol) (Tables WI-1 and VI-2) allow for an assessment of

the isolated effects of allylisopropylacetamide. Allylisopropylacetamide

(alone) resulted in a 1020%, 106%, and 1.58% increase in the AUC of pro

pranolol, propranolol glucuronide, and 4-hydroxypropranolol glucuronide,

respectively, and a 61% decrease in a-naphthoxylactic acid. These

results are illustrated in Figures WI-3 to VI-6.
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TableWI-3.Renalclearance
of
propranololmetabolitesbeforeandafterallylisopropylacetamide.

4-Hydroxy

RenalClearance
(

ml/min)

Experiment"PropranololPropranololQ-Naphthoxy

GlucuronideGlucuronidelacticacid

BeforeAllylisopropylacetamide 6
50.127.213.6

8
52.326.012.0

x+SD51.2+1.626.6
+0.812.8+1.l AfterAllylisopropylacetamide 7

57.432.613.8
9
46.425.513.3

x+SD51.9
+7.829.1+5.013.6
+0.4

d
SeeTableWI-1fordetailsofeachexperiment.
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The renal clearance of 4-hydroxypropranolol glucuronide, propranolol

glucuronide, and o-naphtoxylactic acid were 51, 27, and 13 ml/min, respect

ively, before, and 52, 29, and 14 ml/min, respectively after allylisopropyl

acetamide administration (Table WI-3).

Utilizing results from experiments 7 and 9 (oral) and experiment

10 (intravenous), an F of 37% for propranolol was calculated following

the administration of allylisopropylacetamide and propylene glycol. This

represents a 585% increase in F from that estimated following the adminis

tration of propylene glycol without allylisopropylacetamide (5.4%). The

CL and Vd of propranolol estimated from experiment 10 were 540.1 ml.min",
and 78.7 liters, a 39% decrease and 11% increase, respectively, from those

estimated in experiment 5 (Table VI-2). In addition, the k for proprano

lol in experiment 10 was 0.4l hr", a 38% decrease from that calculated in

experiments 6 and 8.

4. Discussion

Administration of allylisopropylacetamide, a prototype cytochrome

P-450 suicide substrate, in vivo, results in a dramatic alteration in the

first-pass elimination and metabolic pattern of propranolol in the dog.

The influence of allylisopropylacetamide coadministration on the dis

position and metabolism of a second compound in vivo has not been reported

previously. It was, therefore, necessary initially to choose a dose and

dosing method for allylisopropylacetamide. Studies in rats by Levin et al.

(1972) showed that a maximum effect was observed using a dose of 200 mg/kg,

and that greater than 50% of the maximal effect was observed one hr after

allylisopropylacetamide administration. We, therefore, chose to give a
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100 mg/kg dose in propylene glycol (the vehicle), as a 45 min infusion,

1 hr prior to either oral or intravenous doses of propranolol. Propranolol

was selected as a model compound to examine the influence of allylisopropyl

acetamide because it is completely metabolized by the liver prior to its

elimination from the body to three major metabolites (propranolol glucuronide,

4-hydroxypropranolol glucuronide, and a-naphthoxylactic acid) (Walle

et al., 1979a, 1979b, 1979c, 1980; Schneck et al., 1980). These metabolites

can be measured simultaneously with propranolol in plasma and urine by high

performance liquid chromatographic methods (Chapter V; Lo and Riegelman,

1980). It is, therefore, possible not only to measure the disappearance

of the parent drug, but to follow the appearance of metabolites in plasma

which are formed by different metabololic pathways (glucuronidation, aryl

hydroxylation, and side chain oxidation) (Chapter II Figure II-4) and eli

minated by the kidney in the urine.

Administration of allylisopropylacetamide (with propylene glycol as

a vehicle) prior to enzyme induction with phenobarbital resulted in an

alteration in the disposition and metabolic pattern of propranolol (Tables

VI-1 and VI-2 and Figure VI-1). However, since the potential effects of

propylene glycol, without allylisopropylacetamide, were not accounted for,

the isolated effects of allylisopropylacetamide on the disposition and

metabolic pattern of propranolol prior to enzyme induction cannot be

precisely determined.

Previous work had demonstrated that destruction of cytochrome P-450

by allylisopropylacetamide was dramatically amplified by pretreatment with

phenobarbital. The effects of this compound were therefore studied after

enzyme induction. The effects of chronic oral administration of phenobar

bital was confirmed by measuring pharmacokinetic data following oral and
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intravenous doses of propranolol and comparing the results with those

from experiments prior to phenobarbital pretreatment (Table VI-2).

Branch et al. (1974) reported a 66% increase in the CL of (+)-propranolol

following phenobarbital pretreatment in the monkey. Pritchard and Schneck

(1977) reported that phenobarbital treatment resulted in a 42% decrease

in the t 1/2 of propranolol in rat liver microsomes, and Abramson et al.

(1980) observed that phenobarbital pretreatment resulted in a 74% and 50%

decrease in the Vd and t 1/2 of propranolol, respectively, in the dog.

Because glucuronidation is a major metabolic pathway for propranolol

and since propylene glycol undergoes extensive glucuronidation in rats

(Fellows et al., 1947), it was necessary to carefully examine the potential

effects of propylene glycol on the disposition and metabolic pattern of

propranolol (Table VI-2). The estimate of F for propranolol (5.4%) after

pretreatment with propylene glycol is probably an overestimate since we

had only oral data for propranolol after propylene glycol administration.

The use of IV data from experiment 5 along with data from experiments 6

and 8 to calculate F presumes that CL was not affected by propylene glycol.

Since our results suggest that the CL of propranolol was slightly reduced

by pretreatment with propylene glycol, the true F was probably less than

5.4%.

Having accounted for the effects of propylene glycol in experiments

6 and 8, we were able to isolate the pure effects of allylisopropylace

tamide on the disposition and metabolic pattern of propranolol (experiments

7 and 9) (Table VI-2). Since k = CL / Vd, the observation of an approximate

38% decrease in k after allylisopropylacetamide and propylene glycol (experiment

10) from that observed after propylene glycol without allylisopropylaceta

mide (experiments 6 and 8) is consistent with that predicted from theory.
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In addition, the results from experiments 4 - 10 suggest that the increase

in the AUC of propranolol observed in experiment 3 (allylisopropylacetamide

and propylene glycol) was also probably due almost entirely to allylisopro

pylacetamide.

Lo et al. (1981b) has demonstrated up to 10-fold variation in the

bioavailability or propranolol between dogs. Farrell et al. (1979) have

found that the effects of allylisopropylacetamide in rats could best

be exhibited when each rat was used as its own control; a great deal of

scatter in the data was seen when different rats were used as control vs

the experimental group. Therefore, we chose to perform all experiments

in a single dog serving as its own control and exposed to all experimental

treatment S.

Fixed doses of both propranolol and allylisopropylacetamide were used.

Therefore, it cannot be determined whether the observed effects of allyl

isopropylacetamide on the disposition and metabolic pattern of propranolol

were maximal; dose-response experiments are required for this type of

assessment. It is important to recognize that the destruction of cytochrome

P-450 by allylisopropylacetamide is a transient phenomenon. The degree and

length of cytochrome P-450 depression is known to be affected by pretreat

ment with enzyme inducers (De Matteis, 1971). Allylisopropylacetamide

depresses cytochrome P-450 levels for a relatively short period of time.

Maximal loss in rats is achieved within 9 hr, and 50% of maximal loss is

seen by one hr. By 24 hr, cytochrome P-450 levels have surpassed control

levels; the long term effect of allylisopropylacetamide is induction (Rao

et al., 1973). It is important to emphasize that the effects of allyl

isopropylacetamide are specific; destruction of cytochrome P-450 occurs

without known concomitant effects on other microsomal proteins (De Matteis,
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1970; De Matteis, 1971; Farrell and Correia, 1980; Farrell et al., 1979;

Levin et al., 1972). These experiments with and without allylisopropyl

acetamide were performed in alternating series to minimize the possibility

of a sequence effect, and were separated by no less than 5 days.

Concentrations of 4-hydroxypropranolol glucuronide, propranolol

glucuronide, and o-naphthoxylactic acid in plasma are a function of their

rates of formation and elimination. The elimination of these metabolites

is by the renal route (Stone and Walle, 1980). To assess whether allyl

isopropylacetamide administration affected the renal elimination of meta

bolites, we determined their renal clearance before (experiments 6 and 8)

and after allylisopropylacetamide administration (experiments 7 and 9).

Our results show that the refial clearance of each metabolite was not

affected by allylisopropylacetamide treatment (Table WI-3).

From the combined observations that the Aucl. of o-naphthoxylactic

acid was dramatically attenuated after allylisopropylacetamide adminis

tration in the dog pretreated with phenobarbital (Table WI-1), coupled

with the observations that allylisopropylacetamide specifically destroys

phenobarbital inducible isoenzymes of cytochrome P-450 (De Matteis, 1970;

De Matteis, 1971; Farrell and Correia, 1980); Ortiz de Montellano et al.,

1981), it is suggested that the formation of Q-naphthoxylactic acid frºnn

propranolol is mediated by this enzyme system. In addition, if it is

assumed that the formation of 4-hydroxypropranolol glucuronide is limited

only by the formation of 4-hydroxypropranolol, then formation of the latter

is either not mediated by cytochrome P-450 or its formation is catalyzed

by a cytochrome P-450 isoenzyme unaffected by allylisopropylacetamide.

Since there is no data available on the effects of 3-methylcholanthrene

induction on the formation of 4-hydroxypropranolol, it cannot be said
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whether its formation is mediated by cytochrome P-448. The observations

that the propranolol glucuronide and 4-hydroxypropranolol glucuronide

pathways increased in magnitude following allylisopropylacetamide (Figures

WI-4 and VI-5) suggests that non cytochrome P-450 pathways probably involve

first-order processes which proportionately increase when cytochrome P-450

pathways are attenutated.

Coadministration of drugs eliminated to a large extent by the cytochrome

P-450 system (e.g. propranolol) with agents which are suicide substrates

for the same system (e.g. allylisopropylacetamide, ethchlorvynol, novonal)

may result in an alteration in the disposition and metabolic pattern of

the former leading to altered kinetics. In addition, it is possible that

the administration of pharmaceutical agents that are themselves suicidal

substrates (e.g. secobarbital, nore thisterone, ethchlorvynol, novonal) may

have an effect on their own disposition, particularly if doses large enough

to destroy significant quantities of cytochrome P-450 are ingested.
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CHAPTER VII. DOSE-DEPENDENT ELIMINATION OF PROPRANOLOL AND ITS

MAJOR METABOLITES IN MAN

1. Background

The absorption of propranolol following its oral administration is

complete in man (Paterson et al., 1970) and gut wall metabolism has not

been found in the dog (Effeney et al., 1981; Lo et al., 1981b). The drug

has a high extraction ratio and is virtually completely metabolized in the

liver (Shand et al., 1970; Shand and Rangno, 1972); less than one percent

of the intact drug is found in the urine (Walle et al., 1978).

The disposition of propranolol can be affected by age (Castleden et

al., 1975; Castleden and George, 1979), cigarette smoking (Castleden et al.,

1975; Vestal et al., 1979), concomitant drug administration (Vestal et al.,

1979), renal (Bianchetti et al., 1976), hepatic (Branch and Shand, 1976),

and thyroid disease (Feely and Stevenson, 1978; Feely et al., 1980; Riddell

et al., 1980). Pharmacokinetic studies in healthy adults and in patients

with various disease states have demonstrated as much as 10- to 20-fold

variation in plasma concentrations of propranolol between individuals after

oral but not intravenous doses of the drug (Briggs et al., 1975; Chidsey

et al., 1975; Esler et al., 1977; Lehtonen et al., 1977; Pine et al., 1975;

Shand, 1974; Vervolet et al., 1978). However, Walle et al. (1978) reported

only 3-fold intersubject variability in peak concentrations of propranolol

with doses ranging from 40 to 320 mg per day and suggested that their

findings resulted from careful study design, control of factors such as

concomitant drug intake, and use of specific analytical procedures.

The metabolism of propranolol is complex (see Chapter II). More than

18 metabolites have been identified (Bond, 1967; Walle and Gaffney, 1972;

Walle et al., 1974) with at least four of these having pharmacological
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activity (Fitzgerald and O'Donnell, 1972; Ishizaki et al., 1974; Saelens

et al., 1977). Walle et al. (1979a; 1979b; 1980) reported that at

steady-state approximately 60 percent of an oral dose can be accounted

for by metabolites detectable in both plasma and urine. The major

metabolites are propranolol glucuronide, 4-hydroxypropranolol glucuronide,

and G-naphthoxylactic acid. To our knowledge, no one has investigated

whether the formation of these metabolites occurs by first-order or

Saturable processes.

)Kornhauser et al. (1978) reported that the intrinsic clearance (Clint
of propranolol was 2.71 liter/min (based on whole blood concentrations) at

a dose of 240 mg per day. Because urinary recovery of propranolol glucuro

nide, 4-hydroxypropranolol glucuronide, and o-naphthoxylactic acid accounts

for about half of the oral dose at steady-state, the *int accounted for

by these metabolites is about 1.36 liter/min. The renal clearance (CLE)
reported for propranolol glucuronide is 57 ml/min (Walle et al., 1979), 60

ml/min for 4-hydroxypropranolol glucuronide (Walle et al., 1980), and 37

ml/min for o-naphthoxylactic acid (Walle et al., 1979). Therefore the

CL'int for each of these metabolites is much greater than their CL:- Because

the apparent volume of distribution of these metabolites is unknown, the

rate constant of formation (kr) and elimination (kel) for each cannot

be deter mined from administration of propranolol alone. However, if

the kf is much greater than *el for each metabolite, the formation clear

ances can only be determined from steady-state experiments.

The results from several investigations suggest that an increase

in the rate of propranolol dosing results in a disproportionate increase

in the observed concentrations of the drug (Makichan et al., 1980; Shand

et al., 1970; Shand and Ragno, 1972; Walle et al., 1978). However, these

results have been obtained from single-dose studies, steady-state studies
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spanning a narrow range of doses in a given individual, or steady-state

studies employing analytical techniques having questionable specificity.

No studies have examined the relationship between average steady-state

concentrations (Ces.) of propranolol over a wide range of doses in the

same individual, the variability between individuals under these conditions,

or the mechanisms responsible for the nonlinear relationship between the

dosing rate and the Ces
This study was designed to examine these points in healthy adult

volunteers. By simultaneously measuring the urinary excretion rate of

propranolol glucuronide, 4-hydroxypropranolol glucuronide, and d-naphtho

xylactic acid, we also hoped to identify the metabolic pathways responsible

for differences between individuals. This study has recently been submitted

for publication (Silber et al., 1981b).

2. Theoretical

After a sufficient number of oral doses of a drug have been given to

reach steady-state, the average steady-state concentration of drug (Ces.)
can be related to the dose (Do) by :

= — . C Equation VII-l

where CL is the systemic clearance of the drug, F the fraction of the dose

reaching the systemic circulation unchanged, and T the dosing interval.

The °ss can be defined by:
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C(t) . dt AUCpo
- - - Equation VII-2

where C(t) is an expression describing concentration as a function of time

(t) and AUCE is the area under the blood or plasma concentration timeO

curve during one do sing interval. Therefore °ss can be estimated from the

AUCPo at steady-state and t and does not require explicit knowledge of F

even though it may change with a change in dose.

Based on the venous equilibration model described by Rowland et al.

(1973), one may define the intrinsic clearance (CL, ...) which estimates theint

activity of the drug metabolizing enzymes in the liver. Wilkinson and Shand

(1975) have shown that the apparent oral clearance (CLe) of a drug is equi

valent to 9-in and is defined by Equation VII-3:t

D CL

*int
- :- F Equation VII-3

AUCPo

This relationship assumes that the drug is totally absorbed, that all

blood containing the drug passes through the liver before reaching the

systemic circulation and that the liver accounts for all loss processes.

A basic presumption in the derivation of *int is that the drug is

undergoing metabolism by a first-order process(es). If, however, metabolism

involves capacity-limited kinetics in the concentration range involved, then

the 91 in calculated by Equation VII-3 will be an averaged value over thet

concentration range.

Substituting for CL/F in Equation VII-1 with *int yields:
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= CL. . C. Equation VII-4
LIlt SS

The relationship between the dose rate (Do/t) and °ss may be defined

by a series of models describing the elimination of propranolol as symbolized

by 9-in in Equation VII-4.t

= d. Y. dAeM /dt Model 1
T i=l i

Model 1 assumes that the measured pathways (forming 4-hydroxypropranolol

glucuronide, propranolol glucuronide, and Q-naphthoxylactic acid) account

for all of the dose. Based on urinary recovery, these major metabolites of

propranolol account for less than 100 percent of the parent drug. The

term
º dAeM; /dt is the sum of metabolite formation only accounted for1=

by urinary excretion of 4-hydroxypropranolol glucuronide, propranolol glucu

ronide, and Q-naphthoxylactic acid. It is possible that these metabolites

are also eliminated by extrarenal routes (e.g. biliary). In this model,

the term q is a unitless number greater than 1.0 which attempts to correct

for these extrarenal losses.

dAe... /dt Model 2
M.

l l

- C L + :
i

In the model 2, the term CL, identifies the sum of all first-order metabo

lic pathways of propranolol to unknown or unidentified metabolites.
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D E
O max, SS !

T K + C
m

X SS

In model 3, the first term represents a saturable clearance pathway for

unidentified metabolites with parameters "max and Km ; added to these
X X

unidentified metabolites is the sum of the elimination accounted for by

known metabolites.

Po "max * Css In

= CL . C + X + 1-1 dAeM./dt Model 4
X SS

- l
T K +

m SS
X

Model 4 is attempting to account for the elimination of propranolol by un

identified metabolites (formed both by first-order and saturable metabolic

processes) and known major metabolites measured in urine.

Each known (or measured) metabolite's excretion rate in these models

may be calculated from Equation VII-5:

"max
-

°ss
Mi

-

dAeM /dt = Equation VII-5

l Km + °ss
Mi

where V x, M. are parameters for each known metabolite formation pathway
• ‘‘i

for propranolol. At steady-state, dAen /dt is equal to the formation
i

rate for that particular metabolite.

When *m is much greater than °ss' the relationship between dAew /dt
i

and Ces will become linear. The slope of this line is equal to the meta

bolic clearance for this pathway.
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3. Experimental

i. Selection of Subjects

Informed consent was obtained from four healthy volunteers for a pro

tocol approved by the University of California, San Francisco, Committee

on Human Research. Subjects were considered normal on the basis of a me

dical history, physical examination, electrocardiogram (ECG), complete blood

count with differential, urinalysis, and selected blood chemistries. The

absence of renal or hepatic disease was ascertained by medical history

and normal values of blood urea nitrogen, serum creatinine, urinalysis,

and urine culture, serum glutamic oxaloacetic acid transaminase, lactic

dehydrogenase, alkaline phosphatase, bilirubin, prothrombin time, and total

serum proteins. All were non smokers and abstained from alcohol and mari

juana and other medications until completion of the study. On each of four

days per week that propranolol was taken, subjects were interviewed for side

effects, had their pulse and blood pressure measured, and had a 1-min ECG

rhthym strip taken.

ii. Propranolol Administration

All subjects were given 40, 80, 160, 240, and 320 mg per day of pro

pranolol in divided doses every six hr for a total of 13 doses at each dose

level. No dietary restrictions were imposed but food was withheld for at

lease nine hr before and three hr after the 13th dose.
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iii. Blood Sampling

Blood samples were obtained at the end of the eight, ninth, and twelfth

do sing intervals (trough concentrations) and at 0, 15, 30, 45, 60, and 90

min, and 2, 3, 4, 5, 6, 8, 10, and 12 hr following the 13th dose. Venous

blood samples were obtained using an indwelling Butterfly catheter. Catheter

patency was maintained by flushing with 1-ml heparinized saline (10 U/ml)

after obtaining each blood sample (Holford et al., 1977). We have shown

that these small doses of heparin do not affect the plasma protein binding

or disposition of propranolol (Chapter III). After discarding 1/2 ml of

blood, a 7-ml blood sample was collected in a sterile 12-ml disposable

syringe. The blood sample was immediately transferred to a 16 x 150 mm

teflon-lined screw cap test tube to which had been added 100 U of aqueous

Sodium heparin. After gentle mixing, blood samples were centrifuged at

2,000 rpm (500 x g) for 10 min. Plasma was transferred with a disposable

pasteur pipette to glass screw cap vials and stored at - 20° C until

assay.

iv. Urine Collection

Urine samples were collected during the fifth, ninth, and twelfth

dosing intervals and at frequent times for up to 12 hr after the 13th dose

each week. Urine volumes were recorded and aliquots stored at - 20° C

until assay after adding 10 mg (-)-alcorbie acid to prevent oxidation of

phenolic metabolites (Lo and Riegelman, 1980).
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v. Assay for Propranolol, 4-Hydroxypropranolol, and O-Naphthoxylactic

Acid

Propranolol and 4-hydroxypropranolol in plasma and urine were measured

before and after enzymatic hydrolysis with Glusulase (Sigma) and in urine

after enzymatic hydrolysis by the double extraction technique described in

Chapter V. The limits of sensitivity are 0.2 ng/ml and 1.0 ng/ml for pro

pranolol and 4-hydroxypropranolol, respectively. Q-Naphthoxylactic acid

concentrations in plasma and urine were measured directly after protein

precipitation by a method previously described (Lo and Riegelman, 1980).

vi. Determination of the Blood to Plasma Ratio (B/P) of

Propranolol

The equilibration time for propranolol between human erythrocytes and

plasma was reported to be about 5-min and the B/P was unchanged thereafter

for six hr (Sager and Jacobsen, 1980). The B/P was determined over the

range of measured concentrations by adding propranolol to test tubes contain

ing 2-ml of fresh blood obtained from each individual along with 100 U of

heparin to prevent clotting. After allowing each sample to stand for two

hr (with gentle agitation every 15 min), test tubes were centrifuged and

plasma was separated from erythrocytes. The concentration of propranolol

in plasma was measured in comparison with that in 2-ml of plasma, containing

the same amount of drug, to account for possible in vitro degradation of pro

pranolol by plasma.
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vii. Data Analysis

All plasma concentrations of propranolol were multiplied by the B/P

to give whole blood concentrations. The *int propranolol at each Ces
was calculated according to Equation VII-4. The AUC of propranolol, 4–

hydroxypropranolol glucuronide, and -naphthoxylactic acid during the

13th dosing interval was calculated by the trapezoidal rule. The half-life

of propranolol was calculated by 0.693/terminal elimination rate constant

(determined by least-squares regression utilizing at least four blood

concentration time points in the log-linear region). The renal clearance

(CLI) of each metabolite was calculated as the slope of the line determined

by least-squares regression of the rate of urinary excretion (dAeº/dt)

VS the Ces of each metabolite in plasma. The °ss of propranolol and its

metabolites at each dosing rate was calculated by Equation VII-2 from the

data obtained during the 13th dosing interval.

The elimination rate models described in the Theoretical section

were specified using MKMODEL (Holford, 1981). The predicted value for

the °ss was calculated for each rate model using the R00T function in

MLAB (Knott, 1979). This function determines the value of °ss which

satisfies Equation VII-4. The parameters of the models were estimated

by simultaneous unweighted nonlinear least-squares regression of the

dose rate vs the measured °ss and metabolite excretion rates (Knott, 1979).

Discrimination between the models was made with the Akaike information

criterion (AIC) (Akaike, 1973; Akaike, 1979; Atkinson, 1980):

AIC = N ln - RSO + 2 - p
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where N is the number of observations, p the number of parameters, and RSQ

the residual sums of squares of the observed points. The model yielding

the lowest AIC value was considered to be the best representation of the

experimental data for each subject.

Mean values are reported with standard deviations; differences between

means were evaluated by Student's paired t-test (Zar, 1974).

4. Results

i Side Effects

No major adverse reactions resulted from the administration of proprano

lol. The only side effect noted was in subject TB. While receiving 320 mg

per day, five hr after the 13th dose, he developed weakness and dizziness.

After resting (supine) for one hr, he was able to resume his usual activities.

ii. Validation of Steady-State Conditions

It can be seen in Figure VII-1 that steady-state conditions were

achieved in all subjects at each dosing rate. In each, steady-state trough

concentrations were attained by the ninth dose (or less) and once achieved

were associated with only slight interday variation.

iii. Quantitation of 4-Hydroxypropranolol in Plasma

Free (unconjugated) 4-hydroxypropranolol concentrations in plasma were

below 20 ng/ml in all subjects at all dosing rates. Because 4-hydroxy
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propranolol concentrations were approximately 25- to 30-fold greater

after enzymatic hydrolysis, 4-hydroxypropranolol glucuronide concentra

tions were considered to be equivalent to the total 4-hydroxypropranolol

concentration post hydrolysis.

iv. The Relationship Between the Blood to Plasma Ratio (B/P)

and Concentration of Propranolol

The B/P of propranolol measured over the observed concentration range is

shown in Table VII-l. The B/P was independent of concentration, and only

slight interindividual variability in the B/P was observed with a mean

B/P of 0.85 + 0.11.

v. The Relationship Between the Intrinsic Clearance (Clint) and

the Dosing Rate of Propranolol

The *int of propranolol determined at each of five dosing rates was

calculated according to Equation VII-3. There was a 56 + 20% reduction in

*int on average over the 8-fold range in doses (Table VII-2).

vi. Disposition of Propranolol During the 13th Dosing Interval

at Each Dosing Rate

The disposition of propranolol during the 13th dosing interval at each

of five dosing rates is depicted in Figure VII-2. The time to reach peak

concentration ranged from 2.5 + 1.0 to 2.8 + 1.0 hr at doses from 40 to

320 mg per day. As shown in Table VII-3, the terminal half-life of propra

nolol increased from 2.0 + 0.4 up to 5.5 + 1.9 hr (p & 0.02) as the dose

was increased from 40 to 320 mg per day.
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TableVII-1.Thebloodtoplasmaratio(B/P)of
propranolol.

Concentration
of
propranolol
inblood(ng/ml)

4.99.824.649.
1
73.798.2280.4

Subject
x+SD

TB1.170.820.830.780.820.780.800.86
+
0.14 TC0.750.840.830.880.800.76_a0.81+

0.05 AT0.9l0.750.771.09■ ).82■ ).87-0.87
±
0.12 MR0.960.990.690.900.760.88

-
0.86
+0.12

X+SD0.85
+
0.11

d

Not
determined.
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vii. Renal Clearance (CLI) of Propranolol Glucuronide, 4-Hydroxy

propranolol Glucuronide, and O-Naphthoxylactic Acid

Less than 2% of the propranolol dose was recovered in urine as propra

nolol or 4-hydroxypropranolol (unconjugated); no C-1]aphthoxylactic acid

was detected in urine. As shown in Figure VII-3, there was a linear

relationship between the urinary excretion rate (dAe/dt) for propranolol

glucuronide, 4-hydroxypropranolol glucuronide, and C-naphthoxylactic acid

Vs the °ss of each metabolite in plasma over the entire range of observed

concentrations. The CL: was 75.4 + 17.5 ml/min for propranolol glucuronide,

130.6 + 28.3 ml/min for 4-hydroxypropranolol glucuronide, and 56.8 + 13.3

ml/min for o-naphthoxylactic acid.

viii. Fraction of Propranolol Excreted as Propranolol Glucuronide,

4-Hydroxypropranolol Glucuronide, and Q-Naphthoxylactic

Acid in Urine

The percent of propranolol (on a molar basis) excreted in urine as

propranolol glucuronide, 4-hydroxypropranolol glucuronide, and G-naphthoxy

lactic acid at steady-state is shown in Figure VII-4. The percent excreted

increased from 9.6 + 2.5 up to 16.2 + 2.0 (p x 0.001) for propranolol glu

curonide, decreased from 17.7 + 2.7 to 14.7 + 3.3 for 4-hydroxypropranolol

glucuronide, and decreased from 25.1 + 3.7 to 18.6 + 3.3 (p < 0.001) for

o-naphthoxylactic acid as the dosing rate was increased from 40 to 320 mg

per day.
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TableVII-2.The
relationshipbetweentheintrinsicclearance(Clint)andtherateof
propranololdosing.

Intrinsicclearance(Clint)(liters/min)”

Week
l2345
Percentchangein*int Dose(mg/day)

4080160240320fromweek
ltoWeek
5

AgeWeight

Subject(yr)(kg)
TB26645.345.735.392.821.20
-78 TC28758.177.518.555.133.17–6l AT24685.244.444.394.002.34

–55 MR25824.484.245.243.983.13-30

X+SD56+20

*Theintrinsicclearance(CL
section.

int
)
wascalculatedaccording
to
EquationVII-3as
described
inthetheoretical
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TableVII-3.Timetopeakconcentration
(t

)
andtheterminalhalf-life(tº)at
increasingdosinglevelsof

*2

propranolol.peak

Dailydoseof
propranolol(mg/day)

4080160240320

tttt

'peak
*,
'peak

%peak%peak%peak*2

Subject(hr)(hr)(hr)(hr)(hr)
TB4.02.63.33.63.53.53.54.74.08.3 TC2.21.62.02.82.03.52.53.83.04.7 AT2.02.02.03.02.03.03.03.52.04.8 MR2.01.81.82.03.22.72.03.72.04.3 X2.52.02.32.9°2.73.22.83.92.85.5 (SD)(1.0)(0.40.7)(0.6)(0.8)(0.4(0.6)(0.5(1.0)(l.9) “p-0.05whencomparedwithweek

1
(40mg/day)value. "p-0.02whencomparedwithweek

1
(40mg/day)value. ‘p:0.00)whencomparedwithweek

1
(40mg/day)value.
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Figure VII-3. Urinary excretion rate of each measured metabolite as a function
of the average steady-state concentration of the corresponding
metabolite in plasma.
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ix. Relationship Between the °ss of Propranolol and the Daily

Dose

There was a disproportionate increase in the °ss of propranolol as the

daily dose was increased in each subject. There was a 1.8 - to 2.6-fold

difference in the °ss of propranolol between subjects as the dose was

increased from 40 to 320 mg per day (Figure VII-5). The clearance associated

with the unidentified metabolic pathway (s) was slightly better described

by a saturable (Model 3) rather than by a first-order process (Model 2)

(Table VII-4) in all four subjects. In three subjects, the parameters of

this saturable process were different from those of the measured metabolites

(Model 3) but in the remaining subject (TC) they were indistinguishable

(Model 1). Models 1, 2, and 3 were superior to combination model 4.

x. Formation Clearance Estimates for Propranolol Glucuronide,

4-Hydroxypropranolol Glucuronide, o Naphthoxylactic Acid

and Unidentified Metabolic Pathway(s)

The formation of propranolol glucuronide was fitted to a saturable

model in three of four subjects (Figure VII-6). Using the estimates from

Model 3 for all subjects, the "max for propranolol glucuronide was 397 - 164

umole/day (103 + 43 mg/day) and the Km was 405 + 156 nmole/liter (105 + 41

ng/ml). In subject MR, the Km was clearly much greater than the Ces of

propranolol; the corresponding first-order metabolic clearance in this sub

ject was 845 ml/min.

The formation of 4-hydroxypropranolol glucuronide and cº-naphthoxylactic

acid was saturable in all four subjects over the dosing range studied (Fi

º
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Figure VII-4. Percent of the propranolol dose excreted in the urine as *

propranolol glucuronide (PG), 4-hydroxypropranolol yº,
glucuronide (4-0H PG), and Q-naphthoxylactic acid (o-NLA)
at steady-state as a function of the dosing rate. The #
indicates level of significance (p<0.001) when compared

-

with 40 mg/day dosing rate. º
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propranolol.”
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SubjectModel
l

Model
2
Model
3
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4
MinimumAIC

TB187.5
|
77.7
|
74.6275.9
3 TC174.2

|
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gures VII-7 and VII–8). The "max for 4-hydroxypropranolol glucuronide was

275 + 94 umole/day (71 + 25 mg/day) and Km was 150 +75 nmole/liter (39 + 20

ng/ml). The "max for a-naphthoxylactic acid was 354 + 135 u mole/day (92 +

35 mg/day) and the *m was 114 + 79 nmole/liter (30 + 21 ng/ml). Using data

obtained from model 3 for all subjects, the "max for the unidentified

pathway(s) was 817 – 130 pmole/day (212 + 34 mg/day) and the *m was 133 +

42 nmole/liter (35 + 11 ng/ml). Using data obtained from model 2 for all

Subjects, the first-order clearance (CL.) associated with the unidentified

pathway(s) was 1418 + 479 ml/min. These results are summarized in Table

VII-5.

5. Discussion

The results from the present investigation demonstrate that elimi

nation of propranolol is nonlinear with doses from 40 to 320 mg per day

and can be explained by capacity-limitation in the major metabolic

pathways that result in the formation of 4-hydroxypropranolol glucuronide,

propranolol glucuronide, and o-naphthoxylactic acid.

The 4-hydroxy metabolite of propranolol (4-hydroxypropranolol) has

similar beta-adrenergic blocking activity to the parent drug (Fitzgerald

and O'Donnell, 1972). Free (unconjugated) concentrations of 4-hydroxy

propranolol reported by other workers following oral doses of propranolol

have varied greatly. The ratio of 4-hydroxypropranolol : propranolol has

ranged from 0.03 to 1.07 but was generally about 0.2 (Schneck et al.,

1980; Taburet et al., 1979; Walle et al., 1980). Employing an analytical

technique having a sensitivity limit for 4-hydroxypropranolol of about

1.0 ng/ml concentrations of this metabolite were found to be less than
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TableVII-5.EstimatedMichaelis-Mentenandfirst-orderparametersfor
propranololmetabolism.

4-Hydroxy

PropranololPropranololo-NaphthoxyUnidentified GlucuronideGlucuronidelacticAcidMetabolicPathway(s)"First-OrderClearanceTerm(CL,)

Subject*.For
UnidentifiedMetabolites TB212(55)159(41)217(56)888(230)860 TC455(118)270(70)289(75)791(205)1,930 AT524(136)390(101)382(99)646(167)1,200 MR17,673(4,577)279(72)529(137)944(244)l,680 x397(103)"275(71)354(92)817(212)1,418 [SD)[164][43][94][25][135][35][130)[34][479] Subject

"

TB252(65)97(25)48(12)149(39) TC399(103)86(22)5](13)88(23) AT564(146)172(45)146(38)112(29) MR20,911(5,416)247(64)2ll(55)183(47) x405(105)"150(39)ll.4(30)133(35) [SD][156][4]
]
[75][20][79][2]
]
[42][ll] *Estimates

ofV

■ ild
x

and‘mforthe
unidentifiedmetabolicpathway(s)obtainedfrommodel3.

*Iheestimates
ofCl,wereobtainedfrommodel2;theunitsofCl,areml/min. *Theunitsof"maxaremole/dayandmg/day(in

parenthesis). "ExcludesvaluesfromsubjectMR. *Theunitsof‘mareninole/liter
andng/ml(in
perenthesis).
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even at propranolol doses of 320 mg per day. The ratio of 4-hydroxy

propranolol : propranolol was usually about 0.08. The lower ratio of

4-hydroxypropranolol : propranolol observed in this study relative to

those by other workers may be due to differences between patients and

healthy volunteers. Virtually all ( 97%) 4-hydroxypropranolol in plasma

was present as its glucuronide conjugate. Therefore the 4-hydroxypro

pranolol were estimated as the total 4-hydroxypropranolol concentration

following enzymatic hydrolysis. Unlike propranolol which is known to

undergo conjugation at the secondary hydroxyl group on the side chain

yielding an ether linkage, the specific location of the glucuronide

on 4-hydroxypropranolol is unknown; the conjugate may involve an ether

or phenolic linkage, or a mixture of both. Fenseleau and Johnson (1980)

have previously stressed that enzymatic hydrolytic techniques cannot

discriminate between potential glucuronide conjugates when multiple sites

of glucuronidation are possible.

Preliminary results reported by other workers suggested that the blood

to plasma ratio (B/P) of propranolol decreased from 1.1 to 0.4 over a

concentration range of 5 to 350 ng/ml (Sager and Jacobsen, 1980). However,

the B/P of propranolol for each subject in this study was unchanged over

the 20- to 50-fold range of observed concentrations (Table VII-1).

In this study, the intrinsic clearance (Clint) of propranolol varied

from 1.8- to 2.6-fold between subjects at doses of 40 and 320 mg per day,

respectively (Tablve VII-2). On average, there was a 56% reduction in the

*int over the 8-fold range in daily doses of the drug. Makichan et al.

(1980) reported a 44% decrease in *int after doses from 10 to 80 mg, and

Schneck et al. (1980) reported a 53% decrease in *int after 160 and 320

mg doses. These studies, however, were obtained from single-dose rather

º
º

~ *sº [.
A-Tºw

ºl.
º
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than steady-state e experiments. Because *int is concentration depen

dent, estimates of its value are best obtained at steady-state.

The time to peak concentration was similar whereas the half-life of

propranolol was increased by about 3-fold as the dose was increased from 40

to 320 mg per day (Figure VII-2 and Table VII-3). If it is assumed that

the apparent volume of distribution of propranolol remains unchanged through

out the study, then the observed increase in the half-life must be due to

a change in the systemic clearance.

These results suggest that the renal clearance (CLI) of 4-hydroxy

propranolol glucuronide, propranolol glucuronide, and o-naphthoxylactic acid

was linear over the range of observed metabolite concentrations (Figure VII-3).

Whereas the CLE of 4-hydroxypropranolol glucuronide in this study was about

twice that previously reported (130 vs 60 ml/min (Walle et al., 1980)), the

CLE of propranolol glucuronide and Q-naphthoxylactic acid were closer to

those in previous reports (75 vs. 57 ml/min (Walle et al., 1979) and 57 vs

37 ml/min (Walle et al., 1979), respectively). Stone and Walle (1980)

recently reported that the plasma concentrations of propranolol glucuronide,

4-hydroxypropranolol glucuronide, and a-naphthoxylactic acid were about

20-fold greater in uremic patients when compared with patients having

normal renal function. However, because the pharmacological or toxicolo

gical activity of these compounds is unknown, the clinical significance

of these findings is uncertain.

In this study, propranolol glucuronide, 4-hydroxypropranolol glucu

ronide, and a-naphthoxylactic acid accounted for about 55% of the dose of

3ropranolol at steady-state (Figure VII-4). This is in close agreement with

•esults obtained by others (Walle et al., 1979).

The formation of propranolol glucuronide from propranolol was clearly

aturable in one subject (TB) and saturability was weakly suggested in two *Y.

..ºf
*~

L J B |
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others (Figure VI-6). Saturable glucuronidation has previously been report

ed for salicylamide and salicylic acid (Barr and Riegelman, 1970; Levy and

Procknal, 1968; Levy, 1971).

The "max and *m were estimated for 4-hydroxypropranolol glucuronide

rather than 4-hydroxypropranolol (Table VII-5); there was essentially no

free 4-hydroxypropranolol excreted in urine. Therefore, saturability in

the formation of 4-hydroxypropranolol glucuronide could be due either to

Saturation in the formation of 4-hydroxypropranolol from propranolol or

in the formation of 4-hydroxypropranolol glucuronide from 4-hydroxypro

pranolol. If formation of 4-hydroxypropranol from propranolol was a

first-order process and formation of 4-hydroxypropranolol glucuronide

from 4-hydroxypropranolol was saturable, disproportionate increases in

4-hydroxypropranolol concentrations would be expected (because it would

accumulate) as the dose of propranolol was increased. The fact that this

was not observed suggests that saturability in the formation of 4-hydro

xypropranolol glucuronide results from saturation in the formation of

4-hydroxypropranolol from propranolol.

In contrast to previous findings (Schneck et al., 1980; Walle

et al., 1979) it was observed that the formation of a-naphthoxylactic acid

from propranolol was saturable (Figure VII–8). However, this contention

is predicated on several assumptions because propranolol is not directly

converted to this metabolite. Side chain oxidation of propranolol first

results in the formation of N-desisopropylpropranolol. Further oxidation

of N-desisopropylpropranolol yields a reactive aldehyde intermediate that

can undergo either reduction to propranolol glycol, or oxidation to a-naph

thoxylactic acid (see Chapter II). In addition, Q-naphthoxylactic acid

can be further oxidized to cº-naphthoxyacetic acid. Measurable concentra

*Y.

º/
L J C,

º
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tions of N-desisopropylpropranolol, propranolol glycol (mainly as the glu

curonide), and C-naphthoxyacetic acid were detected in the urine of our

subjects. As in previous studies (Schneck et al., 1980), these metabo

lites accounted for less than 2% of the dose. Lo et al. (1981c) observed

a similar urinary excretion profile for propranolol metabolism in the dog

but found significant concentrations of propranolol glycol (mainly as the

glucuronide) in bile. Because only trace amounts of N-desisopropylpropra

nolol, propranolol glycol (glucuronide), and Q-naphthoxyacetic acid are

excreted in the urine at steady-state, whereas up to 25% of propranolol can

be accounted for as O-naphthoxylactic acid, it suggests that saturability

in the formation of O-naphthoxylactic acid is a reflection of the primary

metabolic step in this pathway; N-dealkylation of propranolol to N-desiso

propylpropranolol. However, the value of "max estimated for o-naphthoxylactic

acid is probably an underestimate of the total "max for this metabolic

pathway since it is likely that other unidentified metabolism via this

pathway is occurring and not being detected in urine.

Elimination models 1, 2, and 3 adequately described the urinary

excretion of the three measured metabolites in all individuals (Table

VII-4). There was, however, a consistent underestimation of the °ss at the

40 and 80 mg dose rates in each individual (Figure VII-5). This error was

small (5% of Ces) and does not detract from the overall ability of these

models to describe the °ss and metabolite excretion over a wide range of

doses. However, it does suggest the existence of some time-related change

in one or more elimination process for propranolol distinguishable from

the saturable pathways.
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In order to obtain a relationship between the °ss of propranolol and

the do sing rate (De■ t) using Equation VII-4, the fraction of the dose not

accounted for by measurement of only propranolol glucuronide, 4-hydroxy

propranolol glucuronide, and a-naphthoxylactic acid in urine has to be

explained. The metabolic pathways responsible for the formation of uniden

tified metabolites was slightly better described by a saturable (model 3)

rather than by a first-order (model 2) process (TAble VII-4). Therefore,

our results do not strongly support the hypothesis that formation of

unidentified metabolites of propranolol occurs by a saturable metabolic

process(es).

The finding of saturable propranolol elimination in each individual

studied suggests that clinicians should not presume linear pharmacokinetics

in dosing patients with propranolol. It should be anticipated, therefore,

that dosage increases will result in disproportionate increases in the plas

ma concentration of the drug. Although a 2.6-fold variation in the °ss of

propranolol was seen among individuals (Figure VII-5), there was up to a

4. 4-fold difference in the Km for the various metabolic pathways (Table

VII-5). This latter finding may be of particular importance if one or more

metabolites arising from the various metabolic pathways contributes

to the clinical effects of propranolol.
Alºj \

rºl.
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CHAPTER VIII. STEREOSELECTIVE DISPOSITION AND GLUCURONIDATION OF

PROPRANOLOL IN MAN

1. Background

Numerous investigators have described the absorption, distribution,

metabolism, and elimination of propranolol in man and animals. It has been

shown earlier that the disposition of propranolol in man is highly dose

dependent and this previously unrecognized observation may explain much

of the apparent differences between individuals (see Chapter VII).

To date, pharmacokinetic studies involving propranolol have based

their conclusions on total [S(–)- plus R(+)-] propranolol concentrations.

However, no information is available describing the pharmacokinetic behavior

of each enantiomer measured simultaenously after administration of the

rac emate.

Racemic mixtures of drugs are commonly employed clinically. However,

there may be large differences between enantiomers in their pharmacological

activity, metabolism and elimination. Warfarin enantiomers, for example,

have significantly different anticoagulant properties, they are metabolized

differently, and have different rates of elimination (O'Reilly, 1976;

Hewick and McEwen, 1973; Lewis et al., 1974; Moreland and Hewick, 1975;

Hignite et al., 1980).

Walle and Walle (1979) and we (see Chapter IV) have shown that the

area under the plasma concentration time curve (AUC) for S- (-)-propranolol

in the dog was 50% less than the AUC for the R(+)-enantiomer after admi

nistration of a single oral dose of the racemate. Both groups found that

the S(–)-enantiomer was more extensively glucuronidated and the AUC for

the glucuronide conjugate of this enantiomer was over three times greater

A-Tº

rºl,

-y

), J/ f -&/
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than the AUC for the glucuronide conjugate of R(+)-propranolol. However,

no differences in the terminal elimination half-life of propranolol enan

tiomers or their glucuronide conjugates were observed.

The purpose of this study was to investigate over a wide range of doses

in man, any differences in the disposition of S(-)- and R(+)-propranolol

and formation of their corresponding glucuronide conjugates. This study

has recently been accepted for publication (Silber et al., 1981c).

2. Experimental

i. Selection of Subjects

See Chapter VII, section 3. i.

ii. Propranolol Administration

See Chapter VII, section 3. ii.

iii. Blood Sampling

See Chapter VII, section 3. iii.

iv. Assay for S(–)- and R(+)-Propranolol and their Corresponding

Glucuronide Conjugates

Concentrations of S(-)- and R(+)-propranolol and their corresponding

glucuronide conjugates in plasma were determined by the technique described

in Chapter IV.

A R v

you!
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V - Data Analysis

The average steady-state concentration (Ces.) of each enantiomer of

: o pranolol and for each of their corresponding glucuronide conjugates

uring the 13th dosing interval was determined from Equation VIII-l.

-

AUC.,
°ss

- - Equation VIII-l

where AUC., is the area under the plasma concentration time curve after the

Oral dose, and T is the dosing interval. The AUC of each propranolol enan

tiomer and that for their corresponding glucuronide conjugates were calcu

lated by the trapezoidal rule. The intrinsic clearance (Clint) of each

propranolol enantiomer was calculated by Equation VIII-2 (Pang and Rowland,

1977):

*int
-
— Equation VIII-2

where Po is the dose of each enantiomer; this is equal to one-half the

total dose since the drug is administered as the racemate. This relation

ship assumes that the drug is totally absorbed and that all blood containing

the drug passes through the liver before reaching the systemic circulation.

The terminal elimination half-life of each propranolol enantiomer and their

corresponding glucuronide conjugates was calculated by 0.693/terminal

elimination rate constant (determined by least-squares regression utilizing

at least four plasma concentration time points in the log-linear region).

At steady-state, the relationship between the formation of metabolite

and its elimination is given by Equation VIII-3:

A Tº
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Yº,
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- CL . C Equation VIII-3
C++. M

-
°p el, M SS

N\Yere C.I. is the formation clearance and the CL is the elimination
f , M el, M

c \learance for metabolite (M), and 9p and "M are the concentrations
SS SS

Of propranolol and metabolite, respectively. This relationship assumes no

sequential or further metabolism at the hepatocyte of the formed species

(Pang and Gillette, 1979). Rearrangement of Equation VIII–3 yields,

C
Pss

C - CL - -
Equation VIII-4

*el, M

for a first-order process and can be expressed as Equation VIII-5 for a

saturable process,

"ma °p
C XM SS

*ss
- -

Equation VIII-5
K + C CL

"M Pss el, M

where "ma and K are the Michaelis-Menten constants for a saturable

metabolic process.

The formation clearance of each glucuronide conjugate (metabolite) can

be estimated by substituting steady-state concentrations of propranolol

enantiomers, their corresponding glucuronide conjugates, and the elimina

tion clearance for each of the glucuronide conjugates into the above

equations.

Although the value of CL for the glucuronide conjugates is notel, M

known, the renal clearance (CLI) for racemic (total) propranolol glucuronide
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(Clºr,M) was determined (see Chapter VII). Previous investigators have
shown that the clearance of propranolol glucuronide is primarily by

the renal route (Stone and Walle, 1980). It was demonstrated that the

*r,M for racemic propranolol glucuronide is independent of concentration

in these same four subjects (see Chapter VII). Therefore, if it is

assumed that the renal clearance is equal to the elimination clearance

(i.e. CLE then Equations VIII-4 and VIII-5 can be rewritten, M -
Cºel,M).

as Equations VIII-6 and VIII-7, respectively,

C
Pss

QM " *f, M — Equation VIII-6
SS CL

r, M

"max °p
°M

- M - SS Equation VIII-7
SS K + C *r,M

Because only urinary excretion rate data for racemic propranolol glu

curonide is available, the contribution by each glucuronide conjugate

to the total renal clearance cannot be precisely estimated. However,

the total renal clearance is the sum of the fractional contributions

and can be defined by,

CL Equation VIII-8
C *(–)

- r, M*r,M(-)

for the glucuronide conjugate of S(-)-propranolol and by,

*r,M(+)
-

*(+)
-

*r, M Equation VIII-9



171

for the glucuronide conjugate of R(+)-propranolol. The coefficient, 4,

may be the same or different for each of the glucuronide conjugates.

Therefore, for a saturable metabolic process, the CLE can be described

by Equation VIII-10

V a 9pmaxM(–) ss (–)
C - Equation VIII-10M

ss (–) K + C { z \ . CL
"M(–) °ss(-) (–) r,M

for the glucuronide conjugate of S(-)-propranolol, and by Equation VIII-ll

V CpmaxM(+) ss (+)
– º Equation VIII-11

K + C
"M(+) *ss(+) *(+) ºr,M

ss (+)

for the glucuronide conjugate of R(+)-propranolol.

In order to test the hypothesis that the formation of propranolol glucu

ronide is stereoselective, the predictions of six models were compared :

Model 1 : same V and K_º, Model 2: same V , different K_º, Model 3: dif
Imax In Inax in

ferent V , same K_i, Model 4: different V and K_º, Model 5: similar non
Imax In Inax m

saturable clearance, and Model 6: different non-saturable clearance.

Because 4 appears in all equations of CLF, the value of "max Or CLF
obtained for saturable or first-order processes, respectively, will have

this coefficient incorporated into the estimate.

The formation clearance models listed above were specified using MKMODEL

(Holford, 1981a). The parameters of the models listed above were estimated

by simultaenous unweighted nonlinear least-squares regression (Knott, 1979)

of the CM for each glucuronide conjugate vs the Cp
SS SS
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Discrimination between the models was made with the Schwarz criterion

(Schwarz, 1978 and Leonard 1979) as part of MODELTEST (Holford, 1981b).

Mean values are reported with standard deviations; differences between

means are evaluated by Student's paired t-test and are considered to be

significant when p < 0.05 (Zar, 1974).

3. Results

The dose-dependent elimination of propranolol and its major metabolites

in the same four individuals is described above (see Chapter VII). Steady

state trough concentrations of total [S(–)- and R(+)-J propranolol were

attained at least by the ninth dose and only slight interday variation within

subjects was observed.

Because concentrations of propranolol were near the sensitivity limit

of the stereochemical assay with doses of 40 and 80 mg per day, enantiomer

concentrations were not measured at these doses. Concentrations of S(-)- and

R(+)-propranolol along with their corresponding glucuronide conjugates

were measured at doses of 160, 240, and 320 mg per day.

i. The Relationship Between the Intrinsic Clearance (Clin ) oft

Propranolol Enantiomers and the Dosing Rate

The *int of S (–)- and R(+)-propranolol at each dosing rate was deter

mined according to Equation 2. The *int of S (-)-propranolol was always

lower than the *int of the R(+)-enantiomer (Table VIII-l). On average,

there was a 52 + 7 (mean + SD) percent decrease in the CL of S(-)-int

propranolol and a 65 + 22 percent decrease in the *int of R(+)-propranolol

when the dose was increased from 160 yo 320 mg per day.



TableVIII-l.The
relationshipbetweentheintrinsicclearance
(

dailydoseofracemicpropranolol.

Clint)of
propranololenantiomersandthe

Week

3

4

5

Dose(mg/day;racemic)

160

240

320

--:-
\d

*intof
propranololenantiomers(liter/min)PercentChangein9-int

-

AgeWeightfromWeek
3toWeek
5 Subject(yr)(kg)S(-)R(+)S(-)R(+)S(-)R(+)S(-)R(+) MR25823.695.353.073.892.273.42

–48-46 TB26643.179.741.903.600.891.28
–62–87 AT24683.225.023.004.141.692.65

–48-47 TC28754.2515.752.897.442.983.19–5]-80

x+SD-52+7-65+22

*Theintrinsicclearance(Clint)wascalculatedaccording
to
EquationVIII-2.

H *~J QA)

*r->*C,*s?º,X-º,*ºr5."'*

T-7.
*-Q--

EC■ .º,ºss(2º,ºE■ isal°,s---º,sºº(sº*...º
T-Yºr■ —,º-H.ºYS>,>,
º,sº[-->,[-,*>-1:*…,■ º*,**T~̀srººt■ -42-
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ii. Plasma Concentrations of S(-)- and R(+)-Propranolol and

Their Corresponding Glucuronide Conjugates

Concentrations of S(-)-propranolol and its glucuronide conjugate were

always greater than those for R(+)-propranolol and its glucuronide conjugate

in all subjects at all dosing rates. Plasma concentration vs time curves

for propranolol enantiomers and corresponding glucuronide conjugates at 160,

240, and 320 mg per day (during the 13th dose interval) are shown in Figures

VIII-la-c for subject MR Figures VIII-2a-c for subject TB, Figures VIII-3a–c

for subject AT, and Figures VIII-4a–c for subject TC.

The ratio of steady-state concentrations of S(-)- : R(+)-propranolol

during the 13th dosing interval was 2.45 + 1.12 at 160, 1.78 + 0.60 at 240,

and 1.51 + 0.05 at 320 mg per day, and the ratio of the steady-state

concentrations of the glucuronide conjugates of S(-)- : R(+)-propranolol

was 4.74 + 0.96 at 160, 3.64 + 0.41 at 240, and 2.93 + 0.17 at 320 mg per

day.

There was a disproportionate increase in the °ss of S(–)- and R(+)-

propranolol in each subject as the daily dose was increased from 160 to

320 mg per day.

iii. Terminal Elimination Half-Lives of Propranolol Enantiomers

and Their Corresponding Glucuronide Conjugates

The half-life of S(-)-propranolol was 1.5-fold greater than for the

R(+)-enantiomer at 160 mg per day (p < 0.05) and 1.6-fold greater at 320 mg

per day (p < 0.05). In addition, the half-life of the glucuronide conjugate

of S(-)-propranolol was 1.4-fold greater than for the conjugate of the
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Figure VIII-la. Subject MR. Plasma concentrations of S(-)- I Ol- and
R(+)- I Ol-propranolol and the glucuronide conjugates of
S(-)-I & J- and R(+)-[x; ]-propranolol during the 13th
dosing interval at steady-state after 160 mg per day.
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Figure VIII-lb. Subject MR. Plasma concentrations of S(-)- [O]- and
R(+)-IO l-propranolol and the glucuronide conjugates of
S(-)- I wil- and R(+)-I*]-propranolol during the 13th
dosing interval at steady-state after 240 mg per day.
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Figure VIII-lic. Subject MR. Plasma concentrations of S(-)-[O]- and
R(+)- I O J-propranolol and the glucuronide conjugates of
S(-)- I & 1- and R(+)-[x; ]-propranolol during the 13th
dosing interval at steady-state after 320 mg per day.
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Subject TB. Plasma concentrations of S(-)-[O]- and
R(+)-[O]-propranolol and the glucuronide conjugates of
S(-)-[*]- and R(+)-[*]-propranolol during the 13th
dosing interval at steady-state after 160 mg per day.
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Figure VIII-2b. Subject TB. Plasma concentrations of S(-)- I Ol- and
R(+)- I O J-propranolol and the glucuronide conjugates of
S(-)-[*]- and R(+)-[*]-propranolol during the 13th
dosing interval at steady-state after 240 mg per day.
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Figure VIII-2c. Subject TB. Plasma concentrations of S(-)-IO l- and
R(+)-[O]-propranolol and the glucuronide conjugates of
S(-)- I & J- and R(+)-[*]-propranolol during the 13th
dosing interval at steady-state after 320 mg per day.
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Figure VIII-3a. Subject AT. Plasma concentrations of S(-)- I Ol- and
R(+)-IO J-propranolol and the glucuronide conjugates of
S(-)-i º j- and R(+)-[x; ]-propranolol during the 13th
dosing interval at steady-state after 160 mg per day.
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Figure VIII-3b. Subject AT. Plasma concentrations of S(-)-IO l- and
R(+)- I O J-propranolol and the glucuronide conjugates of
S(-)-I & J- and R(+)-IX.]-propranolol during the 13th
dosing interval at steady-state after 240 mg per day.
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Subject AT. Plasma concentrations of S(-)-IO J– and
R(+)-[O]-propranolol and the glucuronide conjugates of
S(-)-[*]- and R(+)-[x;,]-propranolol during the 13th
dosing interval at steady-state after 320 mg per day.
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Figure VIII-4a. Subject TC. Plasma concentrations of S(-)-IO)- and
R(+)-IO J-propranolol and the glucuronide conjugates of
S(-)-[ x j- and R(+)-I*]-propranolol during the 13th
dosing interval at steady-state after 160 mg per day.
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Figure VIII-4b. Subject TC. Plasma concentrations of S(-)-[O]- and
R(+)- I O J-propranolol and the glucuronide conjugates of
S(-)-I & J- and R(+)-[x; ]-propranolol during the 13th
dosing interval at steady-state after 240 mg per day.
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Figure VIII-4c. Subject TC. Plasma concentrations of S(-)-[O]- and
R(+)-[O]-propranolol and the glucuronide conjugates of
S(-)- I A J- and R(+)-[*]-propranolol during the 13th
dosing interval at steady-state after 320 mg per day.
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R(+)-enantiomer at 160 mg per day (p < 0.05) and 1.3-fold greater at 320 mg

per day (p & 0.05) (Table VIII-2). The half-life of both enantiomers and

for their corresponding glucuronide conjugates increased with increasing

do sing rate.

iv. Estimation of the Formation Clearance (CLF) for Glucuronide

Conjugates of S(-)- and R(+)-Propranolol

The CLP of glucuronide conjugates of S (-)- and R(+)-propranolol in all

four subjects was best described by a saturable process. However, the model

best explaining the data varied among the four subjects. The CLF for the

l
- - - - - 7 eglucuronide conjugate of S(-)-propranolol estimated by V max” (Vmax/C* Kº))

ranged from 496 to 1831 ml/min whereas the CL, for the conjugate of R(+)-f

propranolol ranged from 202 to 477 ml/min. The summation of the individual

CLºs for each individual determined in this investigation was compated with

the value for the racemate CLF determined in the same individual (Table VIII-3).

4. Discussion

The technique for the simultaneous determination of S(-)- and R(+)-

propranolol along with their corresponding glucuronide conjugates after

administration of the racemate was previously described (see Chapter IV).

Utilizing this technique, this investigation has shown that in healthy adults,

the intrinsic clearance, plasma concentrations, elimination rate, and the

formation clearance of glucuronide conjugates of propranolol enantiomers

are substantially different.

George et al. (1972) reported that the half-life of propranolol in man

after oral administration of the R(+)-enantiomer alone was shorter than
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Table VIII-2. Summary of half-lives (t.) for propranolol enantiomers and their
corresponding glucuronidé conjugates.

Dose (mg/day) 160 240
(racemic)

Propranolol enantiomer

Subject S (-) R(+) S(-) R(+) S(-) R(+)

MR 3. 8 2.5 4.2 3.3 5.2 3. ]

TB 3.5 2.7 4.7 3.2 8. 3 5.0

AT 4.3 1.9 3.7 2.9 4.7 3.3

TC 4.5 3. 4.5 4.2 5.0 3.3

X 4.0 2.6° 4.3 3.4° b 5.8 3.7%

(SD) (0.5) (0.5) (0.4) (0.6) (1.7) (0.9)

Glucuronide conjugates of propranolol enantiomers

Subject S (-) R(+) S(-) R(+) S (-) R(+)

MR 3.2 2.2 3.7 2.8 4.3 3.0

TB 2.9 2.2 3.6 3.3 7.3 4.6

AT 2.2 1.8 3. 1 2.6 4.0 2.5

TC 2.7 1.8 3.6 3.8 4.3 3.5

X 2.7 2.0° 3.5° 3.1b 4.5 3.43 b

(SD) (0.4) (0.2) (0.3) (0.5) (1.6) (0.9)

*p-0.05 when compared with the value obtained for the S(-)-enantiomer at the
same dosing rate.

b

160 mg/day.
p:0.05 when compared with the value obtained for the same enantiomer at



TableVIII-3.Estimation
of
formationclearancefor
glucuronideconjugates
of
propranolol.

Glucuronideconjugate

Glucuronideconjugate

of
R(+)-Propranolol

of
S(-)-Propranolol

CLCL

aCf Cfd6

ºlI

9|r,MBest
W I■ laX‘m[W
max/m.
W I■ lax‘m[W
max^mClf,
I
Clf,T.

Subject(ml/min)Model"(nmole/min)(nmole/ml)(ml/min)(nmole/min)(nmole/ml)(ml/min)(ml/min)(ml/min) MR79.4
4
344.80.37931.910,632.538.15278.71,210.6726.8 TB55.6

3
178.40.36495.
6
72.60.36201.7697.3723.5 AT69.44

109.80.061,830.067.60.18375.62,205.6808.
3 TC97.2

3
142.50.141,017.966.80.14477.11,495.0923.7 *Renalclearanceforracemicpropranololglucuronide;datafromChapterVII. "Seedataanalysissectionfor

description
ofmodelsandselectioncriteria.

Cu -----
.I■ lax"max/*;seedataanalysissectionfor
explanation. ClfT

representsthesumoftheClfforthe
glucuronideconjugates
ofS(-)-and
R(+)-propranolol. *Estimatedfrom"max^mforracemicpropranololglucuronidefromChapterVII(seeTableVII-5).

g
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after a dose of the racemate. Kawashima et al. (1976) using a radio

immunoassay found that the half-life of propranolol in rats after an

intravenous dose of the R(+)-enantiomer was shorter than after an intravenous

dose of the racemate whereas no difference was observed in mice when the

same technique was employed (Levy et al., 1976).

These studies however do not predict the disposition of propranolol

enantiomers after administration of the racemate because R(+)-propranolol

has no influence on liver blood flow whereas racemic propranolol results

in a decrease in liver blood flow. Because propranolol has a high extraction

ratio and its clearance is blood flow limited, racemic propranolol would

be expected to have a longer elimination half-life when compared with the

half-life after R(+)-propranolol (Rowland et al., 1973).

In Chapter IV, section 4. vii, it was shown that in a patient with angina

pectoris taking 200 mg of propranolol every six hr, the area under the

plasma concentration time curve for the S(-)-propranolol enantiomer was

about 1.4 times greater than that for the R(+)-enantiomer. In the present

investigation, concentrations of S(-)-propranolol were greater than those

of R(+)-propranolol at each dosing rate (Figure VIII–1); these results

confirm earlier findings but are in contrast to those observed in the dog

(Walle and Walle, 1979; see Chapter IV). In addition, the average steady

state concentration of each enantiomer increased disproportionately with

doses from 160 to 320 mg per day. Similar to results observed in dogs,

glucuronide concentrations of S(-)-propranolol were substantially greater

than those for the glucuronide conjugate of the R(+)-enantiomer (Walle and

Walle, 1979; see Chapter IV).

The half-life of S(-)-propranolol and its glucuronide conjugate were

greater than for the R(+)-enantiomer and its corresponding conjugate
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(p < 0.05) (Table VIII-2). In contrast, half-lives of propranolol enan

tiomers and their glucuronide conjugates were identical in the dog

(Walle and Walle, 1979; see Chapter IV, Figures IV-10 and IV—ll).

Although the area under the plasma concentrtion time curve (AUC) of

S (-)-propranolol was greater than that for the R(+)-enantiomer, it would

be invalid to draw conclusions about the reltive extent of bioavailability

(F). Calculations of F for each enantiomer based solely on AUCs after oral

but not intravenous doses must assume that the systemic clearance (CL) of

each enantiomer are identical. Although CL was not estimated, the inr insic

clearance of each enantiomer differed sharply and decreased with increas—

ing dose (Table VIII–1).

In a previous study involving the same four individuals (see Chapter

VII), it was shown that at steady-state about 55 percent of an oral dose

of propranolol could be accounted for by formation of three major metabolites:

propranolol glucuronide, 4-hydroxypropranolol glucuronide, and Q-naphthoxy

lactic acid. These metabolites are formed by different metabolic pathways

(see Chapter II) and are eliminated by the kidneys in the urine (Stone and

Walle, 1980). The formation of these metabolites was saturable in the

dosage range studied.

The formation clearance (CLE) for the glucuronide conjugate of S(-)-

propranolol (estimated by "max” was 2.1- to 4.9-fold greater than the

CLF for the glucuronide conjugate of the R(+)-enantiomer in a given indivi

dual (Table VIII-3). However, when the sum of these individual CLFs Wa S

compared with the CLe for the racemate estimated from our previous investif

gation in the same individuals, a large disparity between estimates was

observed. Because both "max and 4 for each glucuronide conjugate are
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unknown, we cannot precisely determine whether the observed difference

between CL and CL
f, T fT" (Table VIII-3) is due to a difference in "m , 4 »ax

or both.

As previously mentioned, steady-state concentrations of S(-)-propranolol

and its glucuronide conjugate were much higher than those for the R(+)-enan

tiomer and its conjugate in plasma. It is possible that other metabolites

are being formed stereoselectively; at least some of these may be enriched

in the R(+)-enantiomer. Although stereoselectivity in other metabolic

pathways for propranolol has not been demonstrated in man, Powell et al.

(1980) have recently shown that in the rat, S(-)-propranolol is preferentially

hydroxylated to 4-hydroxypropranolol in vivo but not in vitro. 4-Hydroxy

propranolol is equally active as beta adrenergic blocking agent when com

pared with propranol (Fitzgerald and O'Donnell, 1972); presumably, the

S(–)-enantiomer of 4-hydroxypropranolol is responsible for the beta blocking

effects of a racemic mixture of S (–)- and R(+)-4-hydroxypropranolol.

Walle et al. (1979) reported, in the dog, extensive deconjugation of

propranolol glucuronide back to propranolol. The occurrence of such a pro

cess in man could be important because S(-)-propranolol is preferentially

glucuronidated and the resulting conjugate has a slower elimination rate

when compared with the glucuronide conjugate for the R(+)-enantiomer (Table

VIII-2). These findings may lend support to the theory proposed by Walle

et al. (1979) that propranolol glucuronide in man serves as a storage pool

or depot for the slow release of propranolol. This may be especially sig

nificant since deconjugation of propranolol glucuronide in man should yield

primarily S (-)-propranolol, the pharmacologically more active enantiomer.

This presumes that the rate and extent of deconjugation, if it occurs, is

equivalent for each glucuronide conjugate of propranolol.
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The mechanism for the slower rate of elimination of the glucuronide

conjugate of S (-)-propranolol cannot be explained by this investigation.

Previous investigators have shown that the clearance of racemic propranolol

glucuronide is primarily by the renal route (Stone and Walle, 1980). Further

studies will need to establish whether the renal clearance of propranolol

glucuronides are equivalent or different.

Because these results clearly demonstrate that the disposition and

glucuronidation of S(-)- and R(+)-propranolol are not the same, and because

they are essentially two distinct entities pharmacologically, future

pharmacokinetic and pharmacodynamic studies involving propranolol should

focus on the pharmacologically more important S(-)-propranolol emantiomer

rather than on total [S (-)- and R(+)-J concentrations of the drug.
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CHAPTER IX. SUMMARY AND CONCLUSIONS

The influence of heparin administration on the disposition and plasma

protein binding of propranolol was studied in the dog after a single I. V.

dose and at steady-state. Results from this study demonstrate that although

heparin administration produced a significant increase in non-esterified

fatty acids, the disposition and plasma protein binding of propranolol were

unaltered.

A stereochemical assay for S(–)- and R(+)-propranolol along with their

corresponding glucuronide conjugates was developed in human and dog plasma.

The assay requires the synthesis of a chiral derivatizing agent, N-trifluoro

acetyl-S-(-)-prolyl chloride (TPC), and an internal standard, N-ethylpro

pranolol. Propranolol enantiomers are derivatized by TPC forming a pair

of diastereoisomers which can be quantitated by fluorescence after being

separated by high performance liquid chromatography. The assay is not

perturbed by basic metabolites of propranolol. Utilizing this assay, it was

found that in a patient being treated with propranolol for angina pectoris,

the ratio of the area under the plasma concentration-time profile (AUC) for

S (-)- : R (+)-propranolol was 1.4 and that the ratio of the AUC for the glu

curonide conjugates of S(-)- : R(+)-propranolol was 3.4. In two dogs

studied after a single oral dose of racemic propranolol, the ratio of the

AUCs for S(–)- : R(+)- propranolol averaged 0.5, and the ratio of the AUCs

for the glucuronide conjugates of S(-)- : R(+)- propranolol averaged 3.1.

Therefore, these results suggest that there may be a major species variation

between man and dog in the ratio of observed concentrations (and AUC) of

propranolol enantiomers after oral administration of the racemate. In a

third dog given a 5 mg I. V. dose, there was no apparent difference in the

disposition of S(–)- and R(+)-propranolol.
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A sensitive and specific (but not stereospecific) assay was developed

for propranolol and its basic metabolites in plasma and urine. By measuring

concentrations of propranolol and its basic metabolites before and after

enzymatic hydrolysis, free and glucuronide conjugate concentrations can

be measured in plasma. Glucuronide conjugates of propranolol and its basic

metabolites are also measured after enzymatic hydrolysis in urine. This

assay is utilized in subsequent studies which are discussed below.

Enzyme induction with phenobarbital in the dog dramatically altered

the pharmacokinetics of propranolol. Induction resulted in an increase in

the clearance and elimination rate constant, and a decrease in the bio

availability, elimination half-life, and apparent volume of distribution

of propranolol.

Coadministration of allylisopropylacetamide (a cytochrome P-450 suicide

substrate) in the phenobarbital-induced dog resulted in a dramatic alteration

in the disposition and metabolic pattern of propranolol. Pretreatment

with allylisopropylacetamide resulted in an increase in the bioavailability

and a decrease in the plasma clearance of propranolol; concentrations of

4-hydroxypropranolol glucuronide and propranolol glucuronide were increased

whereas concentrations of o-naphthoxylactic acid were dramatically decreased

after allylisopropylacetamide administration. In contrast, allylisopropyl

acetamide administration had no appreciable effect on the renal clearance

of propranolol metabolites. Results from this study suggest that formation

of o-naphthoxylactic acid from propranolol is mediated by cytochrome P-450.

In contrast, formation of 4-hydroxypropranolol is not mediated by cytochrome

P-450 or its formation is mediated by an isoenzyme of cytochrome P-450

unaffected by allylisopropylacetamide.
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The disposition of propranolol and formation of major metabolites

of propranolol were investigated in four healthy adult volunteers at

five dosing levels, each at steady-state. Results from this study clearly

demonstrate that the elimination of propranolol is saturable and that the

intrinsic clearance of propranolol markedly decreased over the eight-fold

range of doses studied. Formation of 4-hydroxypropranolol glucuronide

and o-naphthoxylactic acid was saturable in all four subjects. In contrast,

formation of propranolol glucuronide was clearly saturable in one subject,

suggested in two subjects, and apparently first-order in a fourth.

The pharmacokinetics of S(-)- and R(+)-propranolol were investigated

in four healthy adult volunteers. Results from this study suggest that:

the intrinsic clearance of S(-)-propranolol is much less than that for the

R(+)-enantiomer; plasma concentrations of S(-)-propranolol are from 1.5-

to 2.5-times greater than for the R(+)-enantiomer and plasma glucuronide

conjugate concentrations of S(-)-propranolol are from 2.9- to 4.8-times

greater than for the R(+)-enantiomer; the terminal elimination half-life of

S (-)-propranolol was about 1.5-times greater than for the R(+)-enantiomer

and the elimination half-life of the glucuronide conjugate of S(-)-propra

nolol was about 1.4-times greater than for the R(+)-enantiomer; and the

formation clearance for the glucuronide conjugate of S(-)-propranolol was

from 2.1- to 4.9-times greater than for the glucuronide conjugate of the

R(+)-enantiomer.
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