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ABSTRACT 

Part I. Seven healthy male subjects each received 

on a weekly basis placebo or 10, 20, 40, 80, or 160 mg oral 

propranolol (P) doses q.i.d. The effect of P on resting 

heart rate (HR) and the HR response to the Valsalva's maneu

ver, tilt, isoproterenol (ISO), and exercise were measured. 

The results indicate that the resting HR and the tachycar

diac response to Val salva and tilt cannot be used to esti

mate beta blockade (BB). Although P serum levels correlated 

well (r2=O.80) with the ISO dose ratio minus one, ISO chal

lenges appear clinically inappropriate. Reduction in exer

cise tachycardia correlated best with P serum levels (r2= 

0.89). In patients on P therapy, in which exercise would be 

contraindicated, there appears to be no reliable and safe 

method of clinically documenting BB. 

Part II. The pharmacokinetics of intravenous P were 

studied in calves before and after biochemical induction of 

thyrotoxicosis. The beta adrenergic response to P was 

measured in both euthyroid and thyrotoxic (T) animals at 

steady-state serum levels of P by administration of ISO. No 

pharmacokinetic differences were detected between animal 

groups; however, T calves displayed a markedly different 

pharmacologic reponse to P. On the average, 2-9 times higher 

xvii 



xviii 

serum levels of P were required to facilitate BB in the T 

calves. These results suggest that in the calf model, 

thyrotoxicosis induces a decreased sensitivity to P indepen

dent of alterations in P's disposition. 

Part III. The aim of this study was to find a digi

talis glycoside CDG) with a t~ shorter than that of digitoxin 

CDT), but similar to that of digoxin, and whose disposition 

characteristics are not influenced by alterations in renal 

function, as is the case with digoxin. Consequently, the 

pharmacokinetics of two metabolites of DT, digitoxigenin

bisdigitoxoside CBIS) and digitoxigenin-monodigitoxoside 

(MONO), were compared to those of DT in a dog model. In 

normal dogs, appreciable differences were found between the 

systemic clearance (CL) of DT and the CL of either of the 

two other DG's. These differences in CL were primarily re

sponsible for the 2.0 and 3.5 fold decrease seen in the t~'s 

of BIS and MONO, respectively. Renal dysfunction did not 

influence the pharmacokinetic parameters of any of the DG's 

studied. These findings in the dog model suggest that BIS 

or MONO may provide a pharmacokinetic advantage over DT. 



PART I 

ASSESSMENT OF BETA BLOCKADE 

WITH PROPRANOLOL 



CHAPTER I 

INTRODUCTION 

Since its introduction in 1964, propranolol {InderolR, 

(±}-1-(isopropylamine)-3-Cl-naphtoxy)-2-propanol) together 

with other recently marketed beta adrenergic receptor blocking 

agents have gained widespread clinical usage. Currently, in 

the United States, propranolol is approved by the Food and 

Drug Administration (FDA) for treatment of cardiac arrhythmias 

(1968), angina pectoris (1973), hypertension (1976), and mi

graine headaches (1979). In addition to the FDA approved in

dications, propranolol is a useful adjunct in the treatment 

of thyrotoxicosis (Mazzaferri et ale 1976), is efficacious in 

chronic schizophrenic patients who remain unresponsive to 

neuroleptics alone (Yorkston et ale 1977), is effective in 

the treatment of essential tremors (Murray 1976), and is of 

marginal use in the management of anxiety (Whitlock and Price 

1974), narcotic withdrawal (Grosz 1972 and 1973), and alcohol 

withdrawal (Sellers et a1. 1975). There is also convincing 

evidence that propranolol limits the severity of myocardial 

infarction (MI) and decreases the mortality and reinfarction 

rate in post-MI patients (Singh 1978). 

2 



Pharmacological Properties 
of Propranolol 

3 

Two types of adrenergic (sympathetic) receptors were 

defined by Ahliquist (1948), who denoted those receptors most 

sensitive to epinephrine (noradrenaline) but least sensitive 

to isoproterenol as alpha (~) receptors, and applied the term 

beta (e) to those receptors exhibiting the reverse potency 

pattern. Stimulation of alpha receptors results in contrac

tion of the smooth muscle in blood vessels, ureters, gastro-

intestinal tract, uterus, and eye. Conversely, stimulation 

of beta receptors results in dilation of the smooth muscle 

lining these same tissues and also the bronchial muscle. 

Additionally, beta receptor stimulation increases both the 

force and rate of myocardial contraction. This dual receptor 

concept was well accepted and remained intact until 1967 when 

evidence from a comparative study of beta receptor agonists 

suggested the existence of two functionally different beta 

receptors (Lands et al. 1967). These investigators classi

fied the receptors associated with the heart as beta-l and 

those associated with smooth muscle lining of other tissues, 

such as the bronchi and blood vessels, as beta-2. 

Propranolol is considered a nonselective beta 

adrenergic blocking agent since it is an antago~ist of both 

beta-l and beta-2 receptors (Conolly, Kersting, and Dollery 

1976). Stimulation of the beta-l receptors results in sinus 



tachycardia, positive ventricular inotropia, and increases 

the rate of impulse conduction, whereas beta-2 receptor 

activation primarily results in vasodilation and relaxation 

4 

of the bronchi, intestine, and uterus. Therefore, the 

clinical use of propranolol produces a decrease in both the 

rate and force of myocardial contraction, a prolongation of 

antrioventricular (A-V) conduction, an increase in peripheral 

resistance, and an antibronchodiation effect (Gibson 1974). 

The rationale for propranolol's use in angina pectoris rests 

in its ability to reduce the myocardial oxygen demand. For 

cardiac arrhythmias, propranolol is both effective in coun

teracting catecholamine-induced arrhythmias and in control

ling the ventricular rate increase from atrial fibrillation by 

increasing the degree of A-V block. The mechanism by which 

propranolol acts in the prophylaxsis of migraines is unknown; 

whereas, the reason why propranolol is effective in hyper

tension is controversial but thought to be primarily due to 

its ability to decrease cardiac output. 

It is important to realize that drugs with beta 

adrenergic blocking properties such as propranolol have af

finity for the beta receptor but do not have intrinsic 

potency. Thus, propranolol's pharmacological activity rests 

in its competitive inhibition of a response normally produced 

by activation of these receptors. In the absence of an 

agonist, propranolol exerts no observable pharmacological 



effect. By increasing the receptor concentration of a beta 

agonist such as isoproterenol, the antagonism induced by 

propranolol can be superseded. Additionally, propranolol 

5 

has proved to induce truly receptor specific inhibition, such 

that propranolol will block the beta receptor response ir-

respective of whether this response is the result of adren

ergic nerve stimulation, release of catecholamines from 

the adrenal glands, or the' introduction of exogenous 

catecholamines. 

Pharmacodynamic Assessments 
with propranolol 

Many drugs including theophylline, phenytoin, and 

the digitalis glycosides exert their optimum therapeutic ef-

fect over a narrow range of plasma concentrations. In dif

ferent patients, a wide range of doses may be necessary to 

elicit an efficacious response, but these doses usually result 

in concentrations within an established therapeutic range. 

If a drug is used in a condition where the therapeutic end-

point is not easy to quantify, establishment of a therapeutic 

range of plasma concentrations is very difficult. Such is 

the case for propranolol where dosage requirements in many 

patients can vary from 40 to 960 mg/day (Ahlquist 1977). 

Complicating this variability in therapeutic dose even fur

ther is the·observation that steady-state concentrations of 

propranolol in patients on the same dose can result in up to 
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a 20-fo1d difference (Shand 1974). The reasons why prop

ranolol displays such large intersubject variability are not 

completely known. Pharmacodynamic mechanisms such as re

ceptor sensitivity (McDevitt et a1. 1976) and pharamcokinetic 

variables (Shand 1978) such as differences in systemic 

availability, in intrinsic clearance, in the generation of 

active metabolites, and in plasma protein binding have been 

suggested, but other mechanisms behind this variability are 

also likely (Zacest and Koch-Weser 1972). 

Since the dosage requirements and resultant plasma 

concentrations for propranolol vary widely, there has been 

much interest in delineating clinically useful assessment 

methods to document beta blockade with propranolol. The most 

appropriate response measurement would be one that is a 

function of the therapeutic dose or plasma concentration. 

In angina pectoris patients on propranolol therapy, 

an attempt was made to correlate the reduction in resting 

heart rate with beta receptor .antagonism (Jackson, Atkinson, 

and Oram 1975). However~ these authors were unable to cor

rectly relate symptomatic improvement to reduction in resting 

heart rate. Since resting heart rate is under the predomi

nant influence of the parasympathetic nervous system (Jose 

and Taylor 1969), reduction in this rate by propranolol 

likely will provide no quantitative measure of beta blockade. 
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Propranolol is a competitive inhibitor of beta adren

ergic receptors; therefore, measurement of a tachycardiac re

sponse to i~creased adrenergic activity during propranolol 

therapy should provide a useful index of beta blockade. For 

this reason, standing upright, head-up tilt to 80 degrees, 

and Valsalva's maneuver have been used as assessment methods. 

Carruthers et ale (1974) showed that the tachycardia pro

duced by standing from the supine position is blunted by 

beta blockade and that the amount of beta blockade present 

could be correlated to the degree by which this tachycardia 

is reduced. Robinson and co-workers (1966) reported that 80-

degree head-up tilt produced a cardioaccelerator response at

tributed primarily to an increase in adrenergic activity and 

that this response to the stimulus is reduced by propranolol. 

Spodik, Meyer, and Quarry-Pigott (1974) studied the tachy

cardia produced during the strain phase of Valsalva's 

maneuver. These investigators did not use propranolol but 

rather a similar beta blocker, alprenolol, to evaluate this 

test. They found that after oral administration of 100 mg, 

the resulting beta blockade significantly reduced control 

and strain phase heart rates. 

The heart rate response to nitroglycerin administra

tion has been attributed to a reflex response to the decrease 

in arterial blood pressure. Wiener, Dwyer, and Cox (1969) 

reported that in ten supine patients with angina pectoris, 



the nitroglycerin-induced tachycardia is blocked by admin

istration of propranolol. Fitzgerald (1970) suggested that 

the tachycardiac response to nitroglycerin is under adren

ergic control and this reflex is useful in evaluating the 

extent of beta blockade. In support of this hypothesis, 

Fitzgerald (1970) demonstrated that nitroglycerin-induced 

tachycardia was reduced by administration of propranolol, 

but unaltered after giving atropine (which blocks the para

sympathetic nervous system). There is doubt, however, that 

this heart rate reflex is mediated entirely by the sympa

thetic nervous system since propranolol doses as high as 640 

mg in the three subjects tested did not completely abolish 

the nitroglycerin tachycardia. The author attributes this 

incomplete blockade to insufficient receptor propranolol 

concentration to inhibit the excessive catacholamines re

leased. Kofi-Ekue and co-workers (1974) also examined the 

practicality of using nitroglycerin tachycardia to measure 

propranolol response. Observations were made both in normal 

volunteers and in patients with ischemic heart disease. The 

findings for this study suggest that nitroglycerin testing 

may have utility on an individual basis, but due to large 

intersubject differences in response its utility as an 

extrapolative tool is limited. 

8 
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Based on the favorable findings with nitroglycerin 

tachycardia as a beta blockade assessment test,. Fitzgerald 

(1970) suggested that amyl nitrite may be of greater utility. 

Amyl nitrite is a more potent baroreceptor stimulant and its 

administration will result in greater peak heart rates over 

shorter periods of time. Niarchos, Tahmooressi, and Tarazi 

(1978) tested the applicability of amyl nitrite and found it 

to be of no utility as an assessment means of beta blockade. 

TwO methods of assessing beta blockade are currently 

well accepted. The first is the reduction in heart rate 

achieved at maximal exercise (Coltart and Shand 1970; 

Prichard and Gillam 1971; George and Dollery 1972; George, 

Fenyvesi, and Dollery 1973; Carruthers et ale 1974; Pine 

et ale 1975; McDevitt and Shand 1975; Conolly et ale 1976; 

McDevitt et ale 1977; Thadani and Parker 1979). The heart 

rate response to exercise is a combination of sympathetic 

stimulation and parasympathetic withdrawal (Robinson et ale 

1966); however, at exercise sufficient to produce heart rates 

of at least 130 beats/minute, the parasympathetic component 

is minimized (George 1975). The most commonly used equipment 

for exercise testing is the treadmill and the bicycle 

ergometer. The major problem with the results appearing in 

the literature to date is the lack of a standard format for 

presentation of the data. Two of the more 'accepted methods 

are percentage blockade of exercise tachycardia (Coltart and 
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Shand 1970) and percentage reduction of maximal exercise 

heart rate (Carruthers et ala 1974). One hundred percent 

blockade of exercise tachycardia is equivalent to approxi

mately a 28 to 34 percent reduction in maximal exercise heart 

rate. Based on the results from the numerous studies using 

exercise testing as an assessment means of beta antagonism, 

the test is simple, reproducible, and has the additional ad

vantage that it measures the effects of an endogenous physio

logical stimulus. The major disadvantage is that it may not 

always be possible or prudent to exercise cardiac patients to 

the maximal level. 

The other currently well accepted method of docu

menting beta blockade is the isoproterenol sensitivity test. 

This method involves assessing the heart rate response to 

increasing boli of isoproterenol before and after a dose of 

propranolol. Usually the data are expressed in terms of an 

isoproterenol dose ratio, defined as the amount of isopro

terenol necessary to increase the resting heart rate 25 beats/ 

minute in the presence of propranolol, as compared with the 

dose of isoproterenol necessary to achieve a 25 beat/minute 

increase in the absence of propranolol. Numerous studies 

(Coltart and Shand 1970; Cleaveland, Rangno, and Shand 

1972; Zacest and Koch-Weser 1972; George and Dol1ery 1972; 

George et al. 1973; McDevitt and Shand 1975; Conolly et 

ala 1976; McDevitt 1977; Niarchos et Ql. 1978) have shown 



11 

very good correlation between this standardized isoproterenol 

test and beta blockade. This test has the advantage of being 

suitable for use in patients unable to tolerate maximal 

exercise, but may cause deleterous results in other patients 

by inducing angina or arrhythmias. Another disadvantage is 

that isoproterenol sensitivity testing represents a non-

physiological test, and hence, may provide no useful in

formation concerning the effects of beta blockade relevant 

to endogenous sympathetic activity. 

Propranolol Pharmacokinetics 

When propranolol is used clinically, the effective 

dose varies widely from patient to patient. Such variation 

is possibly due to pharmacodynamic factors such as adrenergic 

receptor sensitivity or to pharmacokinetic factors which af-

fect the concentration of propranolol available at the re

ceptor site. The literature on ~he pharmacokinetics of 

propranolol, relevant to this project, is reviewed here. 

Propranolol is well absorbed from the gastroin

testinal tract in man. Paterson, Conolly, and Do11ery (1970) 

recovered 84 to 91% of an oral dose in the urine from pati7nts 

who received 40 mg of l4C labeled propranolol. Only a minor 

part of the dose was found in the feces of these subjects 

(1-5%), supporting their observation of complete intestinal 

absorption. Further studies (Lowenthal et a1. 1974; 
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Bianchetti et ale 1976; Jackman et ale 1981) have shown that 

propranolol is rapidly absorbed, achieving maximal plasma 

levels within 1.S to 3 hours. 

Although propranolol appears to be completely ab

sorbed after oral administration, the fraction of parent 

compound (i.e., intact propranolol) that ultimately reaches 

the systemic circulation is small and variable. Drugs with 

high hepatic extraction ratios, such as propranolol, can be 

efficiently removed via metabolism during their first pas

sage through the liver since the portal vein presents the 

entire absorbed dose to this organ. This presystemic 

elimination accounts for propranolol's low bioavailabi1ity. 

Only about 30% of an oral dose reaches the systemic circula

tion as intact propranolol (Shand, Nuckolls, and Oates 1970; 

Giba1di, Boyes, and Feldman 1971). This percentage displays 

large intersubject variability ranging from 16 to 60% (Shand 

et a1. 1970). The literature concerning the influence of 

this first-pass effect on propranolol's disposition is con

troversial. Early investigators postulated that a threshold 

concept exists in which oral doses less than 30 mg result in 

no measurable plasma propranolol concentrations (Shand and 

Rangno 1972). When the oral dose exceeds this amount, the 

avid hepatic removal process becomes saturated, the extrac

tion ratio falls, and a larger fraction of parent propranolol 
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reaches the systemic circulation. Thus, bioavailability is 

not a linear function of oral dose. That dose which results 

in hepatic saturation is termed the "break-through" dose. 

Recent findings, however, question the validity of this 

threshold dose concept. Gomeni and co-workers (1977) were 

able to measure peak propranolol concentrations of 8 to 10 

ng/ml after an oral dose of 10 mg in normal subjects. Ad

ditionally, the calculated oral bioavailabilities at 10, 20, 

and 40 mg doses were remarkably constant within an individual, 

but did display considerable between subject variability. 

Davies et ale (1978) found peak levels of 2.3 to 8.5 ng/ml 

after five 5 mg oral doses of propranolol were given at eight 

hour intervals. Both of these studies employed a gas-liquid 

chromatography (GLC) technique (DiSalle et ale 1973) to 

quantify propranolol in plasma. This method is about 5- to 

lO-fold more sensitive than the spectrofluorometric tech

nique (Shand et ale 1970) used by Shand and Rangno (1972). 

The results based on GLC analyses and results based on a 

high pressure liquid chromatographic (HPLC) assay (Mackichan, 

Pyszczynski, and Jusko 1978) collectively suggest that it is 

unjustified to hypothesize the existence of a threshold dose 

for propranolol. Furthermore, these authors state that the 

earlier findings by Shand and Rangno (1972) may well be an 

artifact of their less sensitive fluorometric procedure. 

Finally, a recent communication may have clarified this 
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controversy (Mackichan, Pyszczynski, and Jusko 1980). These 

investigators, using a sensitive HPLC procedure, suggest that 

the original threshold dose concept may exist, but to a 

lesser degree than previously reported. They base this con

clusion on results obtained after single oral doses of 10, 

40, and 80 mg to healthy subjects. They report an extrapo

lated "break-through" dose of 6.5 mg and intrinsic clearance 

estimates that decrease from 5.2 l/hr/kg at the low dose to 

3.0 l/hr/kg at the highest dose. These results are con

sistent with the original hypothesis of Shand and Rangno 

(1972) and confirm the dose-dependent systemic availability 

for propranolol. 

Following intravenous administration, propranolol is 

extensively metabolized by the liver and consequently only a 

minor amount of intact propranolol is found in the urine 

(paterson et ale 1970; Walle and Gaffney 1972; Pritchard, 

Schneck, and Hayes 1979). six primary metabolites (uncon

jugated) of propranolol have been identified in the urine 

(Walle and Gaffney 1972; Pritchard et ale 1979). The meta

bolite formed by ring hydroxylation, 4-hydroxypropranolol, 

is of clinical importance since it is of similar "potency" 

to propranol.ol in respect to its antagonism of the beta 

receptor (Fitzgerald and O'Donnell 1971). Until recently it 

was believed that this metabolite is only found in plasma 

after oral administration of propranolol (Paterson et ale 



15 

1970): however recently, measurable levels have been seen 

after propranolol's intravenous administration (Walle et al. 

1980). 

It has been suggested that the systemic clearance of 

propranolol (1.2 l/min) approaches a theoretical limiting 

value of liver blood flow (1.5 l/min) (Shand 1974). How

ever, more recent studies fail to validate this large value 

and suggest that the systemic clearance for propranolol is 

of a more intermediate value of about 0.9 l/min (Kornhauser 

et al. 1978; Borgstrom et al. 1981). These authors also re

port an average intravenous disposition half-life of 3.8 

hours. Estimates obtained after chronic oral administration 

of propranolol report half-life values from 4 to 6 hours 

(Chidsey et al. 1975: EVans and Shand 1973; ~IDod et al. 1975). 

Another study found that disposition half-lives of pro-

pranolol increased about 4-fold (16-24 hours) after the 

cessation of long term propranolol therapy (Walle et al. 

1979). These authors suggest that propranolol glucuronide 

serves as a storage pool of propranolol, and following abrupt 

withdrawal of therapy, is deconjugated to return to parent 

compound to the systemic circulation. 

Propranolol is highly bound to plasma proteins, with 

estimates of the percentage free in plasma of between 5 and 

14% (Evans, Nies, and Shand 1973; Evans and Shand 1973: 

McDevitt et al. 1976: Bianchetti et al. 1976; Kornhauser 
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et ale 1978: WOod, Shand, and Wood 1979: Wiegand et ale 1980). 

Early studies presumed albumin was the primary protein to 

which propranolol was bound: however, a more recent report 

suggests that about 75% of bound propranolol is associated 

with alphal-acid glycoprotein (orosomucoid), an acute phase 

reactant protein (Sager, Nilsen, and Jacobsen 1979). 

Statement of the Problem 

Numerous pharmacodynamic evaluations of the heart 

rate response to standing, tilt, Valsalva's maneuver, 

nitroglycerin, amyl nitrite, exercise, and isoproterenol 

have been conducted in the presence and absence of pro

pranolol, and the results regarding the feasibility of these 

tests in detecting beta adrenergic blockade vary. This 

study was undertaken to compare, in the same subjects, the 

effect of propranolol on the resting heart rate and the heart 

rate response of Valsalva's maneuver, tilt, maximal exercise, 

and isoproterenol in an effort to determine the practicality 

of using a simple means of assessing the presence of beta 

blockade. In addition, these clinical assessments were re

lated to propranolol serum concentrations to determine if 

any correlations exist, and if so, whether these correlations 

provide better indices of response than do the usual dose-_

response relationships. 



CHAPTER 2 

EXPERIMENTAL 

Materials and Methods 

subjects 

Seven normal, healthy male volunteers ranging in age 

from 22 to 28 years were studied. Each subject was de

termined to have no evidence of cardiac disease as judged 

by a normal chest x-ray, electrocardiogram, echocardiogram, 

and other cardiovascular examinations. The study was ap

proved by the Human Subjects Committee at The University of 

Arizona Health Sciences Center and was conducted at the 

Tucson VA hospital. A cardiologist and/or a trained cardiac 

nurse specialist were present during all parts of this study. 

Facilities for the management of any cardiac emergency were 

immediately available. written informed consent was obtained 

from each volunteer after the purpose, protocol, and risks 

of the investigation were fully explained. A copy of the 

consent form can be found in Appendix 1. 

Methods of Assessing Beta Blockade 

The in vivo observations in the human subjects ex

tended over a duration of seven consecutive weeks. During 

the first week, each subject was introduced and conditioned 

17 
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to the test procedures used in the study including a standard

ized Valsalva procedure, 70-degree tilt, maximal treadmill 

exercise, and isoproterenol injections. A schedule for con

ditioning is included in Appendix 2. Subsequently, each 

subject received either a placebo or 10, 20, 40, 80, or 160 

mg propranolol oral doses daily at 6 a.m., 12 noon, 6 p.m., 

and 12 midnight for one week. All tablets (Lot #SP27222, 

Ayerst Laboratories Inc., New York, NY) looked alike and 

were supplied in dosage strengths of 10 and 80 mg. At the 

end of each week, evaluations of the tachycardiac response 

to the above stimuli were measured. Heart rate was measured 

on an electrocardiograph (Mingrograph 81, eight channel 

recorder, Elima Scholander Co., Switzerland) running at 25 

rom/sec. Supine resting heart rate was determined weekly 

from a one minute recording obtained after 15 minutes of rest 

and prior to any intervention. A schedule for the measure

ment of heart rate response to the test procedures can be 

found in Appendix 3. 

Propranolol concentrations were obtained weekly at 

rest and at the conclusion of Valsalva's maneuver, tilt, 

maximal exercise, and isoproternol. TO avoid the artifacts 

introduced by some commercial brands of blood collection 

tubes on both propranolol's plasma protein binding and its 

red blood cell partitioning (Cotham and Shand 1975; Wiegand 
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et ale 1980), all blood obtained for this study was collected 

by separate venipuncture with plastic syringes. The whole 

blood was immediately transferred to glass tubes without 

rubber stoppers, allowed to coagulate, and serum obtained 

following centrifugation was stored in glass tubes at 4°C 

until analyzed within one week of collection. 

Valsalva's maneuver. Continuous recording of the 

heart rate was made during a standardized Valsalva's 

maneuver in the supine position (Flessas, Kumar, and 

Spodick 1970). Following a normal inspiration, the subjects 

blew into a mouth piece connected to a manometer (spirometry 

valve, W. E. Collins, Inc., Braintree, MA). A pressure of 

40 mm of mercury was sustained for 12 seconds. The maximum 

heart rate achieved during the strain phase and immediately 

following release was recorded from the three shortest suc

cessive R-R intervals taken directly from the electrocardio

graph. The procedure was repeated three times at each 

propranolol dose. The mean resting heart rate, peak heart 

rate, and change in heart rate from these three Val salva 

interventions were recorded. 

Tilt. Prior to tilt, subjects rested in a supine 

position on a circular bed while the control heart rate was 

recorded for one minute. Subsequently, the bed was rotated 

to a 70-degree tilt and heart rate was recorded for four 

minutes. The maximal heart rate was calculated from the 
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three shortest successive electrocardiographic R-R intervals. 

Tilt was repeated after a rest period sufficient for the 

heart rate to return to the control level. The mean resting 

heart rate# peak heart rate, and change in heart rate from 

these two tilt procedures were recorded. 

Maximal treadmill exercise test. A maximal treadmill 

exercise test was performed according to the standardized 

method of Bruce et ale (1963). After the first week of 

conditioning, each exercise test (treadmill, Quinton Instru

ments, Seattle, WA) was started at stage III (3.4 mph and 

l4-degree grade) and continued through stage V (5 mph and 

lS-degree grade). Subjects were asked to give a signal when 

they felt they could not continue exertion for more than one

half minute at maximal exercise. Heart rate at peak exercise 

was recorded. 

Isoproterenol sensitivity. A standardized isopro

terenol sensitivity or challenge test was performed according 

to the method of Cleaveland et al. (1972). After the resting 

heart rate was measured over one minute, an isoproterenol in

jection at a starting dose of 0.25 ~g was given into a 

rapidly running intravenous solution, and the heart rate 

response was recorded continuously for two minutes. In

cremental doses of isoproterenol were given until the 

resting heart rate increased by at least 35 beats per minute. 
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Assay Methodology 

Serum propranolol concentrations were determined by a 

modified version of the f1uorometric procedure of Offerhaus 

and Van der Vecht (1976). The following reagents and chemi

cals were used as received: propranolol (obtained as the 

hydrocholoric acid salt, Ayerst Laboratories Inc., New York, 

NY); sodium hydroxide pellets (NaOH, Amend Drug & Chemical 

Co., Inc., Irvington, NJ): isopenty1 alcohol (practical grade, 

Matheson Coleman and Bell Manufacturing Chemists, Norwood, 

OH)i hexane (spectrophotometric grade, Burdick & Jackson 

Laboratories Inc., Muskegon, MI): and hydrochloric acid 

(HCL, analytical grade, J. T. Baker Chemical Co., Phillips

burg, NJ). All reagent solutions were prepared in double 

distilled and deionized water. All glassware was soaked at 

least 12 hours in 50% nitric acid (HN03 , analytical grade, 

J. T. Baker Chemical Co., Phillipsburg, NJ), washed with 

distilled water, and oven dried at 100°C. 

A 200 mg/1 free base propranolol stock solution was 

prepared by dissolving 22.8 mg of propranolol hydrochloride 

in 100 ml of 0.01 M HCL. Volumes 0.025, 0.05, 0.1, 0.2, 0.3, 

0.5, 1.0, and 2.0 ml of the 200 mg/1 propranolol stock solu

tion were added to eight separate 10 ml volumetric flasks 

and diluted to 10 ml with 0.01 M HCL to yield 0.5, 1.0, 2.0, 

4.0, 5.0, 10.0, 20.0, and 40.0 mg/1 propranolol standard 

solutions. 
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A standard curve was prepared daily by adding 0.05 

ml of each propranolol standard solution to separate 12 x 125 
R mm culture tubes (Pyrex 9826, Corning Glass Works, Corning, 

NY) containing 2.0 ml of blank plasma obtained from the 

Arizona Health Sciences Center blood bank. This mixture was 

vortexed for 15 seconds (Vortex Genie Mixer, American 

Scientific Products, McGaw Park, IL) and these standards to

gether with 2.0 ml samples of subject. serum were alkalinized 

with 0.2 ml of 2.0 M NaOH and extracted with 5 ml of hexane 

containing 1.5% (v/v) isopentyl alcohol. After shaking for 

15 minutes on a horizontal reciprocating shaker (Eberbach 

Corp., Ann Arbor, MI), the samples were centrifuged at full 

speed (2500 rpm, Model HN, International Equipment Co., 

Needham Heights, MA). Four milliliters of hexane extract 

was removed and transferred to another 12 x 125 mm culture 

tube. An additional 5 ml of hexane was added to the original 

tube containing serum and was extracted and centrifuged as 

before. Five milliliters of hexane was removed and combined 

with the original 4 ml of hexane. Two milliliters of 0.01 M 

HCL was then added to the hexane. Subsequent to an addi-

tional 15 minute extraction and centrifugation, the hexane 

layer was completely aspirated and discarded. 

The fluorescence of the aqueous phase was determined 

on a spectrophotofluorometer (Aminco-Bowman, American In

strument Co., Inc., Silver Spring, MD) using a quartz 



cuvette (Markson Science Inc., Del Mar, CA) at excitation 

and emission wavelengths (uncorrected) of 292 and 352 nm, 

respectively. The spectrophotofluorometer slit width set

tings were as follows: excitation slit #1 (open), #2 (lIB 

inch); emission slit #1 (open), #2 (1/16 inch); turret slit 

(1/32 inch). Unextracted 0.01 M HCl was used to zero the 

instrument and the HCL-extracts from blank plasma and blank 

serum were used to correct "raw" fluorescence readings of 
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extracts from standard plasma or subject serum. Quantifica

tion was obtained from a standard curve in which the net 

fluoroescence was plotted as a function of plasma propranolol 

concentration. 

Data Analysis 

The percent reduction in maximal heart rate (% RMHR) 

was calculated for Valsalva's maneuver, tilt, and maximal 

exercise according to the equation: 

% RMHR 

Maximal Test HR(control) - Maximal Test HR(drug) 
= Maximal T t HR R t- HR x 100 es (control) - es 1ng (control) 

where HR is the heart rate, control refers to absence of 

(1 ) 

propranolol and drug refers to the presence of propranolol. 

Individual and composite linear regression analyses were 
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performed on the plots of resting heart rate and on % RMHR 

(for Valsalva's maneuver, tilt, and maximal exercise) versus 

logarithm propranolol concentration. Coefficients of de

termination (r2) were calculated from both the individual 

and composite concentration-response curves. The r2 values 

relating to maximal exercise were calculated only from the 

linear portion of the concentration-response curves since 

clearly distinguishable plateau regions were evidenced in 

several subjects. In the data analysis, propranolol concen-

trations less than 10 ng/ml were not included. 

Based on classical receptor theory (Goldstein, Aronow, 

and Kalman 1974), the effects of a competitive antagonist on a 

receptor (e.g., propranolol on the beta adrenergic receptor) 

can be denoted by: 

(DR - 1) = K Cp (2) 

where DR is the dose ratio, defined as the ratio of the 

dose of isoproterenol necessary to increase the heart rate 25 

beats/minute in the presence of propranolol to the dose neces

sary for the same heart rate increase in the absence of 

propranolol; K is the association constant for propranolol 

to the receptor; and Cp is the receptor compartment con-

centration of propranolol. Assuming that the receptor com

partment concentration is in equilibrium with the serum 
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concentration of propranolol, equation (2) predicts a linear 

relationship between response and concentration. Individual 

and composite linear regression analyses were performed from 

construction of such plots and the resulting coefficients of 

determinations were calculated. 



CHAPTER 3 

RESULTS 

Assay Methodology 

The procedure used in analysis of the serum samples 

involves an initial double alkaline extraction followed by 

a back extraction into an acidic media and quantification by 

fluorometry. The efficiency of each of the alkaline ex

tractions was determined in duplicate over a concentration 

range similar to that used for the calibration curve. The 

recovery from the first alkaline extraction was 77.6 ± 2.7% 

(mean±standard deviation) while the second extraction ac

counted for an additional 12.5 ± 1.7%. The overall 

extraction efficiency of this method was 90.1 ± 3.0%. 

The spectrofluorometric excitation and emission 

spectra (uncorrected) for propranolol in 0.01 M HCL are 

shown in Figure 1. These spectra were obtained from a spiked 

plasma standard (134 ng/ml) which had been processed through 

the extraction. From these spectra, optimal wavelengths for 

excitation and emission were established at 292 and 352 nm, 

respectively. 

The standard curves constructed as net fluorescence 

as a function of plasma propranolol concentration were all 
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Figure 1. Excitation and emission spectra (uncorrected) 
for propranolol in 0.01 M HCL. 
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linear and showed good reproducibility. A representative 

standard curve is graphically presented in Figure 2. The 

results obtained from eight standard curves constructed con

secutively over a period of three months is presented in 

Table 1. The average slope calculated from these calibration 

curves was 1.056 with a coefficient of variation of 3.0%. 

The mean coefficient of determination (r2) for these 

standard curves was 0.999. 

To validate the analytical method used in this study, 

serum samples from 28 subjects were analyzed by the present 

spectrofluorometric procedure and by a propranolol-specific 

high pressure liquid chromatographic (HPLC) method conducted 

independently in another laboratory (Dr. D. G. Shand, 

Professor of Pharmacology and Medicine, Duke University 

Medical Center, Durham, NC). The HPLC method also used a 

fluorometric detection system following chromatographic 

isolation. A graphic representation of the concentrations 

determined by the spectrofluorometric procedure plotted as 

a function of the HPLC method is shown in Figure 3. The two 

assay procedures compared favorably as evidenced by a linear 

regression slope of 0.934 and a correlation coefficient (r) 

of 0.991. 
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PLASMA PROPRANOLOL CONCENTRATION (ng/ml) 

Figure 2. Spectrofluorometric standard curve of propranolol. 
Linear regression parameters for 14 to 280 ng/rnl 
segment: r = 1.000, slope = 1.002, y-intercept 
= 0.736: for entire concentration range, 14 to 
1122 ng/ml: r = 1.000, slope = 0.985, y-intercept 
= 2.413. 



Table 1. 

Curve 
No. 

1 

2 

3 

4 

5 

6 

_.7.. 

8 

mean 

%CVa 

apercent 
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Results from standard calibration curves obtained 
from linear regression analysis of net fluorescence 
as a function of plasma propranolol concentration. 

Slope Y-intercept Coefficient of 
(m) (b) Determination 

1.103 -0.838 0.999 

1.067 -0.135 1.000 

1.053 -3.178 1. 000 

1.082 -3.492 0.995 

1. 023 0.717 1. 000 

1. 002 0.736 1.000 

1. 064 -1.111 1. 000 

1. 058 2.382 0.999 

1.056 -0.615 0.999 

3.0 0.2 

coefficient of variation. 

Pharmacodynamic and Pharmacokinetic 
Assessment of Beta Blockade 

(r2) 

Resting Heart Rate 

The individual serum propranolol concentrations at 

each dose with corresponding resting heart rates are listed 

in Table 2. At all doses, these data exhibited large inter-

subject variability in serum concentrations, although the 

trend was for decreased variability as dose increased. This 
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Figure 3. Correlation between propranolol concentrations 
assayed by HPLC and spectrofluorometry. 
Linear regression parameters: r: 0.991, 
slope = O.934~ y-intercept : -4.20. 
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Table 2. Resting heart rates (HR, beats/minute) and serum propranolol 
concentration C, (ng/ml). 

Subject 

Dose (mg) 1 2 3 4 5 6 7 HR C 

HR C HR C HR C HR C HR C HR C HR C X %CV X 

0 61 0 65 0 68 0 61 0 57 0 61 0 85 0 65 14 0 

10 54 8a 65 0 61 0 57 11 49 11 48 83 59 144 56 11 36 

20 56 12 48 0 52 16 53 22 53 36 43 91 52 382 51 8a 80 

40 58 43 52 24 45 402 55 32 Sl 42 41 89 58 70 51 12 100 

80 47 132 44 81 54 103 58 287 51 172 40 102 68 166 52 18 149 

160 51 385 55 454 49 206 54 408 46 310 36 288 73 562 52 22 273 

X = mean value; %CV = percent coefficient of variation. 

aConcentrations < 10 ng/m1 were not included in calculation of coefficient of 
determination and were considered as zero in calculation of mean concentration 
for a dose. 

%CV 

158 

171 

135 

47 

31 

W 
N 
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intersubject variability, expressed as a percent coefficient 

of variation (%CV), ranged from 31% at the 160 mg dose to 

171% at the 20 mg dose. No detectable levels of propranolol 

were found for subject 2 at the 10 and 20 mg doses and sub-

ject 3 at the 10 mg dose; however, a decrease in the resting 

heart rate was observed. The lower resting heart rates noted 

in these subjects may represent some effect from an active 

metabolite, such as 4-hydroxyproprano101 (Fitzgerald and 

O'Donnell 1971). 

On a group basis, there was some decrease seen in 

resting heart rate with increasing propranolol concentra-

tions, but this decrease was not predictable as indicated 

by an extremely low mean coefficient of determination (r2) 

value of 0.16 (Table 3). For the individual subjects, the 
2 r values varied from 0 to 0.47. 

Valsalva's Maneuver 

A plot of the % ID1HR versus the log of serum pro-

pranolol concentration for Valsalva is shown in Figure 4. 

It is noted that the % RMHR was occasionally over 100% since 

the peak heart rate response on propranolol was less than 

the control resting heart rate (see equation 1). Lines 

connecting data points for individual subjects indicate flat 
2 concentration-response curves. The individual subject r 



Table 3. Individual coefficients of determination 2 
(r ). 
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Subject Resting HR Val salva Tilt 
Maximal 
Exercise Isoproterenol 

1 

2 

3 

4 

5 

6 

7 

%CV 

Composite 

0.36 

0.13 

0.47 

0.01 

0.16 

0.00 

0.02 

0.16 

112 

2 5 9 x 10-6 r • 

0.38 

0.72 

0.54 

0.27 

0.36 

0.39 

0.00 

0.38 

59 

0.22 

0.14 

0.14 

0.73 

0.08 

0.98 

0.49 

0.49 

0.44 

78 

0.38 

1. 00 

1. 00 

0.92 

0.54 

0.96 

0.92 
b 

0.89 

20 

0.68 

0.95 

1.00 

0.94 

0.99 

0.90 

0.14a 

0.71 

0.80 

38 

0.34 

a r 2 may not be meaningful because concentration-response 
curve had a negative slope. 

bAll data points indicate a plateau, and r2 was therefore 
not calculated. 

values are presented in Table 3 and vary from 0 to 0.72 with 

a group mean of 0.38. 

Appendix 4 lists the individual serum propranolol 

concentrations at each dose with corresponding mean peak and 

mean change in heart rate during Valsalva's maneuver. 

During the placebo period the mean peak heart rate during 
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Figure 4. Semilog plot of percentage reduction in maximal 
heart rate during Valsalva's maneuver versus 
serum propranolol concentration. 
Subj ect 1 = .; 2 =..; 3 = *; 4 = * ; 
5=0; 6=.; 7=0. 

35 



Valsalva was 104 (range 92-124) beats/minute, and the mean 

change in heart rate was 41 (range 23-61) beats/minute. On 

36 

a given day, the change in heart rate was often inconsistent 

for an individual. Neither the reduction in the peak heart 

rate (mean r2 = 0.43 with %CV = 67) nor the heart rate change 

(mean r2 = 0.50 with %CV = 77) induced by propranolol 

correlated well with serum concentrations (Appendix 4). 

Tilt 

A plot % RMHR versus log serum propranolol concentra-

tion for tilt is shown in Figure 5. As seen with Valsalva's 

maneuver, the % RMHR during tilt was occasionally greater 

than 100%. Lines connecting data points for individual 

subjects were again unpredictable and suggest flat 

concentration-response relationships. The individual subject 

r2 values after tilt are presented in Table 3. Individual 

values vary from 0.08 to 0.98 with a group mean of 0.44. 

Appendix 5 lists the individual serum propranolol 

concentrations at each dose wi"th corresponding mean peak and 

mean change in heart rate during tilt. During the placebo 

period the peak heart rate response to tilt was 101 (range 

85-115) and the mean change in heart rate was 35 (range 27-

51) beats/minute. As with Valsalva's maneuver, there was 

frequently variation in the change in heart rate during tilt 

for anyone subject on a given day. Serum propranolol 
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Figure 5. Semi log plot of percentage reduction in maximal 
heart rate during tilt versus serum propranolol 
concentration. 
Subject symbols are the same as in Figure 4. 
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concentrations correlated poorly with both the diminution in 
2 peak heart rate (mean r = 0.44 with %CV = 77) and the change 

in heart rate during tilt (mean r2 = 0.46 with %CV = 73) 

(Appendix 5). 

Maximal Treadmill Exercise 

A plot of % m4HR versus log serum propranolol con-

centration for maximal treadmill exercise is shown in 

Figure 6. There was a strong linear relationship between 

concentration and % RMHR for all subjects except numbers 4 

and 7. This relationship was maintained for subject 2, 3, 

and 5 up to concentrations of over 400 ng/ml while the % RHMR 

plateaued for subjects land 6. Data from subject 4 also 

appeared to plateau as did the data from subject 7, where an 

essentially flat concentration-response relationship is 

depicted. For this reason, regression analysis could not be 

legitimately performed on the data for subject 7. The in-
2 dividual subject r values following maximal exercise are 

presented in Table 3. The mean coefficient of determination 

was 0.89. Five subjects had r2 values ranging from 0.92 

to 1.00. Subject 4 had an 2 r value of 0.54. 

Isoproterenol Sensitivity 

A plot of isoproterenol dose ratio minus one versus 

serum propranolol concentration is presented in Figure 7. 
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Figure 6. Semilog plot of percentage reduction in maximal 
heart rate during maximal exercise versus serum 
propranolol concentration. 
The subject symbols are the same as in Figure 4. 
The dashed line represents the best fit of all 
data points. 
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Figure 7. Isoproterenol dose ratio minus one for a 25 bpm rise in heart rate versus 
serum propranolol concentration. 
Subject symbols are the same as in Figure 4. The Y-scale for subject 6 
is on the right of the figure and his data are represented by the dashed ~ 
line. 0 



All subjects with the exception of subject 6 had strong 

linear correlations based on this test procedure. Inex-

plicab1y, the concentration-response curve for subject 6 
2 had a negative slope. The individual subject r values 

following the isoproterenol sensitivity test are listed in 

Table 3. A mean 2 value of 0.80 with a of 0.14 to r range 
2 

41 

1.0 was observed. The mean r value \lIas 0.92 with a range 

of 0.71 to 1.00 when data from subject 6 was excluded. 



CHAPTER 4 

DISCUSSION 

Since the pharmacodynamic assessments made in this 

study were compared to serum propranolol concentrations, it 

was essential that a specific and sensitive analytical pro

cedure be employed. The modified fluorometric procedure 

used satisfies both of these criteria. The initial alkaline 

extraction eliminates the more acidic and polar metabolites 

such as naphthoxylactic acid (Evans, Wilkinson, and Shand 

1973) and the glucuronide conjugates. Of the other metab

olites, only N-desisopropylpropranolol and propranolol glycol 

have been shown to extract under basic conditions and exhibit 

fluorescent properties similar to propranolol (Pritchard et 

ale 1978; Kraml and Robinson 1978). However, these metab

olites probably do not contribute significantly to the 

fluorescence determination of propranolol since appreciable 

concentrations of these compounds are not found in serum from 

patients on chronic propranolol therapy. Comparison of the 

plasma propranolol levels in twenty-two hypertensive patients 

by a gas chromatographic assay and a fluorometric assay 

yielded a close correlation (Pritchard et ale 1978). Re

gression analysis of these data resulted in a slope of 1.01 
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and a correlation coefficient of 0.981. These results com

pare favorably to the BPLC versus spectrofluorometric com

parison performed on serum from subjects in the present study 

(Figure 3). 

It is widely recognized that resting heart rate is a 

function of both parasympathetic and sympathetic tone. 

Parasympathetic tone appears to predominate in normal in

dividuals, as demonstrated by a resting heart rate that is 

less than intrinsic heart rate after total autonomic blockade 

(Jose and Taylor 1969). For propranolol to block a tachy

cardiac response, the heart rate increase must be secondary 

to enhanced sympathetic tone. The extremely poor correla

tion between propranolol concentration and resting heart rate 

in the present study is consistent with parasympatheti~ t9ne 

as the dominant factor determining resting heart rate. 

Jackson and co-workers (1975) noted a similar inability to 

discern beta blockade from the resting heart rate, whereas 

the change in heart rate during exercise consistently 

measures a reliable endpoint. Carruthers et ale (1974) 

studied the resting heart rate response after intravenous 

propranolol and also concluded that the reliance on a change 

in the resting heart rate is not a valid means of assessing 

beta blockade. 

Quantifying beta adrenergic blockade has been attempted 

by observing the change in heart rate response to various 
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maneuvers. George and co-workers (1972 and 1973) studied the 

tachycardia after tilt and although their results suggest that 

the heart rate response to tilt is chiefly mediated by 

sympathetic reflexes, tilt represents a relatively weak 

stimulus which can be abolished at low propranolol con-

centrations and the tachycardiac response to tilt is not 

reproducible in the same subject. Leon, Shaver, and Leonard 

(1970) studied the heart rate change during Valsalva's 

maneuver before and after propranolol and found no signifi

cant alteration. Conversely, Spodick et ale (1974) found 

the tachycardia induced by Valsalva's maneuver is less after 

oral administration of alprenolol, a beta blocking agent 

similar to prop~anolol with regards to its cardioselectivity. 

Both tilt and Valsalva's maneuver trigger a cardio-

accelerator response based on the baroreceptor reflex. Ex-

planations for heart rate changes by this reflex have varied. 

Traditionally, reciprocal changes in parasympathetic and 

sympathetic tone have accounted for rate changes in response 

to hypertension and hypotension. Glick and Braunwald (1965) 

studied the heart rate response to blood pressure manipula

tions in the dog, first in the presence of sympathetic 
.. --._.-_ ..... 

blockade alone and then with parasympathetic blockade alone. 

They explain heart rate changes with hypotension primarily 

by sympathetic stimulation since the tachycardiac response 

occurs in the presence of parasympathetic blockade, but not 
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in the presence of sympathetic blockade. This explanation is 

in opposition to the traditional concept of reciprocal auto

nomic changes and suggests that tachycardias mediated by the 

baroreceptor reflex might be used to measure beta blockade. 

In direct contradiction to the results of Glick and Braunwald 

(1965) and also to the traditional concept, Leon and co-

workers (1970) found that in normal men, sympathetic activity 

has minimal effect on the heart rate response to either hyper

tension or hypotension and that parasympathetic stimulation 

or withdrawal accounts for heart rate changes. Finally, 

Robinson et a1. (1966) noted that in the sitting position, 

decreases in heart rate occur despite atropinization (para

sympathetic blockade), suggesting some sympathetic withdrawal. 

In addition, during tilt, sympathetic blockade blunts the 

heart rate response, but does not eliminate it, and the 

tachycardiac response to tilt occurs after atropine. These 

findings are consistent with the more traditional concept of 

reciprocal changes in the tone of the two autonomic branches 

accounting for bradycardiac responses to hypertension and 

tachycardiac responses to hypotension. 

The present data indicate a poor correlation between 

reduction in heart rate response to Valsalva and tilt and 

propranolol concentration. Despite high concentrations of 

propranolol, heart rate increases persisted, suggesting that 

the tachycardia induced with these maneuvers was not secondary 
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to pure adrenergic stimulation. The peak heart rate and the 

change in heart rate in response to both stimuli decreased 

with propranolol, but the response was not predictable. 

Furthermore, there was substantial variation in the change 

in heart rate on a given day for a given individual, in

dicating a lack of consistency in response to the stimuli. 

These data suggest that heart rate changes during Va1salva's 

maneuver and tilt involved a significant alteration in 

parasympathetic tone. Hence, a poor correlation between 

heart rate increments and sympathetic blockade is reasonable. 

The present data agree with those of Niarchos and co-workers 

(1978), who found that propranolol does not abolish the heart 

rate increase associated with standing or amyl nitrate be

cause both generate a tachycardiac response by activating 

parasympathetic withdrawal. 

A good correlation between propranolol concentration 

and maximal exercise tachycardia was observed in the present 

study, both for individual and for group data. Robinson et 

al. (1966) showed that the heart rate response to mild 

exercise is secondary to parasympathetic withdrawal, but the 

response to maximal exercise (> 130 beats/minute on placebo 

or > 110 beats/minute on propranolol (George 1975» is 

practically pure sympathetic stimulation. The correlation 

between the reduction in maximal exercise heart rate and 

serum propranolol concentration should therefore be 



excellent. In some studies, the percentage decrease in 

exercise tachycardia plateau with oral propranolol doses as 

small as 80 mg and with propranolol concentrations between 

40 and 100 ng/ml, presumably indicating maximal blockade of 

cardiac beta receptors (Coltart and Shand 1970~ Pine et ale 

1975). After complete beta blockade, Coltart and Shand 
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(1970) reported a 28% reduction in exercise heart rate while 

Pine et ale (1975) reported a similar 34% reduction. However, 

other investigators have seen a progressive reduction in 

exercise tachycardia with increasing oral doses of propranolol 

up to 800 mg and resulting propranolol concentrations up to 

465 ng/ml (George et ale 1973; McDevitt et ale 1977). Col

lectively, these reports suggest that there is substantial 

interindividual differences in the receptor response to 

propranolol. Therefore, even when beta blockade is measured 

in terms of an intrinsic sympathetic stimulation, such as 

exercise, and correlatable to propranolol concentration, 

this relationship probably is not applicable to the entire 

population. 

In the present study, the four subjects who demon

strated a plateau in the % RMHR during maximal exercise had 

a mean reduction of 42% which corresponded with propranolol 

concentrations of approximately 200 ng/ml (Figure 6). The 

other three subjects did not demonstrate a plateau. These 
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data therefore differ from those of Coltart and Shand (1970) 

and Pine et a1. (1975) in that a higher concentration of 

propranolol was necessary to achieve sympathetic blockade in 

the subject which did plateau. However, the data do support 

the notion that different sensitivities to propranolol do 

exist and indicate that some individuals may require very 

high propranolol concentrations to achieve beta blockade 

(Zacest and Koch-l~eser 1970). 

In regards to the extrinsic sympathetic stimulation 

with isoproterenol, the present data indicate a very good 

correlation between isoproterenol dose ratio minus one and 

propranolol concentration (Figure 7 and Table 3). The ex

tremely high dose ratios for subject 6 cannot be explained 

except again in terms of receptor sensitivity differences. 

However, even with this subject's results included, the mean 

r2 for the group is 0.80. Isoproterenol is a pure beta ago

nist, and therefore, competes directly with propranolol for 

the receptor so that the good ~orrelation between the iso

proterenol dose ratios and propranolol concentrations was 

expected. Other investigators, such as Coltart and Shand 

(1970), Cleaveland et a1. (1972), and George et ale (1973) 

have also reported accurate and reproducible correlations 

between response and propranolol concentration utilizing 

this method. However, since isoproterenol injections 

represent a.nonphysiological or extrinsic stimulation, 
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the dose ratio measurements relating to propranolol con

centration provide no information concerning the effects of 

beta blockade on endogeneous sympathetic activity and has 

clinical significance only to the extent that it can be re

lated to another tachycardiac stimulus. By itself, the iso

proterenol dose ratio is only qualitative. Furthermore, 

isoproterenol may not be suitable for patients with ischemic 

heart disease since it generates arrhythmias (Cleaveland et 

ala 1972) as well as tachycardia. 

The variation in propranolol concentrations with a 

single dose has been reported to be from 10- to 20-fold 

Nies and Shand 1975: Shand 1974), and therefore, it is dif

ficult to relate the dose to a therapeutic response. The 

present data also indicate large intersubject variability in 

propranolol concentrations for a given dose (Table 2). The 

data are also consistent with the observation of Walle et 

ala (1978 ) that the variation in concentration is less at 

higher. doses. Since propranolol is relatively innocuous, 

and toxic manifestations which do occur to the drug occur 

with small doses early in the course of treatment, monitoring 

propranolol concentrations has not been routine. However, 

when a standard dose of propranolol does not yield a 

therapeutic benefit, demonstration of a low propranolol 

concentration may be helpful and justify giving a larger 

dose. If the concentration of proranolol can be correlated 
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with the heart rate at maximal exercise, this measurement 

would appear to be the most effective means of documenting 

beta blockade. Isoproterenol injections in patients with 

coronary artery disease are not justified clinically, and the 

correlations between propranolol concentration and resting 

heart rate and the tachycardia secondary to Valsalva's 

maneuver and tilt are poor. To the degree that exercise 

cannot be used, there is no substantial way of clinically 

documenting beta blockade, and in the absence of routine 

measurements of propranolol concentrations, only the dose of 

propranolol is available as an indicator of appropriate 

therapy. 



PART II 

INFLUENCE OF THYROID FUNCTION ON THE 

PHARMACOKINETICS OF AND 

PHARMACOLOGICAL RESPONSE TO 

PROPRANOLOL IN CALVES 
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CHAPTER 1 

INTRODUCTION 

Beta adrenergic receptor antagonists, particularly 

propranolol, have been widely used alone or in combination 

with other agents for the symptomatic management and pre

operative preparation of thyrotoxic (hyperthyroid) patients 

(Turner 1974: McDevitt 1976). The clinical signs and per

ipheral manifestations of thyrotoxicosis, such as, tachy

cardia, palpitations, tremor, nervousness, sweating, and 

weight loss, resemble the effect of increased activity of 

the sympathetic (adrenergic) nervous system. In this re

spect, patients with thyrotoxicosis may initially be mis

taken for patients with clinical symptoms of pheochromocytoma, 

a condition characterized by excessive plasma catecho1amines. 

The clinical application of propranolol in thyrotoxicosis, 

the relationship of catacho1amines and hyperthyroidism, and 

the influence of thyroid disease on physiological parameters 

relevant to drug disposition, will be reviewed in subsequent 

sections. 
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The Effects of and Specific Indications 
for Propranolol's Clinical Use 

in Thyrotoxicosis 
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The clinical assessment of the efficacy of propranolol 

in thyrotoxicosis has been extensively studied. propranolol 

markedly reduces the resting heart rate and the heart rate 

response to exercise in the thyrotoxic patient (Carruthers 

et ale 1974). Propranolol also restores normal rhythm to 

patients with thyroid-induced sinus arrhythmia and atrial 

fibrillation (Turner, Granville-Grossman, and Smart 1965; 

Rolands, Howitt, and Markam 1965). Thyrotoxicosis in-

creases myocardial contractility, cardiac output, and blood 

pressure, and these responses are all significantly reduced 

after propranolol therapy (Howitt and Rowlands 1966; lIowitt 

et ale 1968: Murchison et ale 1976). In addition to ameliora

tion of the cardiovascular manifestations of thyroid hyper

activity, controlled studies comparing propranolol with 

placebo have shown that propranolol is effective in reducing 

the thyrotoxic symptoms of sweating, palpitation, and anxiety 

(Shanks et ale 1969~ Nelson and McDevitt .1975). Murchison 

and co-workers (1976) found that propranolol is able to re

duce the amplitude of finger tremor but is not efficacious 

in decreasing tremor frequency. 

Recent reports have suggested that propranolol 

exerts a direct effect on excessive hormone concentrations 

found in thyrotoxicosis (Lotti et ale 1977: Verhoeven et 



al. 1977; Saunders et al. 1978; Feely et al. 1979). Pro

pranolol therapy has no effect on the circulating levels of 

the thyroid hormone T4 (thyroxin) but results in a signifi

cant fall in plasma T3 (triiodothyronine) concentrations 
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with a concomitant increase in rT3 (reverse triiodothyronine). 

This decrease in T3 levels leads to a proportional decrease 

in the oxygen consumption of thyrotoxic patients (Saunders 

et al. 1978). Since approximately 80% of T4 is deiodinated 

primarily to biologically active T3 and inactive rT3 (Chopra 

1976), these reports suggest that propranolol may exert a 

beneficial action in thyrotoxicosis by decreasing peripheral 

concentrations of the main calorigenic thyroid hormone. 

Mechanistically, propranolol appears to decrease T3 levels 

by metabolic inhibition of the 5'-deiodination of T4 to T3 

(Chambers, Pittman, and Suda 1982). 

Currently, propranolol is well accepted by clinicians 

for specific indications in therapy of thyrotoxicosis. 

propranolol is the treatment o.f choice for hyperthyroid 

crisis ("thyroid storm") (Parsons and Jewitt 1967; Buckle 

1968; Das and Krieger 1969). In this condition, there is 

... a severe, life-threatening exacerbation of the character

istic symptoms of thyrotoxicosis. Hyperthyroid crisis is 

usually precipitated by coincident infection, tr~uma, or 

surgical manipulation of the thyroid gland. Patients ex

perience severe hyperkinesis, tachycardia, hyperpyrexia, 



and can become comatose. The mortality rate of patients 

during a hyperthyroid crisis can be as high as 20 percent 

(Mazzaferri and Skillman 1969). Initial treatment with 

5S 

propranolol provides rapid symptomatic improvement and allows 

other antithyroid drugs, which reduce circulating hormone 

levels, time to become effective. 

propranolol is also indicated in mild to moderate 

thyrotoxicosis, when used alone (Pimstone et ale 1969), or 

as an adjunct with radioactive iodine therapy (Hadden et ale 

1968). Finally, several reports suggest that beta blockade 

therapy with propranolol is effective in preoperative prepa

ration for subtotal thyroidectomy (Lee et ale 19737 Michie 

et a1. 1974) and can be used to control thyrotoxic symptoms 

during pregnancy (Langer et ale 1974) and in children 

(Buckfield and Davis 1966). 

Relationship between Catecholamines 
and Hyperthyroidism 

Although propranolol is clinically successful in 

treatment of thyrotoxicosis, there has been considerable 

debate over why beta blockade is efficacious, and contro

versy concerning ·the role that the adrenergic nervous system 

plays in the pathogenesis of this disease. As early as the 

late nineteenth century, a relationship between overactivity 

of the thyroid gland and catecho1amines was suspected, and 

cervical sympathectomy was attempted for treatment of 
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hyperthyroidism (Poncet 1897). Prior to 1960, several in

vestigators found support for the hypothesis that excess 

thyroid hormone enhances or potentiates the cardiovascular 

actions of catecholamines (see review by Harrison 1964). 

However, most of these investigations failed to examine 

concentration-response relationships, were poorly controlled, 

and were not subjected to robust statistical analysis (Levey 

1971). Recently, a number of studies have failed to confirm 

any thyroid-induced alteration in the sensitivity of the heart 

to adrenergic stimulation. It was reported that the positive 

inotropic and chronotropic responses to epinephrine, norepi

nephrine, and cardiac adrenergic nerve stimulation in normal 

doses was comparable in thyroxine-treated dogs (Margolius 

and Gaffney 1965; van der Schoot and Moran 1965). The hemo

dynamic responses to catecholamine infusions in spontaneous 

hyperthyroid patients (Aoki, Wilson, and Theilen 1972) and in 

subjects made thyrotoxic by T3 administration (Akoi et a1. 

1967), were also similar to the responses obtained in 

euthyroid (normal) subjects. 

Since the cardiovascular manifestations of thyro

toxicosis appear not to be due to hypersensitivity of the 

adrenergic nervous system, further studies have explored the 

influence that thyroid hormones have on the release and 

metabolism of endogenous catecholamines. No increase has 

been found in myocardial concentrations of epinephrine and 
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norepinephrine (Kurland, Hammond, and Freedberg 1963) and 

plasma levels of these catecholamines are either low or 

normal in thyrotoxic patients (Christensen 1973~ Stoffer et 

al. 1973). The urinary execretion of catecholamines and 

their metabolites are also unchanged in the hyperthyroid 

patient (Levine et al. 19627 Wiswell et al. 1963). The 

evidence, therefore, is quite clear that thyrotoxicosis 

results in normal or slightly suppressed adrenergic activity 

relative to catecholamine levels. 

While the thyrotoxic state does not seem to be as

sociated with a clearly definable increase in either adren

ergic activity or supersensitivity to adrenergic stimulation, 

there have been some suggestions of more subtle interrela

tions between thyroid hormone and catecholamines. Thyroid 

hormone increases the heart rate and contractility by 

mechanisms independent of the adrenergic nervous system, but 

these effects are additive to those induced by catecholamines 

(Thier, Gravenstein, and Hoffman 1962; Cairoli and Crout 

1967). Thyroid-dependent changes in the number of cardiac 

beta adrenergic receptors, the putative recognition site for 

beta adrenergic catecholamines and propranolol, have been 

shown (Williams et al. 1977). These investigators found (in 

hyperthyroid rats) an increase of approximately twofold in 

the total number of cardiac beta receptors but failed to 

distinguish an alteration in receptor affinity for either 
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beta agonists or antagonists. These results coupled with 

additional animal data suggesting that thyroid hormone only 

potentiates beta adrenergic receptor stimulation (Wildenthal 

1972 and 1974), provide both a biochemical and a physio-

logical basis for the enhanced cardiac activity seen in 

thyrotoxicosis. 

Influence of Thyroid Disease on 
Physiological Parameters 

Relevant to Drug Disposition 

Thyroid dysfunction has a pronounced effect on many 

physiological parameters, which in turn may influence drug 

disposition (i.e., absorption, distribution, biotransforma

tion, and excretion). Recent reviews have appeared con

cerning the influence of thyroid disease on drug metabolism 

(Eichelbaurn 1976) and drug disposition (Shenfield 1981). 

In spite of the abundance of information that has been 

published, it is not always possible to predict the effect 

that altered thyroid function will have on any individual 

drug. The literature pertinent to thyroid disease and its 

influence on drug disposition (with particular reference to 

propranolol) will be reviewed. 

Thyroid dysfunction, primarily due to increased or 

decreased hormone levels (i.e., T4 and T3), can alter 

many basal physiological processes. The degree to which 

these processes are changed and the stability of this change 

may directly affect the way the body responds to any par

ticular drug. Intestinal transit time has been shown to be 
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decreased in hyperthyroidism (Thomas, Caldwell, and 

Greenberger 1973) and increased in hypothyroidism (Duret and 

Bastenie 1971). For drugs which undergo specialized absorp

tion processes and for drugs which display dissolution

dependent absorption, the intestinal transit time will be 

the primary determinant of the extent to which these drugs 

are absorbed. The absorption of riboflavin, a drug which is 

absorbed by an active transpo~t system (Levy and Jusko 1966), 

has been shown to be influenced by thyroid disease. In 

children, hypothyroidism results in a twofold increase in 

the fraction of riboflavin absorbed while hyperthyroidism 

results in a twofold decrease. In addition, the duration of 

absorption is prolonged in hypothyroid children and reduced 

in hyperthyroid children (Levy, MacGillivray, and Procknal 

1972). 

Data derived from in vitro animal studies concerning 

the influence of abnormal thyroid hormone levels on hepatic 

microsomal enzymes suggest that increased activity of the 

thyroid usually enhances the ability of the liver to metabo

lize drugs, while the converse is applicable in decreased 

thyroid function (Conney and Garren 1961; Kato and Gillette 

1965; Kato and Takahashi 1968). However, in ~ disposition 

studies conducted in thyroid patients have not always con

firmed the animal data. The apparent systemic clearance of 

antipyrine was increased in thyrotoxic patients when compared 
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to either euthyroid or hypothyroid patients (Eichelbaum, Bodem, 

Schneider-Deters 1973; MacNee et ale 1973; Eichelbaum et ale 

1974; Vesell et ale 1975). Since the apparent distribution 

volume (Va) of antipyrine usually did not change as a func

tion of th~roid status, the terminal disposition half-life 

(tl / 2) was inversely related to the circulating levels of 

thyroid hormones. Although antipyrine metabolism is con

sidered by many to be a reliable predictor of the liver's 

ability to eliminate other drugs, the results reported above 

appear not to be directly related to other extensively 

metabolized compounds. No differences in the pharmaco

kinetic characteristics were detected for aminopyrine 

(Brunk et ale 1974), phenytoin (Hansen et ale 1978), and 

warfarin (Solomon and Schrogie 1967), when euthyroid in

dividuals were compared to either hypothyroid or hyperthyroid 

patients. These drugs are classified as low extraction ratio 

compounds (i.e., restrictive hepatic elimination), and as 

such, depend primarily on the ~vailable levels of hepatic 

microsomal mixed function oxidases (MFO) for their elimina

tion. Thyroid hormones may selectively stimulate only 

specific enzyme systems within the liver, and thus, will only 

enhance the metabolism of those compounds utilizing those 

enzymes. 

Renal function, with respect to glomerular filtration 

rate (GFR), has been shown to be affected by thyroid 
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dysfunction. Inulin clearance (an index of GFR) was twofold 

higher in hyperthyroid patients as compared to hypothyroid 

patients (145.5 ± 5.6 ml/min vs. 71.0 ± 4.3 ml/min) (Bradley 

et ale 1974). These findings may explain the rank order de

crease one sees in the terminal disposition ha1f-l~fe (t1/ 2) 

of digoxin (a drug primarily excreted unchanged in the urine), 

when hypothyroid, euthyroid, and hyperthyroid groups are com-

pared (Croxson and Ibbertson 1975; Gi1frich 1976). However, 

other investigators have shown that digoxin's apparent volume 

of distribution (Ve) depends on thyroid status (i.e., Va 

increases in hyperthyroidism and decreases in hypothyroidism), 

and alterations in distribution would also contribute to the 

changes seen in the tl/2 of digoxin (Shenfield, Thompson, 

and Horn 1977; Bonelli et ale 1978). 

Cardiac output in thyrotoxic patients is usually in-

creased (Sobel and Braunwald 1971), and consequently, the 

blood flow to both the liver (Meyers, Brannon, and Holland 

1950) and the kidneys (Bradley et ale 1974; Katz, Emrnanouel, 

Lindheimer 1975) is also increased. The disposition of high 

extraction ratio drugs (i.e., nonrestrictive elimination) is 

• dependent on their route of administration (Gibaldi et ale 

1971). The systemic (intravenous) clearance of these par-

ticular drugs is primarily a function of hepatic or renal 

blood flow, while oral clearance is a function of the in-

trinsic activity of the hepatic drug metabolizing enzymes. 



Propranolol is highly extracted by the liver, and 

as such, its disposition in thyroid disease can potentially 

be influenced by at least three separate mechanisims (i.e., 

blood flow, metabolic enzyme activity, and plasma protein 

binding alterations). Bell and co-workers (1977) were the 

first to investigate this interaction and they detected no 

significant difference between hyperthyroid and hypothyroid 

patients with respect to propranolol's oral clearance and 

t l / 2• In apparent contrast, Feely, Crooks, and Stevenson 

(1978) reported that in twelve hyperthyroid patients on 
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chronic propranolol therapy, the mean plasma steady-state 

propranolol concentration increased significantly when these 

patients were surgically made euthyroid. The steady-state 

propranolol concentrations correlated inversely with serum 

thyroxine levels. Conversely, it was shown that steady-state 

propranolol concentrations fall when hypothyroid patients 

were treated with thyroxine. These results together with 

results finding no significant difference in the plasma 

protein binding for propranolol in hypothyroid, euthyroid, 

and hyperthyroid patients (Kelly and McDevitt 1978), suggest 

that alterations of oral dose steady-state propranolol con

centrations result from a direct action of thyroid hormone 

on the hepatic enzymes responsible for propranolol's 

metabolism. 



63 

Only two studies have appeared in the literature con

cerning the influence of thyroid disease on intravenous 

propranolol disposition. Rubenfeld and co-workers (1978) 

studied this interaction in 15 thyrotoxic patients and com

pared the results to 15 normal volunteers matched for age, 

sex, and weight. Both the systemic clearance and the ap

parent volume of distribution (VB) were significantly 

increased in the thyrotoxic group by 43 and 31%, respectively. 

Similar findings have been reported from experiments in six 

hyperthyroid patients before and after they became clinically 

euthyroid (Riddell et ale 1979). In these patients, the 

systemic clearance of propranolol was significantly greater 

(78%) when they were thyrotoxic; however, no statistical dif

ference was detected in VB even though it was 26% larger 

before patients became euthyroid. 

Statement of the Problem 

Since propranolol is widely used for the treatment of 

thyrotoxicosis, the recent reports suggesting that pro

pranolol disposition is altered during the course of this 

disease is of clinical relevance. Thus, this study was de

signed to examine the disposition kinetics of intravenous 

propranolol in an instrumented calf model while these 

animals were euthyroid and again following biochemical in

duction of thyrotoxicosis. In this manner, each animal 
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served as its own control. The pharmacological response of 

these animals to propranolol was also studied, under both 

thyroid conditions, utilizing the standardized isoproterenol 

sensitivity test as a means of assessing beta blockade. The 

results of this investigation should answer the question as 

to whether an interaction exists between thyroid disease and 

propranolol disposition, and provide further insight into the 

nature of such an interaction. 



CHAPTER 2 

EXPERIMENTAL 

Materials and Methods 

Unlabeled and Radiolabeled Propranolol 

Propranolol hydrochloride (Ayerst Laboratories Inc., 

New York, NY) was used as: received. Specifically labeled, 
3 dl-[4- H] propranolol hydrochloride (Amersham Corp., Arlington 

Heights, IL) was purchased with an initial radiochemical 

purity of 98% and a specific activity of 24 Ci/mmole. The 

radiochemical purity was reanalyzed by a normal phase thin

layer chromatographic system (silica gel 60,' F-254 sheets, 

200 ~m thickness, E. Merck, Darmstadt, Germany) developed 

with a mobile phase of I-butanol (analytical grade, J. T. 

Baker Chemical Co., Phillipsburg, NJ): water:acetic acid 

(analytical grade, J. T. Baker Chemical Co., Phillipsburg, 

NJ), 12:5:3. The purity determined by this method was never 

less than 97.9%. The tritiated propranolol stock solution 

was stored at -20°C under a nitrogen atmosphere. 

Assay Methodology 

The same spectrofluorometric procedure as described 

in Part I (Chapter 2, Materials and Methods section) was 
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used for the quantification of propranolol in calf serum. 

The performance of this assay was as detailed and discussed 

in Part I (Chapter 3, Results; and Chapter 4, Discussion). 

Induction of Thyrotoxicosis 
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After baseline pharmacokinetic and pharmacodynamic 

studies (both detailed in subsequent sections) were com

pleted in the euthyroid (normal) calves, biochemical thyro

toxicosis was produced in these animals by administration of 

l-thyroxine (T4 , Sigma Chemical Co., St. Louis, MO). Each 

animal received daily intramuscular doses of l-thyroxine 

(200 ~g/kg) for 9 to 15 days. Serum levels of T4 and 

triiodothyronine (T3)-uptake were measured by radio

immunoassay and by resin sponge uptake (Aria II, Becton, 

Dickinson, and Co., Orangeburg, NY), respectively, while the 

calves were euthyroid and also after treatement with T4 • 

In the euthyroid state, the average (mean ± SO) T4 serum 

concentration was 5.1 ± 1.7 ~g/dl and the average (mean ± SO) 

T3-uptake was 37.5 '± 8.1%. When thyrotoxic, these same 

animals had an average T4 serum concentration of 27.4 ± 8.6 

~g/dl and a T3-uptake of 56.9 ± 6.9%. Normal values in 

calves have been reported to be 3.8 ± 1.2 ~g/dl and 33.0 

± 15.0% for serum T4 concentration and T3-uptake, respec

tively (Goldman et ale 1982). 
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Propranolol Phar.macokinetics 

Single dose intravenous administration. The disposi

tion of propranolol was studied in Holstein calves while 

these animals were euthyroid and again after induction of 

biochemical thyrotoxicosis. Eleven male calves, weighing 

between 56.7 and 149.7 kg, each received a single 88 mg (free 

base) intravenous bolus dose of propranolol. Fifteen mil

liters of unheparinized blood was collected into plastic 

syringes (Phar.maseal Inc., Tucson, AZ) from an indwelling 

venous catheter, just prior to injection, and at 5, 15, 30, 

45, and 60 minutes, and at 1.5, 2, 3, 4, and 5 hours, there-

after. Following collection, the blood was immediately 

transferred to silconized glass tubes (MonojectR, Monoject 

Division of Sherwood Medical, St. Louis, MO), allowed to 

coagulate, and centrifuged (Sorvall GLC-2B, E. I. duPont de 

Nemours & Co., Inc., Newtown, CT) at 3000 rpm for 10 min

utes. The serum was removed and stored in siliconized glass 

tubes at 4°C until assayed for propranolol content (within a 

period of one week). 

The animals remained in the laboratory and had free 

access to water and food for the duration of the disposition 

study. Each study was begun between the hours of 0600-0800 

to control for diurnal variations. 

Data analysis. The serum concentration (C) versus 

time (t) data obtained after intravenous administration of 
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propranolol were fit to the following equation: 

C = 
n -A.t 
I A.e 1 

i=l 1 
(3) 

using the nonlinear least squares regression program, NONLIN 

(Metzler 1969). In equation 3, n is the number of ex-

ponents required to describe the serum concentration-time 

data, A. is a coefficient associated with the ith ex-
1 

ponent at time zero, and A. 
1 

is a disposition rate constant 

associated with the ith exponent. Initial estimates for 

A. and A. required for input into NONLIN were obtained by 
1 1 

the method of residuals directly from a plot of In C versus 

time (Gibaldi and Perrier 1975). The data were fit best 

when a weighting function of In C was employed. The appro-

priate pharmacokinetic model was selected on a statistical 

basis from a specialized F-test (Boxenbaurn, Riegelman, and 

Elashoff 1974). 

From the NONLIN generated parameters, the total area 

(i.e., time zero to time infinity) under the C versus t 
~ 

curve (AUC) a was determined from the following equation: 

00 

(AUC) a = 
n A. 
I ~. 

i=l ~ 
(4) 

Subsequently, relevant pharmacokinetic parameters including 



total body or systemic clearance (Cl ), apparent volume of s 
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distribution (Va)' and the terminal disposition half-life 

(tl / 2) were calculated based on the fdllowing expressions: 

Cl s 

Va 

and 

xO 
= 

= 

(AUC)~ 

Cl s 
-x-n 

= ln 2 
:-or-n 

(5) 

(6) 

(7 ) 

\'7here xO is the intravenous dose and A is the terminal 
n 

disposition rate constant. The calculated values for Cl s 
and Va were normalized for the weight of each calf. 

All group results are expressed as the mean ± 

standard deviation. Differences in the pharmacokinetic 

variables between euthyroid and thyrotoxic calves were 

evaluated by the paired Student's t-test. A value of 

p < 0.05 (two-tailed) was considered statistically 

significant. 

Pharmacodynamic Assessment 

Prior to administration of propranolol, the baseline 

heart rate response to intravenous (IV) bolus doses (0.5, 
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1.0, 2.0, 4.0 and 8.0 ~g) of isoproterenol (IsuprelR, 

Sterling Winthrop Laboratories, New York, NY) was studied in 

both euthyroid and thyrotoxic calves (Cleaveland et ale (1972). 

Subsequently, the beta adrenergic response to propranolol was 

assessed in the euthyroid and thyrotoxic animals at four 

steady-state propranolol concentrations, using the standard

ized isoproterenol sensitivity test (Coltart and Shand ~970; 

Cleaveland et al. 1972) • The results ·of the single IV pro-

pranolol dose study were used to predict an initial IV 

loading dose (XO) and an IV infusion rate (RO) by the 

following equations: 

(8) 

(9 ) 

where C is the desired initial steady-state propranolol 
ss 

serum concentration (between 80 and 300 ng/ml), and Vs and 

CIs are as defined previously. One hour after simultaneous 

administration of the loading dose and initiation of the in-

fusion, three blood samples (15 ml each) were obtained at 

fifteen minute·intervals. At approximately the time at which 

the second blood sample was taken, incremental bolus doses 

of isoproterenol were administered intravenously (at a 



starting doses of 8 ~g) until the resting heart rate in

creased above 25 beats/minute. The heart rate measurements 

were obtained by an oscillographic recorder (Simultrace 
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VR-6, Electronics of Medicine, Inc., White Plains, NY). The 

resting heart rate achieved after each isoproterenol dose 

was determined. After the third blood sample was withdrawn, 

the initial propranolol infusion was discontinued for a 

period of time equal to one propranolol half-life. A second 

infusion was then started at one-half the previous rate and 

after thirty minutes, blood sampling, isoproterenol adminis

tration, and heart rate measurements were performed as 

described previously. This procedure was repeated two ad

ditional times to provide a total of four different steady

state propranolol concentrations with response measurements 

at each concentration. A summary of the general protocol for 

these pharmacodynamic assessment techniques is contained in 

Appendix 6. 

Data Analysis. The change in resting heart rate 

(~HR) was calculated as the difference between the resting 

heart rate after each successive isoproterenol dose minus the 

resting heart rate prior to isoproterenol. Since the method 

of calculating resting heart rate has been found to be a 

critical determinant of isoproterenol sensitivity, the 

recommended method based on the three shortest R-R intervals 

from the electrocardiogram was used to calculate all resting 



heart rates (Cleaveland et ale 1972). Prior to administra

tion of propranolol and at each serum propranolol steady-
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state level, the dose of isoproterenol necessary to increase 

the heart rate 25 beats/minute (CD25) was then calculated by 

interpolation of a linear regression fit of ~HR versus log 

isoproterenol dose (~g/kg). Only the linear portion of the 

dose-response curve was used in this calculation. Finally, 

the responsiveness of each calf to propranolol under both 

thyroid conditions was compared by plotting the CD25 versus 

log propranolol steady-state serum concentration. 

Propranolol Serum Protein 
Binding Determinations 

Using equilibrium dialysis, the binding of pro-

pranolol to proteins in calf serum was studied. These ex

periments were conducted in five calves when these animals 

were euthyroid and again when they were thyrotoxic. Un

heparinized blood was drawn into 25 ml plastic syringes from 

an indwelling venous catheter. Patency of this catheter was 

maintained with 2 ml of heparinized (3 U/ml) D5W (5% dextrose 

in sterile water), and this solution was fully removed and 

discarded prior to obtaining the blood sample. The admin

istration of low doses « 10 U) of heparin to maintain the 

function of indwelling catheters has not been associated 

with anomalies in the protein binding of propranolol 



(Silber, Lo, and Riegelman 1980). The withdrawn blood was 

immediately transferred to siliconized glass tubes, allowed 

to coagulate, and serum was obtained following centrifuga

tion. Serum was transferred to separate siliconized glass 

tubes and stored at -20°C. 
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Both the euthyroid and thyrotoxic serum from one calf 

was "spiked" with sufficient quantity of labeled and un

labeled propranolol to encompass a concentration range of 

44 to 354 ng/rnl. Equilibrium dialysis experiments were 

conducted on these samples. In the remaining four calves, 

the protein binding was studied at only one concentration 

(approximately 100 ng/ml). 

Equilibrium dialysis. The equilibrium dialysis ap

paratus consisted of one inch square regenerated cellulose 

membranes (Technilab Instruments, Inc., Pequannock, NJ), 

with a molecular weight cutoff of 6000 daltons, placed be

tween eight acrylic plastic dialyzing chambers contained 

within two clamped plastic blo~ks (Technilab Instruments, 

Inc., Pequannock, NJ). Glycerin and other chemicals were 

purged from the membranes by three successive one hour 

rinses in double distilled water followed by a one hour 

rinse and ultimate storage in 0.13 M, pH 7.4 Sorensen's 

phosphate buffer (Diem and Lentner 1974). Chloroform (1%, 

v/v) was added to this buffer to prevent microbial growth. 



Serum (0.9 ml) containing tritium labeled and un

labeled propranolol was added through the access ports and 

dialyzed against an equal volume of Sorensen's phosphate 

buffer. The entire dialysis unit was rotated at a rate of 

60 rpm inside an isothermal environment (Thelco Model 182, 

GCA/Precision Scientific, Chicago, IL) maintained at 37°C. 

The time necessary for this dialysis system to reach equi

librium was determined by analyzing, as a function of time, 

the movement of radioligand across the membrane. After 

reaching equilibrium, the total volume on each side of the 

membrane was carefully removed with a one ml tuberculin 
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syringe attached to a 20g needle (Sherwood Medical Industries 

Inc., DeLand, FL) and recorded. Duplicate 0.2 m1 aliquots 
R of these volumes were added to 10 ml of Instagel (Packard 

Instrument Co., Inc., Downers Grove, IL) and liquid scintil-

lation counting (TRI-Carb Model 460C, Packard Instrument 

Co., Inc., Downers Grove, IL) performed to at least one per-

cent counting error (at 95.5% confidence level). Counts per 

minute were converted to disintegrations per minute by use of 

an external standard channels ratio method. The percentage 

of unbound propranolol was calculated by dividing the con

centration post dialysis found in the buffer solution by the 

concentration remaining in the serum. Appropriate experi

ments were performed to ascertain whether propranolol adsorbs 



7S 

to either the cellulose membrane or the dialysis unit itself 

(Chignell1977). 

Data analysis. All results are expressed as a mean 

(of at least triplicate determinations) ± standard deviation. 

Statistical evaluation of these data was performed using the 

paired Student's t-test. A value of p < 0.05 (two-tailed) 

was considered to be statistically significant. 



CHAPTER 3 

RESULTS 

Intravenous Propranolol Pharmacokinetics 
in Euthyroid and Thyrotoxic Calves 

Appendix 7 lists all dose normalized serum propranolol 

concentration-time data obtained after acute intravenous pro

pranolol administration. It was found that these data for 

all calves under both thyroid conditions were best described 

by a linear two-compartment open model. The equation 

describing this model is as follows: 

-A t 
C = A e 1 

1 

where C, Al , A2 , Al , and A2 are as previously de

scribed. Representative serum propranolol concentration 

versus time plots for one calf, when euthyroid and thyro-

toxic, are shown in Figure 8. 

The pharmacokinetic parameters generated from the 

nonlinear regression analysis of concentration-time data, 

(10) 

together with animal body weight and days of thyroxine treat-

ment, are presented in Table 4. Thyrotoxicosis had no sig-

nificant effect (p > 0.05) on any of the parameters 

listed in this table, although certain trends in the data 
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Figure 8. Representative plot of propranolol serum con
centration (normalized for dose) versus time 
following an intravenous dose in a single calf 
before and after treatment with thyroxine. 
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Table 4. Pharmacokinetic parameters for propranolol in 
euthyroid (E) and thyrotoxic (T) ca1ves. a 

Animal Thyroid Weight C1s VB t1/2 Days on 
Number State (kg) (l/hr/kg) (1/kg) (hr) Thyroxine 

1 
E 56.7 2.02 2.11 0.72 13 
T 63.5 2.37 3.88 1.13 

2 E 81.6 4.34 5.07 0.81 13 
T 101.2 2.84 4.50 1.10 

3 E 83.5 2.07 3.64 1.22 9 
T 72.6 2.98 3.61 0.84 

4 E 90.7 2.00 2.22 0.77 14 
T 79.4 2.96 3.27 0.77 

5 E 149.7 1.28 2.37 1.28 9 
T 131.5 3.21 2.19 0.47 

6 E 136.1 1.55 2.31 1.03 9 
T 127.0 2.17 2.26 0.72 

7 E 104.3 2.50 2.91 0.81 13 
T 84.8 1. 73 1.93 0.77 

8 E 85.7 1.69 2.20 0.90 9 
T 93.4 4.94 5.76 0.81 

9 E 90.7 2.30 2.76 0.83 11 
T 81. 6 1. 70 1.82 0.70 

10 E 120.0 1.89 1.49 0.54 15 
T 100.7 2.67 1. 78 0.46 

11 E 171.4 2.53 2.74 0.75 14 
T 138.8 5.11 5.34 0.72 

Mean E 106.4 2.20 2.71 0.83b ,c 
±SD ±34.2 ±0.81 ±O.95 

T 
97.7 2.98 3.30 0.72b 12 

±25.1 ±1.12 ±1.44 ± 2 
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Table 4--Continued 

aNone of the mean values for euthyroid and thyrotoxic calves 
were significantly different by the paired Student's t-test 
(p > 0.05). 

bHarmonic mean half-life. 

cpaired Student's t-test performed on elimination rate con
stant (In 2/tl / 2 ) rather than on t l / 2 • 

are worthy of mention. The ability to increase basal metabo-

lism is characteristic of thyrotoxicosis, and it is not unex-

pected that this condition led to a lower group body weight 

(thyrotoxic, 97.7 kg versus euthyroid, 106.4 kg). Eight out 

of the eleven calves experienced a weight loss after thy

roxine treatment. This loss was as high as 19% (calves 7 

and 11), however inexplicably, one animal (calf 2) gained 

24% more weight after thyroxine administration. The mean 

systemic clearance (Cls ) was slightly higher in thyrotoxic 

calves (2.98 versus 2.20 l/hr/kg), with eight animals 

demonstrating an increase ranging from 17% (calf 1) to 192% 

(calf 8). Also, the mean apparent volume of distribution 

(Ve) was slightly elevated in thyroxine treated calves 

(3.30 versus 2.71 l/kg), but only five calves out of the 

total exhibited this increase. The terminal disposition 

half-life (tl / 2 ) depends on the magnitudes of both Cls 



and Ve, and since these parameters did not change sig

nificantly, tl/2 was not different (euthyroid, 0.83 hr 

versus thyrotoxic, 0.72 hr). 

It is controversial whether pharmacokinetic para-

meters, such as Cls and Ve, should be normalized for 

total body weight (Sultatos et ale 1980). In the present 

study, the differences seen in body weights within an 

animal are induced to some extent by exogenous thyroxine 
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treatment. These changes in weight may not be physio

logically related to changes in either metabolic capacity or 

distributive potential in a particular calf. Table 5 pre

sents individual values for Cl s and Va without weight 

normalization. Again however, thyroid function had no 

apparent effect (p > 0.05) on these parameters. 

Thyroid Function and 
Pharmacodynamic Response 

Incremental s~ngle isoproterenol beli were admin-

istered to calves under both thyroid conditions prior to 

propranolol administration (baseline measurements), and at 

several steady-state serum propranolol concentrations. The 

dose of isoproterenol required to increase the resting heart 

rate 25 beats/minute (CD25 ) was calculated under baseline 

conditions and at each propranolol level. The baseline 

CD25 data are presented in Table 6. In the absence of 

propranolol, the mean CD25 was 0.020 ± 0.006 and 
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Table 5. Values for systemic clearance (CIs) and apparent 
volume of distribution (V e) without weight 
normalization in euthyroid (E) and thyrotoxic 
(T) calves. a 

Animal Thyroid CIs V 
Number State (l/hr) (6) 

1 E 115 120 
T 150 246 

2 
E 354 414 
T 287 455 

3 
E 173 304 
T 216 262 

4 
E 181 201 
T 235 260 

5 
E 192 355 
T 422 288 

6 
E 211 314 
T 276 287 

7 
E 261 304 
T 147 164 

E 145 188 
8 

T 461 538 

E 209 250 
9 T 146 148 

E 227 179 
10 T 269 179 

E 434 470 
11 T 709 741 

Mean E 227 282 
± SD 93 106 

T 302 324 
170 182 
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Table 5--Continued 

aNone of the mean values for euthyroid and thyrotoxic calves 
were significantly different by the paired Student's t-test 
(p > 0.05). 

0.022 ± 0.007 ~g/kg in euthyroid and thyrotoxic calves, re

spectively. No significant difference (p > 0.05) was 

detected between these mean values; however, most calves dis-

played a markedly different response to isoproterenol under 

the two thyroid conditions. For example, calf 8 when thyro-

toxic showed a 39% increase in sensitivity to isoproterenol, 

and conversely, calf 11 when thyrotoxic showed a 107% de-

crease in sensitivity to isoproterenol. During thyro-

toxicosis, an equal number of calves exhibited either an 

enhanced or a diminished response to isoproterenol. 

The individual calf CD25 data obtained at each 

propranolol steady-state concentration are listed in 

Appendix 8. During this phase of the study, several tech-

nical problems were encountered and complete concentration

response profiles could not be constructed for all calves. 

These experimental difficulties included: a total lack of 

response in some animals to high doses of isoproterenol 

(indicative of complete beta blockade from propranolol)~ 

an exaggerated response to very low doses of "isoproterenol 
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Table 6. Isoproterenol dose required to increase the resting 
heart rate 25 beats/minute (CD2S' in euthyroid 

Animal 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Mean c 

±SD 

and thyrotoxic calves. 

CD25 (1l9/kg,a 

Euthyroid Thyrotoxic 

0.014 0.011 

0.021 0.029 

0.021 0.028 

0.014 0.024 

0.018 b 

0.034 0.024 

0.019 0.018 

0.023 0.014 

0.019 0.015 

0.019 0.029 

0.014 0.029 

0.020 0.022 

0.006 0.007 

Isoproterenol 
Sensitivity Change 
in Thyrotoxic State 

(±%) 

+21 

-38 

-33 

-71 

+29 

+ 5 

+39 

+21 

-53 

-107 

-19 

a No significant difference was detected between euthyroid 
and thyrotoxic groups using the paired Student's t-test 
(p > 0.05). 

bCa1f 5 experienced adverse health problems during treat
ment with thyroxine and was excluded from the study. 

cMean of ten calves (excluding calf 5). 
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such that a 25 beat/minute increase could not be accurately 

interpolated from these data; and adverse health problems 

experienced by one animal (calf 5) during the latter course 

of thyroxine treatment. In five calves, the concentration

response relationship between tachycardia produced by iso

proterenol and log propranolol serum concentration is 

adequately described and these data are presented graphically 

in Figures 9 and 10. All of these animals demonstrated a 

substantial shift to the right in their concentration

response curve during thyroxine treatment. Extrapolation of 

the CD25 values (euthyroid and thyrotoxic) to the abscissa 

revealed that the concentration of propranolol producing the 

same degree of beta adrenergic blockade ranged from 1.6 

(calf 11) to 8.9 (calf 8) times greater in the thyrotoxic 

animal than in the euthyroid animal. 

Proproanolol Serum Protein Binding 

The nonprotein bound form of a drug is usually re

sponsible for eliciting the expected pharmacological response. 

Differences in response to propranolol may be encountered if 

perturbation occurs in the extent to which this drug is 

bound to serum protein. Accordingly, the protein binding of 

propranolol was determined by equilibrium dialysis in five 

euthyroid calves and these experiments were repeated in the 

same animals after induced thyrotoxicosis. 
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The time necessary for the dialysis system to reach 

equilibrium was established from initial experiments in one 

animal. This time course of approach to equilibrium at 37°C 

is depicted graphically in Figure 11. It was determined from 

these data that 20 hours was required to reach equilibrium 

and all subsequent dialysis experiments were carried out for 

at least this period of time. 

The major criticism of equilibrium dialysis experi

ments concerns the influence that nonspecific binding of 

the drug (either to the membrane or to the dialysis unit 

itself) has on the obtained results (Chignell1977). In 

the present system, when buffer containing propranolol was 

dialyzed against buffer, the overall recovery was indeed low, 

averaging 69.7% (%CV = 1.2). Propranolol adsorption to the 

membrane accounted for an additional 7.6% (%CV = 7.2): there

fore, the remainder was assumed to be bound to the acrylic 

plastic dialysis chambers. However, when serum containing 

propranolol was dialyzed against buffer, the overall re

covery from the sampling solutions was nearly complete, 

averaging 96.4% (%CV = 2.0), with only an additional 0.9% 

(%CV = 7. 6) bound to the membrane. 

The protein binding of,.~propranolol in both euthyroid 

and thyrotoxic serum was linear (i.e., concentration inde

pendent) over a concentration range of 44 to 354 ng/ml. 

These data are presented in Table 7. The unbound percentage 
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Table 7. Influence of propranolol concentration on the 
extent to which propranolol binds to serum 
proteins at 37°C. 

Concentration 

Percentage of Propranolol 
Unbound to Serum Proteins 

(mean ± SOla 

89 

(ng/m1) Euthyroid Serum Thyrotoxic Serum 

44 28.3 ± 0.47 16.0 

93 30.3 ± 0.34 15.6 

354 30.5 ± 0.40 15.3 

aEach mean value represents the results of three 
determinations. 

± 0.94 

± 0.41 

± 0.35 

of propranolol does increase slightly (7.8%), from 28.3% at 

44 ng/m1 to 30.5% at 354 ng/m1, in euthyroid serum: however, 

this trend is reversed in thyrotoxic serum (16% at 44 ng/m1 

and 15.3% at 354 ng/m1, representing a 4.4% decrease). 

The results obtained from the dialysis experiments 

in five calves are shown in Table 8. The animal numbers in 

the table are not synonymous with the numbers reported in 

previous tables. Animals numbered one and two are identical 

to animals ten and eleven in the disposition and pharma

codynamic studiesihowever, the remaining three animals were 

not experimentally examined except in these binding studies. 



Table 8. Percentage of propranolol unbound to serum 
proteins at 37°C in euthyroid (E) and 
thyrotoxic (T) calf serum. 

Animal 
Number 

1 

2 

3 

4 

5 

Thyroid 
Status 

E 

T 

E 

T 

E 

T 

E 

T 

E 

T 

Percentage Unbound 
% ± SD (n)a,b 

21.8 ± 0.43 (4) 

23.8 ± 0.55 (4) 

29.7 ± 1. 22 (12) 

15.6 ± 0.34 (8) 

18.4 ± 2.32 (3) 

22.6 ± 0.72 (3) 

21.5 ± 0.16 (3) 

17.2 ± 0.12 (3) 

10.9 ± 0.22 (3) 

14.7 ± 0.16 (3) 

a(n) represents the number of determinations. 

bNO significant difference was detected between euthyroid 
and thyrotoxic groups using the paired Student's t-test 
(p > 0.05). 
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Thyrotoxicosis did result in as large as a 35% increase 

(calf 5) in the unbound percentage of propranolol, but this 

pattern was not consistent since calf 2 exhibited an opposing 

50% decrease in this percentage. Collectively, these data 

were characterized by large interanimal variability and 

consequently, no significant difference was found (p > 0.05) 

between the euthyroid and thyrotoxic groups. 



CHAPTER 4 

DISCUSSION 

Propranolol has found widespread clinical use in 

ameliorating the cardiovascular and some of the peripheral 

manifestations of thyrotoxicosis. It is surprising, there

fore, that only recently have pharmacokinetic and pharmaco

dynamic studies with propranolol been performed in this 

pathological condition. The data obtained from the present 

study indicate no statistical difference in propranolol dis

position after intravenous dosing in euthyroid and thyrotoxic 

calves. These findings disagree with results from studies 

performed in thyroid patients. Rubenfeld et a1. (1978) found 

a significant increase in both the systemic clearance and the 

apparent volume of distribution of propranolol in thyrotoxic 

individuals when compared to a separate group of euthyroid 

subjects. Riddle and co-workers (1979 and 1980) also re

ported that patients exhibited a higher systemic clearance of 

propranolol (but an unaltered volume of distribution) when 

thyrotoxic than when they were clinically and biochemically 

euthyroid. Several plausible explanations may be offered for 

the differences between the results of others and the present 

findings. One consideration is that of species difference. 
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The calf, although an excellent experimental model with re

gard to cardiovascular function (Cypess and Hurvitz 1974), 
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may not suitably mimic the human thyroid-induced physio

logical changes which influence propranolol's disposition. 

Support for this hypothesis is found in recent work by 

Ishizaki and Tawara (1980). These investigators were unable 

to document any alterations in the disposition kinetics of 

intravenous propranolol in the dog. The systemic clearance, 

apparent volume of distribution, and terminal disposition 

half-life of propranolol in biochemically-induced thyro

toxic dogs were all similar to the values found in a separate 

euthyroid group of animals. Therefore, both the thyrotoxic 

dog and calf model do not appear to characterize the altera

tions seen in the disposition kinetics of propranolol in 

thyrotoxic humans. Another potential reason for the differ

ences seen between experimental animals and humans may be 

associated with the method used to induce thyrotoxicosis in 

many animal experiments. Numerous studies have employed 

methods, such as administration of thyroxine or triiodo

thyronine, to artificially induce the thyrotoxic state in 

animal models. The physiological effects produced by endo

genously elevated and exogenously administered thyroid 

hormones, however, may ,be different. In addition, subtle dif

ferences may exist in the time over which thyrotoxicosis is 

artificially induced and the severity of the resulting 
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condition, which in turn may influence the resultant physio

logical and metabolic changes. The literature is devoid of 

any comparative studies exploring these potential differences, 

but suggestive data do exist. One report has shown that 

thyroxine administration has a dose-dependent effect on in 

vitro hepatic drug metabolism in the rat (Rumbaugh, Kramer, 

and Colby 1978). These investigators showed that thyroxine 

administration at low doses will stimulate while higher doses 

tend to inhibit the in vitro metabolism of certain drug sub

strates. Obviously, further experimental work is needed to 

discern the subtle changes that occur in thyrotoxicosis and 

to validate the present animal models relative to the human 

pathology. 

The present finding of unaltered serum protein binding 

of propranolol in thyrotoxic calves is consistent with the 

unchanged volume of distribution in this group. These re

sults are s~ilar to those of Kelly and McDevitt (1978), who 

reported no difference in the plasma protein binding of 

propranolol in both hypo- and hyperthyroid patients before 

and after they became c1incia11y euthyroid. Other investi

gators, however, have found evidence for alterations in the 

extent of propranolol's plasma protein binding in thyroid 

disease (Feely, Stevenson, and Crooks 1981). These investi

gators demonstrated that the extent to which propranolol was 

bound to plasma proteins was inversely related to thyroid 
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status (e.g., decreased protein binding in hyperthyroid 

patients, increased protein binding in hypothyroid patients). 

However, it is interesting that the mean values for the per

centage of propranolol bound to plasma proteins in hypo

thyroid, euthyroid, and hyperthyroid patients reported in the 

former studies (Kelley and McDevitt 1978) were very similar 

to the mean values reported by Feely, Stevenson, and Crooks 

(1981), suggesting that the lack of significance found in the 

earlier studies is probably due to a smaller sampling size. 

In the absence of any changes in propranolol dispo

sition, the present data suggest that increased serum concen

trations of propranolol are required to block the chronotropic 

effects of isoproterenol in thyrotoxic calves. The thyro~ 

toxic animals exhibited this apparent decreased sensitivity 

to propranolol despite the fact that baseline heart rate re

sponse measurements (i.e., before propranolol administration) 

to isoproterenol .were not significantly different between the 

two thyroid groups. Although the lack of any thyroid-

induced sensitivity differences to isoproterenol found in 

this study is consistent with results obtained from similar 

studies performed in man (Wilson et ale 1966, McDevitt et ale 

1978), the present results disagree with the work of others 

with regard to the pharmacodynamic effects of propranolol in 

thyrotoxicosis (Wilson et ale 1966, Cairoli and Crout 1967). 



These investigators could find no evidence supporting the 

hypothesis that thyroid dysfunction alters the sensitivity 
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to propranolol. However, since both of these studies failed 

to measure serum concentrations of propranolol, definitive 

concentration-response relationships were not evaluated. In 

addition, both of these studies incorporated only one rather 

large intravenous dose of propranolol which may have resulted 

in complete beta blockade and precluded the finding of a 

greater propranolol requirement in thyrotoxicosis. 

Two recent studies, one conducted in man (Tawara et 

al. 1981) and the other in the dog (Ishizaki and Tawara 19BO), 

have also compared the responsiveness of euthyroid and thyro

toxic groups to propranolol. Tawara and co-workers (1981) 

found no significant difference in the relationship between 

the tachycardiac response to tilt and propranolol concentra

tion when hyperthyroid patients were compared before and 

after therapy to reverse the disease. However, the heart 

rate response to tilt is considered neither a reliable nor a 

reproducible index of beta blockade (Hager et ale 19B1), and 

its use in this study may have influenced the derived re

sponse measurements., Ishizaki and Tawara (1980) compared 

the chronotropic response to isoproterenol in a group of 

euthyroid dogs and in a group of biochemically-induced thy

rotoxic dogs at various times following an intravenous dose 

of propranolol. Concentration-response curves were 



constructed for both groups and the results obtained from 

these studies suggest that the extent of beta blockade 

achieved at the same concentration of propranolol is sig

nificantly decreased in the thyrotoxic animals as compared 
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to the controls. This decrease in sensitivity to propranolol 

exhibited by the thyrotoxic dogs ranged from 28 to 50%. In

terestingly, these investigators could substantiate no alter

ation in the response to isoproterenol in the absence of 

propranolol when the two groups of animals were compared. 

These results are in good agreement with the findings 

obtained in the present study. 

In summary, the data reported here demonstrate that 

thyrotoxic calves display a hyposensitivity to propranolol 

without any accompanying changes in the disposition of pro

pranolol nor any alterations in the response to isoproterenol. 

These results may provide a plausible explanation for the 

sporatic clinical reports questioning the efficacy of 

propranolol in the management of various clinical conditions 

associated with thyrotoxicosis (Eriksson et ale 1977: Kvetny 

et ale 1981). However, this hypothesis must await confirma

tion of the present data in human thyroid patients. Hope

fully, such studies will provide more definitive answers by 

utilizing the concentration of propranolol rather than the 

traditionally acceptedld~se of propranolol and relate this 

to a measured response. 



PART III 

PHARMACOKINETIC STUDIES 

WITH DIGITALIS GLYCOSIDES 
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CHAPTER 1 

INTRODUCTION 

The term digitalis refers to a class of naturally oc

curring and derived steroid glycosides, all of which exert 

similar positive inotropic and electrophysiologic effects on 

the heart. The digitalis glycosides are found in several 

botanical sources, the primary commercial one being the fox

glove plant (Digitalis purpurea and Digitalis lanata). Di

goxin and digitoxin are digitalis glycosides with the most 

clinical utility, and each of these drugs is produced by 

alkaline and subsequent enzymatic hydrolysis of a native 

glycoside. Although the first recorded usage of digitalis 

has been ascribed to early Egyptian physicians, it was not 

until 1785 that William withering described the clinical 

pharmacology of foxglove and attributed its efficacy in 

edematous (dropsy) patients to the diuretic and cardiotonic 

properties_of digitalis (Withering 1785, reprinted in 1961). 

Since this classic work by Withering, the digitalis glyco

sides have remained important therapeutic entities for both 

congestive heart failure and cardiac arrhythmias (i.e., 

atrial fibrillation, atrial flutter, and supraventricular 

tachycardia). Based on almost two centuries of clinical 

experience, the literature on the digitalis glycosides has 
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become voluminous. For the year 1980 alone, there are over 

300 clinical and basic research citations in Index Medicus 

pertaining to this class of drugs. A complete review of all 

literature is neither possible nor the intent of this dis-

sertation, however, the interested reader is directed to ex-

tensive compilations on the digitalis glycosides relating to 

their clinical pharmacology and therapeutics (Braunwald and 

Klocke 1965, Doherty and Kane 1973, Smith and Haber 1973; 

Mason 1974) and to their clinical pharmacokinetics (Iisalo 

1977; Perrier, Mayersohn, and Marcus 1977, Doherty et ale 

1978; Aronson 1980). 

Selection of the Most A~propriate 
Digitalis Glycos~de 

The digitalis glycosides are used in patients with 

congestive heart failure because of their ability to in-

crease the force of myocardial contraction. These compounds 

also act on the heart to slow atrioventricular (A-V) con-

duction and prolong the refractory period of the A-V node 

therefore, restoring normal cardiac rhythm in patients with 

arrhythmias of atrial origin. The digitalis glycosides all 

contain a steroid nucleus with either a five or six-membered 

a, S-unsaturatetl lactone ring attached at the C-17 position. 

The double bond within the lactone ring is essential for 

cardioactivity, which is presumed to be due to the ability 

of these compounds to bind to myocardial + Na , 



triphosphatase (Na+, + . 
K -ATPase). The binding of digitalis 

to this enzyme within the cardiac sarcolemma inhibits the 

sodium-potassium pump, an event that has been correlated to 

the positive inotropic action of digitalis (Akera 1977). 

Although as a class of compounds, all digitalis glycosides 

conform to the aforementioned structure, each individual 

glycoside can vary slightly in structure without loss of 

inherent pharmacological activity. Typical structural alter

ations include addition of methyl, acetyl, or hydroxyl 

groups and/or addition of one or more sugar moieties via a 

glycoside linkage at the 3-6 position. These modifications 

can have a very marked effect on the physical properties of 

each digitalis glycoside, which in turn, can determine their 

pharmacokinetic characteristics. For example, digoxin dif

fers chemically from digitoxin in only one respect, it con-

tains an additional hydroxyl group at the 12-6 position 

within the steroid nucleus. Due to this additional hydroxyl 

group, digoxin is of greater polarity and this physico

chemical difference results in digoxin binding less avidly 

to plasma proteins than digitoxin. Only 20-30% of digoxin 

is bound to plasma proteins (Lukas and DeMartino 1969), 

while over 90% of digitoxin exists in the plasma bound to 

protein (perrier et ale 1977). 

From a therapeutic standpoint, the selection of the 

most appropriate digitalis glycoside seems to be primarily 



102 

related to the pharmacokinetic properties of the particular 

glycoside, since most of these compounds have similar thera

peutic to toxic ratios. The most extensively used digitalis 

glycoside in the United States is digoxin, whereas in some 

European countries digitoxin is the drug of choice. The pri-

mary advantage of digoxin is related to its shorter terminal 

disposition half-life (tl / 2). In patients with normal 

renal function the tl/2 of digoxin is between 1.5 and 2 

days (Iisalo 1977), while digitoxin has an average tl/2 of 

between 7 and 8 days (Perrier et ale 1977). The disad

vantage of the long tl/2 of digitoxin is related to the 

extended duration of digitalis toxicity, should this compli

cation occur. Although this protracted tl/2 for digitoxin 

is sufficient reason to decrease its popularity, the elimi

nation of digoxin is dependent upon renal function, and its 

tl/2 can exceed 3 to 4 days in patients with compromised 

renal status (Iisalo 1977). The distribution characteristics 

of digoxin also have been shown to change with variations in 

renal function. As renal function decreases, the apparent 

volume of distribution (Va) of digoxin has been shown to 

decrease, from a range of 5.1 to 8.1 l/kg in healthy in

dividuals to a range of 3.3 to 4.4 l/kg in renal failure 

patients (Iisalo 1977). This phenomenon is reflected in 

concomitant decreases in both digoxin's myocardium tissue 



binding (Jusko and Weintraub 1974) and its 

ATPase receptor activity (Cole 1973). 

+ Na , 

The renal- function dependency in both the elimina

tion and distribution characteristics of digoxin creates a 
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problem in its clinical usage since patients with congestive 

heart failure often manifest some degree of prerena1 azotemia 

(Braunwa1d 1980). Several maintenance dose adjustment 

procedures, based on the relationship between creatinine 

clearance and digoxin clearance, have been proposed for 

utilization in patients with impaired renal function 

(Je11iffe et a1. 1970; Ro1endorf et a1. 1972; Peck et a1. 

1973; Jelliffe et a1. 1974). These procedures do reduce the 

incidence of toxicity from digoxin, but are not always suc

cessful (Roup et a1. 1975). A dilemma also exists when one 

considers giving a loading dose of digoxin to impaired renal 

function patients. Normally one would give a smaller 

loading dose of digoxin to compensate for the decreased Vs 
typically seen in these patients. This type of dosage 

adjustment has -been advocated by several investigators 

(Reuning, Sams, and Notari 1973; Jusko, Szefler, and 

Goldfarb 1974). However, others have suggested that no 

adjustment in the loading dose of digoxin is required in 

renal failure (Jelliffe 1968; Wagner 1974) since a decline 

in Vs is followed by a decline in both the myocardium to 

serum concentration ratio and the intrinsic activity of the 



+ + Na, K -ATPase receptor (Jusko and Weintraub 1974; Cole 

1973). To dat~there is little experimental evidence to 

support either viewpoint conclusively. Obviously, further 

work is needed to delineate precise concentration-response 

relations ips in patients receivinq diqoxin who have 

compromised renal function. 

Statement of the Problem 

Since the pharmacokinetic properties of diqitoxin 

and diqoxin are less than optimal, the identification of a 

diqitalis glycoside with more suitable pharmacokinetic 
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characteristics would be of siqnificant benefit. An "ideal" 

digitalis glycoside would be one which has a tl/2 similar 

in magnitude to that of digoxin, and one which possesses 

elimination and distribution characteristics not dependent 

on renal function. Potential candidates would be the bis-

and monodigitoxoside metabolites of diqitoxin since their 

elimination and distribution characteristics should be like 

digitoxin (1. e., indt;:>endent of renal function (Rasmussen et 

ale 1972: Storstein 1974», and successive removal of the 

sugar moieties attached to digitoxin should result in com-

pounds that are more rapidly eliminated. The fact that 

these metabolites of digitoxin possess inotropic effects 

similar to those of digitoxin (Lullmann and Peters 1971) 



further supports their potential as more favorable thera

peutic moieties. 
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The aim of this study was two-fold. First, it was 

necessary to determine the specific pharmacokinetic proper

ties of digitoxigenin bis- and monodigitoxoside and compare 

these characteristics to those of digitoxin. Secondly, it 

was essential to determine what influence, if any, impaired 

renal function had on the pharmacokinetics of these di

gitoxin metabolites. The dog was chosen as the animal model 

for this study since the pharmacokinetic behavior of digoxin 

in the dog is similar to that found in man (Gierke et ale 

1978). The dog was also selected since chronic renal 

failure can be induced in this species by a convenient 

surgical means (Gierke et ale 1978). 



CHAPTER 2 

EXPERIMENTAL 

Materials and Methods 

Unlabeled and Radiolabeled Digitalis 
Glycosides 

Digitoxin (DT), digitoxigenin-bisdigitoxoside (BIS

DT), digitoxigenin-monodigitoxoside (MONO-DT), digitoxigenin, 

dihydrodigitoxin, digoxin (DG), digoxigenin-bisdigitoxoside 

(BIS-DG), digoxigenin-monodigitoxoside (MONO-DG), and digoxi

genin (Boehringer Mannheim Biochemicals, Indianapolis, IN) 

were used as received. Based on manufacturing specifications 

obtained from Boehringer Mannheim, dry digitoxin power ranges 

in chemical purity from 98.0 to 99.4%. Although no defini

tive numbers were obtained for chemical purity of the other 

digitalis glycosides, the company stated that the purity of 

these compounds can be expected to be similar to the range 

given for digitoxin. 

Commercially available [3H(G)]-digitoxin (New England 

Nuclear, Boston MA), and custom synthesized [3H(G)]

digitoxigenin-bisdigitoxoside (Burroughs-Wellcome Co., 

Research Triangle Park, NC) and [3H(G)]-digitoxigenin-

monodigitoxoside (New England Nuclear, Boston, MA) were 

purified by either multiple thin-layer chromatography (TLC) 
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or reverse-phase high pressure liquid chromatography (RP-HPLC) 

if these radioisotopes were determined to have greater than 

3% impurities. Either TLC or RP-BPLC was used to determine 

percent inpurity. Normal-phase silica gel TLC plates (250 ~m 

thickness, J. T. Baker Chemical Co., Phillipsburg, NJ) or 

sheacs (silica gel 60 F-254, 200 ~m thickness, E. Merck, 

Darmstadt, Germany) were developed two times with a mobile 

phase of isopropyl ether (reagent grade, Mallinckrodt, Inc., 

St. Louis, MO): methanol (spectrophotometric grade, Burdick 

& Jackson Laboratories Inc., Muskegon, MI) (9:1, v/v), 
r 

in a conditioned glass TLC tank under nitrogen atmosphere. 

The RP-HPLC was conducted on a liquid chromatograph (Model 

322, Beckman Instruments, Inc., Fullerton, CAl equipped with 

a UV-visible spectrophotometer (Model 100-40, Hitachi Scien-

tific Instruments, Mountain View, CA). This instrument was 

fitted with a 150 mm x 4 mm reverse-phase column (Bio-Sil 

ODS-10, Bio-Rad Laboratories, Richmond, CAl. The separations 

were conducted at ambient temperature with a mobile phase of 

40% acetonitrile in water delivered at a constant flow rate 

of 1 ml/min. The detection wavelength was 237 nm. 

The radiochemical purity and corresponding specific 

activity of each radiolabeled digitalis glycoside were as 

follows: r3H(G)]-digitoxin, 97%, 10.9 Ci/mmole.; [3H(G)]

digitoxigenin-bisdigitoxoside, 97%, 9.6 Ci/mmolei r3H(G)]

digitoxigenin-monodigitoxoside, 97%, 34.8 Ci/mmole. 
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Assay Methodology (see Figure 12). 

Isolation procedure. A specific procedure was de

veloped for the isolation of DT, BIS-DT, and MONO-DT. Which

ever digitalis glycoside was administered (i.e., parent com

pound), that form was the only species quantified in that 

particular set of serum samples. The separation procedure 

developed regardless of which glycoside was quantified, 

differs only in which TLC fraction was collected. 

Accordingly, 2 m1 of serum placed into a 12 x 125 mm 

culture tube (pyrexR 9826, Corning Glass Works, Corning, NY) 

was spiked with 0.1 ml (approximately 0.1 ~C) of tritiated 

parent glycoside, .as an internal standard. This serum was ex-

tracted (3 times) with 5 m1 aliquots of dichloromethane (OCM, 

analytical grade, Fisher Scientific Co., pittsburth, PA). Fol

lowing centrifugation (Sorvall GLC-l, E. I. duPont de Nemours 

& Co., Inc., Newto~~, CT), the DCM layers were transferred with 

a pasteur pipet to a 15 ml, 17 x 120 mm centrifuge tube (pyrexR 

8060, Corning Glass Works, Corning, NY). The pooled extracts 

were evaporated under a gentle stream of nitrogen (N-EVAP 

model 111, Organomation Associates Inc., Northborough, MA) at 

40°C. The sides of the centrifuge tube were thoroughly rinsed 

with DCM to concentrate the glycosides at the very tip. This 

volume was in turn slowly evaporated. The contents of the 

tube were reconstituted with a small quantity of cholorform 

(analytical grade, Fisher Scientific Co., Pittsburgh, PA): 

methanol (3:1, v/v) and then applied with a 0.01 ml 
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2 ml serum 

3H parent glycoside 

5 ml dichloromethane (extract 3x) 

Lipid soluble fraction: Water soluble fraction 
Concentrate, RP-TLC 
(dioxane: methanol: water, 2:5:3) 

Digitoxin-related compounds: 
Elute, Concentrate, NP-TLC 
(isopropyl ether: methanol, 9:1) 

1 
125

I
_

R1A 

Digoxin-related compounds: 
(discard) 

Digitoxin 
(0.13) 

BIS-DT 
(0.24) 

MONO-DT 
(0.37) 

Digitoxigenin 
(0.55) 

I 
Eulte, Concentrate 
l25

I
_

R1A 

3H_% recovery 

Figure 12. Abbreviated flow diagram of the procedure used 
for analysis of digitoxin and its related 
glycosides in serum. 



110 

disposable capillary tube (MicrocapsR, Drummond Scientific 

Co., Broomall, PAl to a conditioned 20 x 20 em reverse-phase 

TLC plate (precoated RC18 , octadecylsilane bonded to silica 

gel, 200 ~m thickness, Whatman Inc., Clifton, NJ). The plate 

was scored into 8 lanes, each 2.2 em wide and separated by 

0.7 cm dividing lanes. A standard ethanolic solution con

taining a mixture of digitoxin-related compounds (i.e., DT, 

BIS-DT, MONO-DT, and digitoxigenin) and digoxin-related 

compounds (Le., DG, BIS-DG, MONO-DG, digoxigenin), at con

centrations of approximately 2 mg/ml, was applied to the 

outside lanes. This plate was developed with a 100 ml mix

ture of dioxane (analytical grade, MallincKrodt, Inc., St. 

Louis, MO): methanol: distilled water (2:5:3, v/v/v) inside 

a presaturated glass chromatography tank (Fisher Scientific 

Co., Pittsburgh, PAl, to a height of 18 cm. This TLC step 

was required to separate the digoxin- from the digitoxin

related compounds. After the plate was thoroughly dried, 

the two outside standard solution lanes were scored and 

removed. These segments were then sprayed (glass atomizer, 

American Scientific Products, Tempe, AZ) with chloramine-T 

reagent [3% chloramine-T (Eastman Organic Chemicals, 

Rochester, NY): 25% ethanolic solution of trichloroacetic 

acid (Fisher Scientific Co., Pittsburgh, PAl, 1:4, v/v]. 

Next the segments were heated at llOoC for 8 minutes, and 

the digitalis compounds were visualized and marked under 
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ultraviolet light (365 ~Fisher Scientific Co., Pittsburgh, 

PAl. After replacing the standard solution segments against 

the original plate, the actual sample areas corresponding to 

the DT-related compounds (i.e., lower portion of plate, Rf 
values to 0.35) were scraped from the plate. The silica gel 

from each lane was pfaced inside a centrifuge tube, pulver

ized with a spatula, and to this tube was added 4 ml of 

ethanol (USP absolute, U. S. Industrial Chemicals Co., New 

York, NY). The tube was vortexed (Vortex Genie lo1ixer, 

Scientific products, Tempe, AZ), centrifuged, and the eluant 

removed and transferred to a separate clean centrifuge tube. 

The elution process was repeated two more times with 4 ml of 

acetone (analytical grade, Fisher Scientific Co., Pittsburgh, 

PAl each time. The pooled eluants were carefully evaporated 

under a nitrogen stream at 40°C to insure concentration of 

the glycosides at the tip of the centrifuge tube. 

A second chromatographic step was necessary to in

dividually separate the DT-related compounds. Accordingly, 

the contents of the centrifuge tube were reconstituted and 

applied (as described earlier for the reverse-phase separa

tion) to a conditioned 20 x 20 cm normal-phase silica gel 

TLC plate. Again, analogous to the reverse-phase procedure, 

the plate was scored into individual lanes and a standard 

solution, this time containing only DT, BIS-DT, MONO-DT, and 
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digitoxigenin, was applied to the two outside lanes. The 

plate was chromatographed with a 100 ml mixture of isopropyl 

ether: methanol (9:1, v/v) inside a second presaturated 

glass chromatography tank. The plate was developed to a 

height of 18 em, dried, and rechromatographed two ad

ditional times. The treatment of the standard solution lanes 

with chloramine-T reagent and the identification of the DT

related compounds were completed as described earlier. After 

location of parent glycoside, this sample area was scraped, 

eluted (3 times) with 3 ml of ethanol, and the pooled eluant 

fractions concentrated in a 12 x 75 mm plastic culture tube 

(2052, Becton, Dickinson, and Co., Oxnard, CAl. The con

tents of this tube were redissolved with 1-2 ml of the buffer 

used in the radioimmunoassay and this tube was stored at 

-20°C until processed through the radioimmunoassay. 

Radioimmunoassay (RIA). Si·nce a specific isolation 

procedure was developed for the DT-related compounds, a RIA 

procedure, incorporating a nonspecific digitoxin antibody 

exhibiting equal affinity for DT, BIS-DT, and MONO-DT, 

afforded a very convenient method for quantification. 

A 0.48 mg/ml digitoxin stock solution in absolute 

ethanol was prepared and diluted with distilled water to 

give a final concentration of 9.6 mg/l. Volumes of 0.025, 

0.05, 0.1, 0.15, and 0.25 ml of the 9.6 mg/l digitoxin stock 
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solution were added to five, 50 ml volumetric flasks and 

diluted to 50 ml with buffer (phosphate buffered saline, see 

Appendix 9) to produce standard concentrations of 4.8 (6.28), 

9.6 (12.55), 19.2 (25.10), 28.8 (37.65), and 48.0 (62.75) 

ng/ml (pmole/ml), respectively. 

A standard curve was prepared in duplicate and 

processed along with each set of serum extracts through the 

RIA procedure. Also, aliquots of raw serum and serum after 

extraction with oeM only were analyzed by the RIA method to 

determine total digitaliS glycoside concentration and water

soluble metabolite concentration, respectively. To each 

12 x 75 mm culture tube was added 0.025 ml of either standard 

solution, raw serum, extracted serum, or buffer extract. One 

milliliter of digitoxin [1251] tracer (3-0-succinyl digitoxi

genin L-tyrosine [125I ], Becton, Dickinson, and Co., 

Orangeburg, NY) and 0.1 ml of antibody solution (digitoxin 

ovine antiserum, Becton, Dickinson, and co., Orangeburg, NY) 

were then added to these tubes. The tubes were vortexed and 

incubated at room temperature for 30 minutes. After the 

incubation period, 0.5 ml of a cold charcoal suspension (see 

Appendix 9) was placed into each tube, and again the tubes 

were vortexed and placed at room temperature for 2-5 minutes. 

All tubes then were centrifuged at high speed (3000 rpm) for 

10 min and 1.0 ml aliquots of the supernatant were carefully 
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removed and placed into separate 12 x 75 mm culture tubes. 

These culture tubes were in turn placed into plastic counting 

tubes (Research Products International Corp., Elk Grove 

Village, IL) and the radioactive contents of each measured 

by a gamma counter (1185 Series, Nuclear-Chicago, Des Plaines, 

IL). Samples were counted to at least two percent counting 

error (at the 95.5 percent confidence level). 

Standard calibration curves were constructed in either 

one of two ways. Either blank corrected accumulated counts 

were plotted as a function of log digitoxin concentration or 

the logit conversion (Thorell and Larson 1978) was made and 

this conversion plotted as a function of log digitoxin con

centration. In both cases, simple linear regression was per

formed on the standard samples, and the resulting slope and 

i~tercept used to calculate the concentration of digitalis 

glycosides in unknown serum samples. All data were corrected 

for nonspecific or trace binding inherent to the charcoal. 

Corrected serum concentrations. As described earlier, 

a tritiated tracer of parent compound was added to all serum 

samples prior to extraction. This internal standard was 

used to individually correct each sample for extraction and 

chromatographic losses, but its use necessitated·'that an 

additional correction be applied to the sample. This cor

rection was for the tracer's contribution of "cold" parent 



glycoside to the overall concentration of the sample. The 

following describes the correction procedures applied to 

concentrations determined by the RIA. 
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Triplicate 0.1 ml aliquots of the tritiated tracer 

were placed into scintillation vials (Kimble, Division of 

Owens Illinois, Toledo, OH) containing 10 ml of scintilla

tion fluid (see Appendix 9). These samples were counted 

(model LS-230, Beckman Instruments, Inc., Fullerton, CAl to 

at least two percent counting error. This radioactivity 

represents the total amount initially added to the serum 

sample. The recovery of the overall isolation procedure 

was calculated by determining the total radioactivity in the 

buffer extract (i.e., after the second chromatographic step) 

and dividing this amount by the total amount added. 

By utilizing the specific activity of the tracer, 

the total radioactivity in the final reconstitution tube and 

the radioactivity remaining in the serum following the DCM 

extraction were each converted to molar concentrations of 

parent glycoside due to the tracer._After appropriate 

volume corrections, the molar concentration due to the 

tracer was subtracted from both the RIA water-soluble 

metabolite concentration and the RIA parent -concentration. 

The RIA parent concentration was additionally corrected for 

isolation recovery. The overall correction procedure applied 
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to the RIA determined concentrations is denoted in the 

following equations: 

(10) 

(11) 

where (C ) and c water-soluble (Cc)parent are the corrected 

concentrations of water-soluble metabolites and parent 

glycoside, respectively. CRIA is the concentration deter

mined by the RIA, R is the fractional isolation recovery of 

each sample, and CTl and CT2 are the tracer's contribu

tion to the "cold" concentration of water-soluble metabolites 

and parent glycoside, respectively. 

Cross reactivity. In order to establish the binding 

affinity of the RIA antibody for digitoxin-related compounds, 

individual binding isotherms were established. BIS-DT, MONO

DT, and dihydrodigitoxin stock solution were prepared and 

subjected to the RIA procedure as previously described for 

digitoxin. From linear regression analysis performed on the 

results, a relative binding affinity parameter (i.e., ratio 

of concentration of each digitalis glycoside to that of 

digitoxin at 50% binding) was calculated for each of these 

compounds. 



Accuracy and precision. Twenty replicate standard 

samples of digitoxin at concentrations of 2.6 (3.34), 5.1 

(6.67), 10.0 (13.07), 17.9 (23.36), and 30.2 (39.44) Dg/ml 

(proole/ml) were prepared and analyzed by the RIA method. 
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From these results, the deviations in the measured concen

trations, calculated as a percentage of the actual concen

trations, were used as estimates of accuracy. Precision was 

estimated from the coefficients of variation around the 

measured concentrations. 

Digitalis Glycoside Pharmacokinetics 

Animals. Adult male mongrel dogs (Sierra Vista 

Animal Control Center, Sierra Vista, AZ, and High Plains 

Laboratory Animals, Canyon, TX), each weighing between 20-30 

kg, were selected on the basis of normal results from serum 

chemistries, serum hematologies, and creatinine clearance 

determinations (Southwest Veterinary Diganostics, Inc., 

Phoenix, AZ, and Automated pathology, Phoenix and Tucson, AZ). 

After selection, these laboratory tests were routinely per

formed in the animals immediately prior to all disposition 

studies. A table listing each test along with normal values 

in the dog can be found in Appendix 10. 

The animals were conditioned to the metabolic cages, 

animal handlers, and general environment prior to use. Each 

animal was fasted overnight prior to the initiation of all 
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in vivo studies, but had free access to water at all times. 

Food was permitted 12 hours after drug administration. All 

dogs were housed under controlled lighting conditions with 

a daily period of artificial light from 0700 to 1900 hours 

and darkness for the other 12 hours. Each disposition study 

was initiated between 0800-1000 hours to minimize the 

influence of circadian variations. 

Disposition studies. Six dogs, initially normal and 

subsequently with impaired renal function, each received an 

intravenous 0.05 mg/kg dose of DT (65.4 nmoles/kg), BIS-DT 

(78.7 nmoles/kg), and MONO-DT (99.0 nmoles/kg), administered 

according to a randomized (3 x 3) Latin square design. Each 

digitalis glycoside was prepared in a distilled water for 

injection: ethanol (1:1) dosing vehicle and was infused over 

1 minute via the cephalic vein. Ten milliliters of blood 

was collected into blood collection tubes without anti

coagulant (MonojectR, Monoject Division of Sherwood Medical, 

St. Louis, MO) from the jugular vein just prior to injection 

and at 0.05, 0.1, 0.17, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 8, 

12, 24, 36, 48, 72, and 96 hours, thereafter. Venipuncture 

required no anesthesia. The dogs were housed between 

sampling times in stainless steel metabolic cages (Wahmann 

Manufacturing Co., Timonium, MD) to allow separate collection 

of urine without fecal contamination. At 24 hour intervals, 
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for a total of 96 hours, catheterized urine was obtained by 

means of a polypropylene catheter (5 or 8 Fr., Monoject 

Division of Sherwood Medical, St. Louis, MO) inserted without 

anesthesia. Following centrifugation of the blood (Model 

TJ-6, Beckman Instruments, Inc., Palo Alto, CA), serum and 

an aliquot from each urine collection was frozen in glass 

storage containers at -20°C until analyzed. 

Surgical procedures. After the initial disposition 

studies were completed in the dogs, renal impairment was pro

duced in these same animals by unilateral total nephrectomy 

and contralateral partial renal vascular ligation. The 

right kidney was removed via an incision along the linea alba. 

Blood supply to the left kidney was isolated and several 

branches of the renal artery were temproarily occluded by 

the use of "bull-dog" clamps. The extent of ischemia in 

this kidney could then be estimated by visualizing surface 

blood flow following a 3 to 5 ml intravenous injection of 

sodium fluorescein (FundusceinR, Cooper Laboratories, 

Parsippany, NJ). Under UV light (365 nm, Wood's lamp), the 

functional areas of the kidney could be clearly differenti

ated and the "bull-dog" clamps were replaced with permanent 

ligatures when the integrity of only one-third of the orig

inal circulation was present. Before the final disposition 

studies were begun, the dogs were allowed a surgical re

covery period of at least two weeks. 



Renal function assessment. Prior to and following 

the induction of renal impairment, creatinine clearance 

measurements were followed in the dogs as a function of 

time. These measurements were made two times during each 

disposition study week. Catheterized 24 hour urine was 

collected and together with appropriately drawn serum were 
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assayed for creatinine by Jaffe's alkaline picrate reaction 

(McNeely 1980). Clearances were normalized for total body 

weight. 

Data analysis. Serum concentration-time data were 

analyzed separately for each dog after each dose by a "model 

independent" method. Systemic clearance (CIs), the dispo

sition half-life (t1/ 2), the apparent volume of distribution 

(Va)' and steady-state volume of distribution (V ) were .., ss 
calculated from the following equations: 

CLs 
x O 

= 
(AUC)~ 

(12) 

tl/2 = 0.693 
a (13) 

Va 
CLs 

= -13- (14 ) 

and 
x O (AUCM) "" 

Vss = 0 
[(AUC)",,]2 

0 

(15) 
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where xO is the intravenous dose, B is the terminal dis-
co 

position rate constant, (AUC)O is the total area (i.e., 

time zero to time infinity) under the serum concentration

time curve, and (ACUM)~ is the total area (i.e., time zero 

to time infinity) under the first moment of the serum con-

centration-time curve. 

From a plot of the natural log (In) of concentration 

versus time, the terminal slope was calculated by simple 

linear regression. This slope is equivalent to minus beta 

(-B). The 
co 

(AUC)O was determined in a two step process. 

Initially, the linear trapezoidal rule was used to calculate 

the area under the curve up to the first concentration-time 

point contained within the post-distributive phase (i.e., 

first concentration-time point in the terminal linear seg

ment). Then the area under the curve from this concentration-

time point to time infinity was calculated by dividing the 

generated "best-fit" concentration at that time (i.e., the 

concentration predicted from the terminal linear regression) 
IX> 

by B. The sum of these two areas is the (AUC)O. The 
co 

(AUCM)O was also calculated in a similar two step process. 

The primary difference was that the area under the first 

moment curve from the initial post-distributive point to 

time infinity (AUCM)~* was calculated by the following 

equation: 
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co 
(AUCl~) t* (16) 

where c~ is the regression predicted initial concentration 

in the post-distributive phase, t* is the corresponding 

time for C~, and a is as previously described. The 

initial trapezoidal area and the 
co 

(AUCM)t* were added 

together to obtain 
co 

(AUCM) o. 
All group results are expressed as mean ± standard 

deviation. Differences in the pharmacokinetic variables be-

tween normal and impaired renal function dogs were determined 

by the paired Student's t-test. Differences in the kinetic 

variables found for DT, BIS-DT, and MONO-DT were evaluated 

by an analysis of variance and where differences occurred, 

pai~ed means were furthered tested with Tukey's mu1tip1e-

range test. 

Serum-Drug Protein Binding Studies 

Using equilibrium dialysis, the binding of DT, BIS-DT, 

and MONO-DT to proteins in normal and impaired renal function 

dog s'erum was studied. The experiments were conducted in 

two distinct ways. Initially, blank serum was obtained from 

three dogs when these animals were normal, and again, when 

they were rena11y impaired. This serum was "spiked" with a 

sufficient quantity of labeled and unlabeled DT, BIS-DT, or 

MONO-DT to encompass a concentration range of 5 to 500 ng/m1 



(6 to 654 pmole/ml for DT, 8 to 788 pmole/ml for BIS-DT, 

and 10 to 991 pmole/ml for MONO-DT). Dialysis experiments 

were then conducted on these samples. 
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To determine the potential influence that metabolites 

exert on the binding of each of these three digitalis.gly

cosides, a separate study examining the protein binding of 

parent compound in actual in ~ serum samples was conducted. 

In three dogs, under both study conditions, dialysis experi

ments were performed on serum collected at 1, 24, and 72 

hours post intravenous administration. These experiments 

examined only the protein binding of the administered com-

pound, utilizing a small labeled amount of that particular 

glycoside. 

Serum samples. Blood was obtained from dogs, fasted 

for 12 hr, by venipuncture without the aid of anesthesia. 

As anticoagulants may interfere with the drug binding proper

ties of proteins, serum was used rather than plasma (Wiegand 

et al. 1979; Navanjo et ale 1980; Brown et ale 1981). Blood 

was collected into plain siliconized glass MonojectR tubes 

(Monoject Division of Sherwood Medical, St. Louis, MO) in 

preference to vacutainerR tubes (Becton, Dickinson, and Co., 

Oxnard, CAl since the MonojectR tubes have not been associ-

ated with abnormalities found in the protein binding 

characteristics of certain drugs (Cotham and Shand 1975; 
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Midha, Loo, and Rowe 1979; Kessler, Learch, and Spann 1979). 

Serum was isolated from the red blood cells by centrifuga

tion (Model TJ-6, Beckman Instruments, Inc., Palo Alto, CA) 

at high speed (3000 rpm) and was either refrigerated (4°C) 

if equilibrium dialysis experiments were to be performed 

within 48 hours, or otherwise, the serum was frozen at -20°C. 

Equilibrium dialysis. The equilibrium dialysis ap

paratus consisted of one inch square regenerated cellulose 

membranes (Technilab Instruments, Inc., Pequannock, NJ), with 

a molecular weight cutoff of 6000 daltons, placed between 

eight acrylic plastic dialyzing chambers contained within 

two clamped plastic blocks (Technilab Instruments, Inc., 

Pequannock, NJ). Glycerin and other chemicals were purged 

from the membranes by three successive one hour rinses in 

double distilled water followed by a one hour rinse and 

ultimate storage in 0.13 M, pH 7.4 Sorensen's phosphate 

buffer (Diem and Lentner 1974). Chloroform (1%, v/v) was 

added to this buffer to prevent microbial growth. 

Serum (0.9 ml) containing tritium labeled and un

labeled digitalis glycoside was added through the access 

ports and dialyzed against an equal volume of Sorensen's 

phosphate buffer. The entire dialysis unit was rotated at a 

rate of 60 rpm inside an isothermal environment (Thelco Model 

182, GCA/Precision Scientific, Chicago, IL) maintained at 

37°C. The time necessary for this dialysis system to reach 
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equilibrium was determined for each digitalis glycoside. 

After reaching equilibrium, the total volume on each ~ide of 

the membrane was carefully removed with a one ml tuberculin 

syringe attached to a 20g needle (Sherwood Medical Industries, 

Inc., DeLand, FL) and recorded. Duplicate 0.2 ml aliquots 
R of these volumes were added to 10 ml of Instagel (Packard 

Instrument Co., Inc., Downers Grove, IL) and liquid scintil-

lation counting (TRI-Carb Model 460C, Packard Instrument Co., 

Inc., Downers Grove, IL) performed to at least one percent 

counting error (at the 95.5 percent confidence level). 

Counts per minute were converted to disintegrations per 

minute by use of an external standard channels ratio method. 

The percentage of unbound digitalis glycoside was calculated 

by dividing the concentration post dialysis found in the 

buffer solution by the concentration remaining in the serum. 

Appropriate experiments were performed to ascertain whether 

any of the digitalis ligands absorbed to either the cellulose 

membrane or the dialysis unit itself (Chignell1977). 

Effect of freezing on the serum-drug protein binding_ 

The effect of freezer storage on the protein binding of each 

digitalis glycoside was examined. Freshly obtained serum 

from one normal and one renally impaired dog was divided 

into three 12 ml aliquots. Each aliquot was "spiked" with 

sufficient quantity of labeled and unlabeled drug (either 

DT, BIS-DT, or MONO-DT) to contain a final digitalis 



glycoside concentration of 50 ~g/ml. Triplicate 0.9 ml 

aliquots from these stock solutions were dialyzed against 

buffer as previously described. The remaining serum was 

frozen at -20°C and subsequently thawed and additional 

aliquots dialyzed as a function of time. 
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Total protein and albumin determinations. Serum 

total protein and albumin concentrations were determined by 

an independent laboratory (Automated Pathology, Phoenix and 

Tucson, AZ). This laboratory utilized a Biuret method to 

analyze serum for total protein and a bromocresol green 

method to determine albumin (Savory and Hammond 1980). 

Data analysis. All results are expressed as mean 

(of at least triplicate determinations) ± standard devia

tion. Statistical evaluation of these data was performed 

using either an analysis of variance in conjunction with 

Tukey's multiple-range test for comparison of means or the 

paired Student's t-test, depending on which test was ap

propriate. A value of p < 0.05 was considered to be 

statistically significant. 

Determination of the Red Blood Cell 
(RBC)/Plasma Partitioning Ratio 

The whole blood/plasma ratio for each digitalis 

glycoside at 37°C \~s determined in three dogs. These 

studies were conducted when the dogs had normal renal 
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function and were repeated in these same animals after renal 

surgery. 

lihole blood was obtained by venipuncture into a 20 

ml glass syringe. A 4 ml aliquot of blood was immediately 

transferred to siliconized 12 x 125 rom glass culture tubes 

(pyrex
R 9826, Corning Glass Works, Corning, NY) containing 

40 USP units of sodium heparin plus labeled and unlabeled 

digitalis glycoside (either OT, BIS-DT, or MONO-DT). Each 

digitalis glycoside was studied over a concentration range 

of 5 to 500 ng/ml and duplicate tubes were prepared at each 

concentration. The culture tubes were rotated slowly (ap

proximately 5 rpm) on a culture rotator (Technilab Instru-

ments, Inc., Pequannock, NJ) located within a 37°C room. 

Initial studies were conducted to determine the time course 

to equilibrium with this system. At equilibrium (at least 

4 hours for each digitalis glycoside), duplicate 0.2 ml 

aliquots of whole blood were removed and placed into Combusto

padsR inside combusto-conesR (Packard Instrument Co., Inc., 

Downers Grove, IL). The remainder of the whole blood was im-

mediately centrifuged (Sorvall GLC-l, E. I. dUPont de Nemours 

& Co., Inc., Newton, CT) at high speed (3000 rpm) for 3 

minutes. Again, 0.2 ml aliquots of plasma were placed into 
R R the Combusto-pad and Combusto-cone system. The blood and 

plasma in the combustion cones were air dried, covered with 
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a rolled strip of tissue paper, and wetted with distilled 

water tmmediately prior to analysis. The radioactivity in 

the samples was collected as tritiated water following a 30 

second oxidation using a Packard Tri-Carb Sample Oxidizer 

(Model B306, Packard Instrument Co., Inc., Downers Grove, 

IL). The condensed tritiated water was collected in a glass 

scintillation vial and following the addition of 15 ml of 
R Monophase-40 (Packard Instrument Co., Inc., Downers Grove, 

IL) was counted in a scintillation counter (TRI-Carb Model 

460c, Packard Instrument Co., Inc., Downers Grove, IL) to at 

least one percent counting error (at the 95.5 percent confi-

dence level). Counts per minute were converted to disin-

tegrations per minute by use of an external standard channels 

ratio method. Blood/plasma ratios were determined by simply 

dividing the concentration found in the blood by the 

concentration found in the plasma. 

Blood/plasma ratios, in conjunction with each dog's 

hematocrit, were converted to the more useful parameter, 

RBC/plasma partition ratio by the following equation: 

where 

tion, 

is blood concentration, 

(17) 

C is plasma concentra
p 

is red blood cell concentration, and H is 
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the hematocrit. All results are expressed as mean ± 

standard deviation. The influence of concentration on the 

partitioning of each digitalis glycoside between the red 

blood cells and plasma was statistically evaluated by an 

analysis of variance in conjunction with Tukey's multiple

range test for comparison of means. The paired Student's t

test was used to compare partitioning data from the normal 

and renally impaired dogs. 



CHAPTER 3 

RESULTS 

Assay Methodology 

The isolation procedure used in analysis of the serum 

samples involved an initial dichloromethane (DCM) extraction 

and subsequently two separate thin-layer chromatography 

(TLC) steps. Only the area corresponding to the administered 

glycoside (i.e., parent glycoside) was scraped from the final 

TLC plate and eluted from that silica gel. This glycoside 

was later quantified by radioimmunoassay (RIA). 

A diagrammatic representation of the first TLC pro

cedure involving a reverse-phase system is shown in Figure 

13. The digitoxin-related compounds had Rf values ranging 

from 0.16 to 0.30 while the digoxin-related compounds had 

Rf values ranging from 0.43 to 0.56. A second chromato

graphic procedure was necessary to individually separate the 

digitoxin-related compounds. A representative chromatogram 

of this system is shown in Figure 14. The Rf values for 

digitoxin (DT) , digitoxigenin-bisdigitoxoside (BIS-DT), 

digitoxigenin-monodigitoxoside (MONO-DT), and digitoxigenin 

were 0.13, 0.24, 0.37, and 0.55, respectively. 

Prior to the DCM extraction, a known amount of 

tritiated parent glycoside was added to each serum sample. 
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&5 No. ComEound 
R

f 
x 100 

1 Digitoxin (DT) 16 

Q 2 BIS-DT 22 

CD 3 MONO-DT 25 

4 Digitoxigenin 30 

5 Digoxin (00) 43 

0 
6 BIS-OO' 47 

7 MONO-OO 53 

Q 8 Digoxigenin 56 

G:) 
0 

Figure 13. Reverse-phase TLC developed in dioxane: 
methanol: water (2:5:3, v/v/v). 
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~ No. Compound Rf x 100 

1 Digitoxin (DT) 13 

0) 2 BIS-DT 24 

3 MOl~O-DT 37 

4 Digitoxigenin 55 

o 

Figure 14. Normal-phase TLC developed 3 times in isopropyl 
ether: methanol (9:1, v/v). 



The use of a tritiated tracer provided a convenient means 

to individually correct each sample for extraction and TLC 

losses without interfering with the RIA procedure. The 

overall isolation recovery for DT was 50.5 ± 14.0% (mean ± 

standard deviation); for BIS-DT it was 48.6 ± 14.5%; and 

for MONO-OT it was 50.6 ± 10.1%. These relatively low re

coveries were primarily due to losses encountered during 

scraping of the TLC plates since the DCM extraction step 

was found to yield greater than 97% recovery for all 

glycosides. 
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The RIA standard curves constructed from either ac

cumulated counts or the logit conversion of the bound 

fraction versus log digitoxin concentration were all linear 

over a concentration range of at least 5-50 pmole/ml. A 

representative standard curve is graphically presented in 

Figure 15. All standard curves were prepared with only 

digitoxin standard solutions. This was possible since the 

digitoxin antibody exhibited equal affinity, on a molar 

basis, for digitoxin, BIS-OT, and MONO-OT. Therefore, 

standard curves constructed from any of these glycosides will 

yield similar regression coefficients. This is depicted 

graphically in Figure 16. 

It is customary to discuss the specificity of an RIA 

antibody in terms of relative cross reactivity. The relative 

cross reactivity for BIS-OT and MONO-OT calculated at 50% 

displacement of the radioligand was 0.94 and 0.96, 
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Figure 15. Typical standard curve obtained for digitoxin by 
radioimmunoassay. Linear regression parameters: 
r = -0.99, slope = -0.91, y-intercept = -1.26. 
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Figure 16. Relative reactivity of digitoxin, BIS-DT, and 
MONO-DT to the digitoxin antibody. 
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respectively. Dihydrodigitoxin is normally a very minor 

metabolite of digitoxin. However, appreciable serum con

centrations of this metabolite have been found in renal 

failure patients on digitoxin therapy (Bodem and Unruh 1979). 

Most chromatographic procedures, including the present one, 

are unable to separate dihydrodigitoxin from the primary 

digitoxin metabolites. Therefore, to insure the specificity 

of the analytical method used in this study, it was essential 

that this compound not bind appreciable to the RIA antibody. 

From the binding isotherm established for dihydrodigitoxin, 

the relative cross reactivity was calculated to be only 0.05. 

To determine the accuracy and precision of the 

present RIA system, twenty replicate analyses at each of 

five different digitoxin concentrations within the range of 

the standard curve were analyzed. These results are pre

sented in Table 9. There existed a positive bias at four 

of the five concentrations studied, but aside from one 

concentration (i.e., 26.36 pmole/ml), the accuracy of the 

RIA was acceptable. In regards to precision, the coef

ficients of variation for the measured concentrations were 

low and never exceeded 7%. 

Assessment of Renal Function 

Twenty-four hour creatinine clearance measurements 

were obtained in all dogs prior to and subsequent to renal 

surgery. These results are listed in Table ~O. The mean 
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Table 9. Precision and accuracy estimates of the digitoxin 
radioimmunoassay assessed from twenty replicate 
measurements at five different concentrations. 

Digitoxin Concentration (pmole/ml) 

Actual Measured a Deviation 

3.34 3.77 ± 0.09 (2)b +0.43 (13) c 

6.67 7.99 ± 0.24 (3 ) +1.32 (20) 

13.07 12.43 ± 0.85 (7 ) -0.64 (-5) 

26.36 31.48 ± 2.22 (7 ) +5.12 (19) 

39.44 40.40 ± 1.95 (5) +0.96 (2 ) 

aMean ± standard deviation. 

bpercent coefficient of variation. 

cpercent difference = (100) (measured-actual)/actual. 

percent reduction in creatinine clearance following surgery 

ranged from 56% in dog 226 to 68% in dogs 255 and 472. The 

overall group mean reduction was 65% with a coefficient of 

variation of 7%. 

Digitalis Glycoside Pharmacokinetics 

Appendices 11, 12, and 13 list serum concentration

time data obtained in six dogs after acute intravenous ad-

ministration of digitoxin, BIS-DT, and MONO-DT, respectively. 

Data for all thirty-six drug administrations (i.e., to both 

normal and impaired renal function animals) are presented. 
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Table 10. Creatinine clearance (Clcr ) measurements in 
dogs prior to and follo\l1ing renal surgery. 

Mean Post- Mean Reduc-Mean Baseline Surgical Post-Surgical tion from 
Dog Clcr ± SD Clcr ± SD Time Duration Baseline 
Number (ml/min/kg) (ml/min/kg) (days) (% ± SD) 

226 2.08 ± 0.60 0.91 ± 0.26 65 56 ± 12 

255 2.43 ± 0.26 0.77 ± 0.16 66 68 ± 6 

335 2.23 ± 0.26 0.80 ± 0.22 66 64 ± 10 

419 2.12 ± 0.39 0.70 ± 0.28 92 67 ± 13 

453 2.31 ± 0.89 0.85 ± 0.18 63 64 ± 8 

472 2.47 ± 1.01 0.78 ± 0.17 63 68 ± 6 

mean 2.27 0.80 65 

%CVa 7 9 7 

a Percent coefficient of variation. 

For each dog are listed the values obtained for total radioim

munoassay serum concentration "(total RIA concn.), total 

water-soluble metabolite serum concentration, and parent 

glycoside serum concentration. 

A representative dog (i.e., dog 255) was selected 

and the serum concentration-time data obtained in this 

animal under both renal conditions for all three digitalis 

glycosides are presented in Figures 17, 18, 19, and 20. 
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Figure 17. Plot of total radioimmunoassay (RIA) serum 
concentration versus time in dog 255 with 
normal renal function after intravenous ad
ministration of digitoxin, BIS-DT, and 
MONO-DT. . 
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Figure 18. plot of parent digitalis glycoside serum con
centration versus time in dog 255 with normal 
renal function after intravenous administra
tion of digitoxin, BIS-DT, and MONO-DT. 
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Figure 19. Plot of total radioimmunoassay (RIA) serum 
concentration versus time in dog 255 with 
impaired renal function after intravenous 
administration of digitoxin, BIS-DT, and 
MONO-DT. 
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Figure 20. plot of parent digitalis glycoside serum con
centration versus time in dog 255 with impaired 
renal function after intravenous administration 
of digitoxin, BIS-DT, and MONO-DT. 



Figure 17 is a plot of total RIA serum concentration as a 

function of time in dog 255 with normal renal function. 
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The terminal disposition half-lives (tl / 2 's) calculated from 

these data were 11.2, 9.1, and 10.3 hours for digitoxin, 

BIS-OT, and MONO-OT, respectively. The use of total RIA 

(i.e., parent plus metabolites) concentration data can lead 

to gross overestimation of the actual tl/2 of parent com-

pound. This fact is evidenced in Figure 18. Here the data 

from dog 255 with normal renal function is again shown, but 

concentrations represent only that of parent digitalis 

glycoside. Based on the specific assay, the t l / 2 's for 

digitoxin, BIS-OT, and MONO-OT in this animal were 4.5, 3.3, 

and 1.2 hours, respectively. The same type of analytical 

comparison is presented in Figures 19 and 20 with data from 

dog 255 with impaired renal function. In Figure 19, total 

RIA serum concentration is plotted as a function of time. 

The t l / 2 's calculated were 11.7, 13.0, and 13.5 hours for 

digitoxin, BIS-OT, and MONO-OT, respectively. The serum 

from the same dog was analyzed by the specific assay and 

these data are shown in Figure 20. Again, based on the 

specific assay all of the digitalis glycosides disappeared 

from serum in a much more rapid fasion resulting in t l / 2 's 

of 5.2 (digitoxin), 1.9 (BIS-DT), and 4.7 (MONO-OT) hours. 

The pharmacokinetic parameters calculated after all 

drug administrations are presented in the appendices 
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according to renal status and assay type. Appendices 14 

and 15 list the values calculated for systemic clearance 

(Cl s )' the apparent volume of distribution (Va)' the 

steady-state volume of distribution (Vss )' and tl/2 based 

on total RIA serum concentrations while the values for these 

parameters listed in Appendices 16 and 17 are based on 

concentrations generated by the specific assay procedure. 

The mean values from these appendices are summarized in 

Tables 11 through 14. Statistical differences in these 

parameters are also listed within these tables in regards to 

assay methodology used and renal status. Henceforth, only 

pharmacokinetic parameters generated from the specific assay 

will be discussed. 

Table 11 summarizes the mean Cl s values. Ap

preciable differences were found between the mean CIs for 

digitoxin and either of the two other glycosides (p < 0.01). 

Clearance increased in an apparent rank order fashion as the 

number of sugar moieties attached to the steroid nucleus 

decreased: in normal dogs, digitoxin (1.70 ± 0.67 ml/min/kg) 

< BIS-DT (6.88 ± 3.33 ml/min/kg) < MONO-DT (12.84 ± 4.35 

ml/min/kg) and in impaired renal function dogs, digitoxin 

(1.45 ± 0.50 ml/min/kg) < BIS-DT (10.31 ± 3.57 ml/min/kg) 

< MONO-DT (15.66 ± 5.64 ml/min/kg). No statistical dif-

ferences were detected between nomal and impaired renal 

function animals with respect to Cls. 



Table 11. The systemic clearance (Cl ) for digitoxin, s 
BIS-DT, and MONO-DT in normal and impaired 
renal function (impaired RF) dogs. a 

Renal Status 
(Type of Assay) b Digitoxin BIS-DT MONO-DT 

Normal 
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(Total RIA) 0.84 ± 0.11 2.39 ± 1.13 2.31 ± 0.75 

Normal 
0.67c 3.33c 4.3Sc (Specific) 1.70 ± 6.88 .± 12.84 ± 

Impaired RF 
(Total RIA) 0.79 ± 0.31 1. 78 ± 0.46 2.29 ± 0.90 

Impaired RF 
0.50c ,d 3.7Sc,d15.66 5.64c ,d (Specific) 1.45 ± 10.31 ± ± 

avalues listed are in m1/min/kg and represent the mean ± 
standard deviation. 

bcalculation of C1 based either on the total radioimmunoassay
s 

able material (total RIA) in serum or on the specific 
assay (specific) for each digitalis glycoside in serum. 

CTotal RIA versus specific assay, p < 0.02. 

dNot significant, normal versus impaired renal function 
(specific assay). 



Table 12. The apparent volume of distribution (VB) for 
digitoxin, BIS-DT, and MONO-DT in normal and 
impaired renal function (impaired RF) dogs. a 

Renal Status 
(Type of ASsay)b Digitoxin BIS-DT MONO-DT 

Normal 
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(Total RIA) 1.10 ± 0.23 2.24 ± 0.97 2.67 ± 2.03 

Normal 
0.77c 1.00c (Specific) 1.22 ± 2.07 ± 2.38 

Impaired RF 
(Total RIA) 0.83 ± 0.26 1.82 ± 0.43 3.39 

Impaired RF 
O.SSc,d 1. 60c ,d (Specific) 1.26 ± 2.74 ± 2.53 

avalues listed are in l/kg and represent the mean 
standard deviation. 

± 1.42c 

± 2.6S 

± 1.1Sc ,d 

± 

bcalculation of VB based either on the total radioimmunoassay
able material (total RIA) in serum or on the specific assay 
(specific) for each digitalis glycoside in serum. 

cNot significant, total RIA versus specific assay. 

dNot significant, normal versus impaired renal function 
(specific assay). 
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Table 13. The steady-state volume of distribution (Vss) for 
digitoxin, BIS-DT, and MONO-DT in normal and 
impaired renal function (impaired RF) dogs. a 

Renal Status b 
(Type of Assay) Digitoxin BIS-DT MONO-DT 

Normal 
(Total RIA) 0.88 ± 0.24 1. 70 ± 0.88 1. 73 

Normal 
0.56c 0.68c (Specific) 0.94 ± 1.30 ± 1. 60 

Impaired RF 
(Total RIA) 0.76 ± 0.22 1.64 ± 0.40 1. 94 

Impaired RF 
0.37c ,d O. 76c ,d (Specific) 1. 01 ± 1.59 ± 1.46 

aValues listed are in l/kg and represent the mean ± 
standard deviation. 

± 1.36 

± 1.20c 

± 1.14 

± 0.60c ,d 

bCalculation of V based either on the total radioimmu-ss 
noassayable material (total RIA) in serum or on the specific 
assay (specific) for each digitalis glycoside in serum. 

cNot significant, total RIA versus specific assay. 

dNot significant, normal versus impaired renal function 
(specific assay). 



Table 14. The terminal disposition half-life (tl/2 ) for 
digitoxin, BIS-DT, and MONO-DT in normal and 
impaired renal function (impaired RF) dogs.a,b 

Renal Status c 
(Type of Assay) Digitoxin BIS-DT MONO-DT 

Normal 
(Total RIA) 14.5 8.5 7.8 

Normal 
6.0d 3.0d 1. 7d (Specific) 

Impaired RF 
(Total RIA) 12.2 11.7 13.1 

Impaired RF 
9.0e ,f 2.le ,f l.6d ,f (Specific) 

148 

aValues listed are in hours and represent the harmonic mean. 

bstatistics performed on ln 2/t l/2 • 

cCalculation of tl/2 based either on the total radioimmu
noassayable material (total RIA) in serum or on the 
specific assay (specific) for each digitalis glycoside in 
serum. 

dTotal RIA versus specific assay, p < 0.05. 

eNot significant, total RIA versus specific assay. 

f Not significant, normal versus impaired renal function 
(specific assay). 
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Table 12 lists the mean values obtained for Va in 

this study. In both normal and inpaired renal function dogs, 

the apparent volume of distribution for either BIS-DT or 

MONO-DT was approximately two fold higher than the value re-

corded for digitoxin. However, this trend was not statisti-

cally significant. Renal status had no significant influ

ence on Va for any of the digitalis compounds. Table 13 

summarizes the mean values determined for Vss. In all 

cases, Vss was slightly lower in magnitude than the Va 

value calculated for the same group. However, the basis of 

this finding is probably related to the different methods 

in which these volume of distribution terms are derived. Vss 

did exhibit the same tendency seen for Va in that, Vss 

was approximately 1.5 to 2.0 fold higher for BIS-DT and 

MONO-DT than for digitoxin. However again, these differ-

ences were not statistically significant. Renal function 

had no influence on Vss. 

Primarily due to the differences detected in systemic 

clearance, the mean harmonic t1/2 for both BIS-DT and MONO-DT 

was significantly lower (p < 0.05) then the t1/2 for 

digitoxin (Table 14). These differences in tl/2 persisted 

irregardless of the renal status of the dogs. In normal 

dogs, t1/2 decreased 2.0 fold for BIS-DT and 3.5 fold for 

MONO-DT when compared to digitoxin. These decreases were 

4.2 and 5.6 fold in the rena11y impaired animals. 
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Serum-Drug Protein Binding Studies 

The unbound fraction of a drug is responsible for 

producing the desired pharmacological response, and in the 

case of the digitalis glycosides, this is also the only form 

available to the liver for metabolism. Alterations in the 

free fraction of an extensively bound drug, such as digi

toxin, will influence both its systemic clearance and its 

volume of distribution. As a consequence, it was 'desirable 

to study the serum protein binding of digitoxin, BIS-DT, 

and MONO-DT in both normal and impaired renal function dogs. 

Experiments were conducted in two distinct ways. Initially, 

baseline binding studies were completed on blank serum 

"spiked" with sufficient quantity of each glycoside to en

compass a 100 fold concentration range. Subsequently, the 

protein binding of parent compound was determined in actual 

in vivo samples obtained after intravenous administration of 

that compound. 

Serum protein binding determinations were made using 

equilibrium dialysis. The time necessary for the dialysis 

system to reach equilibrium was individually established for 

each digitalis glycoside. The time course of approach to 

equilibrium at 37°C is graphically shown in Figures 21, 22, 

and 23 ,for digitoxin, BIS-DT, and MONO-DT, respectively. It 

was determined from these experiments that 24 hours was 

required to reach equilibrium for all of these digitalis 
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Figure 21. Time course of digitoxin binding to dog serum 
proteins at 37°C using equilibrium dialysis. 
Experiments were conducted in two individual 
dogs and each dog is denoted by a separate 
symbol. 
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Figure 23. Time course of MONO-DT binding to dog serum 
proteins at 37°C using equilibrium dialysis. 

153 



154 

compounds and subsequent dialysis experiments were carried 

out for at least this period of time. 

The results from experiments with buffer containing 

drug dialyzed against buffer indicated that significant non

specific binding occurs in this system for all digitalis 

glycosides studied. Only 62% of the added digitoxin, 49% 

of the added BIB-DT, and 53% of the added MONO-DT was re

covered from these experiments. However, when dog serum 

containing any of these digitalis glycosides was dialyzed 

against buffer, recoveries were 90% or greater. This per

centage is a conservative estimate since all of the liquid 

contained within the dialysis cells could never be fully 

recovered. Therefore, in the presence of protein, the in

fluence of non-specific binding on the present binding 

experiments was minimal. 

The effect of freezer storage on the serum protein 

binding of digitoxin and MONO-DT was examined. Freezing 

serum resulted in a substantial decrease in the ability of 

serum protein to bind these digitalis glycosides. After 

serum was stored for 2 months at -20 o C, the unbound per

centage was increased 28.4 and 35.3% for digitoxin and 

MONO-DT, respectively. The sarne experiment with impaired 

renal function dog serum resulted in increases of 22.8% for 

digitoxin and 21.1% for MONO-DT. After serum remained 
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-20°C for 3.5 months, no further changes were found in its 

ability to bind these compounds. Since alterations induced 

by freezer storage would influence statistical comparison, 

no results were compared unless serum was eit~er freshly 

drawn or frozen for all of the experiments. 

The protein binding of all three glycosides studied 

was linear (i.e., concentration independent) over the con

centration range of 5 to 500 ng/ml. This was established 

in all dogs under both normal and impaired renal function 

conditions. The mean results from all experiments with 

"spiked" blank serum is presented in Table 15. All three 

digitalis compounds were found to be extensively bound to 

serum proteins (i.e., > 89%). In both normal and impaired 

renal function dogs, the unbound percentage of digitoxin was 

significantly lower than that found for either BIS-DT 

(p < 0.001) or MONO-DT (normal, p < 0.001; impaired, 

p < 0.01). The protein binding of BIS-DT and MONO-DT was 

only statistically different in the renally impaired animals 

(p < 0.001). No difference in binding was detected for any 

of these drugs with respect to renal status. 

The results from dialysis experiments performed on 

in ~ serum samples (i.e., 1, 24, and 72 hr) obtained 

following intravenous administration of digitoxin are 

presented in Table 16. Under both renal conditions, digi

toxin exhibited a temporal (i.e., time-dependent) variation 
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Table 15. Serum protein binding at 37°C of digitoxin (DT), 
digitoxigenin-bisdigitoxoside (BIS-DT), and 
digitoxigenin-monodigitoxoside (MONO-DT) in 
normal and impaired renal function dogs. 

Percentage Unbounda 
Digitalis Student's 
Glycoside Normal Impaired t-test 

DT 5.30 ± 0.58 5.74 ± 0.57 NSb 

BIS-DT 8.83 ± 1.40 10.75 ± 0.90 NS 

MONO-DT 7.53 ± 0.41 6.85 ± 0.75 NS 

a Values represent mean ± standard deviation based on means 
of triplicate runs at each of three concentrations (i.e., 
5, 50, and 500 ng/ml) in three dogs. 

bNot significant 

in its binding to serum proteins. In normal dogs, the 

largest percentage of digitoxin unbound to protein was 

found at 1 hour. This percentage progressively decreased 

with time. In the impaired renal function animals, this 

temporal pattern was reversed: Table 17 presents the results 

of similar studies with BIS-DT. Again, a time-dependent 

pattern was seen in the protein binding of this digitalis 

glycoside. The highest unbound percentage was at 1 hour in 

both renal groups and later decreased as a function of time. 

MONO-DT did not demonstrate as pronounced a temporal varia

tion in protein binding as the other two compounds (Table 18). 
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Table 16. Temporal pattern of digitoxin serum protein 
binding following intravenous (IV) administra
tion of digitoxin to normal and impaired renal 
function dogs. 

Time After 
IV Dose 

(hr) 

1 

24 

72 

aMean ± 

Normal 

Percentage 
Unbounda 

7.30 ± 1.23 

6.91 ± loll 

6.42 ± 0.79 

Mean Per
centage In
crease OVer 
Controlb 

38 

31 

22 

standard deviation based on 
runs in three dogs. 

Impaired 
Mean Per
centage 
Increase 

Percentage Over 
Unbound Control 

6.73 ± 0.87 21 

7.58 ± 1.22 31 

7.68 ± 0.39 34 

means of triplicate 

bThe control value represents the mean percentage unbound 
obtained from spiked blank serum in each individual dog. 

The pattern exhibited by MONO-DT was lower in magnitude, but 

otherwise similar to that found for BIS-DT. 

Red Blood Cell/Plasma Partitioning 

The whole blood/plasma ratio was determined at 37°C 

for digitoxin, BIS-DT, and MONO-DT in three dogs. These 

studies were conducted when the dogs had normal renal function 

and were repeated in these same animals after renal surgery. 

Initial studies were designed to determine the time course to 

equilibrium within the constraints imposed by the artificial 

experimental system. Equilibrium was attained for 
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Table 17. Temporal pattern of digitoxigenin-bisdigitoxoside 
(BIS-DT) serum protein binding following intra

venous (IV) administration of BIS-DT to normal 
impaired renal function dogs. 

Normal Impaired 

Time After 
IV Dose 

(hr) 
Percentage 
Unbounda 

Mean Per
centage In
crease Over 

Mean Per
centage 
Increase 

Percentage Over 
Controlb Unbound Control 

1 14.41 ± 2.29 68 13.97 ± 1. 59 30 

24 11.58 ± 3.24 33 11. 70 ± 1. 24 10 

72 9.97 ± 1. 01 14 11.01 ± 0.75 2 

aMean ± standard deviation based on means of triplicate 
runs in three dogs. 

bThe control value represents the mean percentage unbound 
obtained from spiked blank serum in each individual dog. 

all glycosides only after 4 hours and subsequent samples were 

rotated at 37°C for at least this period of time. 

Measured mean whole blood/plasma (CB/Cp ) ratios and 

generated mean red blood cell/plasma (CRBciCp) ratios for 

the three digitalis glycosides in normal dogs is presented 

in Table 19. At physiologically relevant concentrations 

(i.e., 5-50 ng/ml), BIS-DT attained the highest concentration 

in the red blood cell, followed next by MONO-DT, and last 

by digitoxin. Although CRBC/Cp is more kinetically meaning

ful than CB/Cp , it was subject to a higher degree of 
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Table 18. Temporal pattern of digitoxigenin-monodigitoxoside 
(MONO-DT) serum protein binding following intra
venous (IV) administration of MONO-DT to normal 
and impaired renal function dogs. 

Time After 
IV Dose 

(hr) 

1 

24 

72 

Normal 

Percentage 
Unbounda 

8.25 ± 0.40 

7.46 ± 0.60 

7.24 ± 0.28 

Mean Per
centage In
crease Over 
Controlb 

10 

4 

2 

Impaired 
Mean Per
centage 
Increase 

Percentage Over 
Unbound Control 

8.27 ± 0.08 22 

7.82 ± 0.42 16 

7.40 ± 0.35 13 

aMean ± standard deviation based on means of triplicate 
runs in three dogs. 

bThe control value represents the mean percentage unbound 
obtained from spiked blank serum in each individual dog. 

interanima1 variability in the present study. This vari-

ability was not just due to hematocrit differences among the 

dogs since intraanimal variability (not shown in Table 19) 

in CRBC/Cp was often 10 to 20 fold higher than the cor

responding CB/Cp variability. More likely variability in 

CRBc/Cp is inherently due to its mathematical generation. 

In Table 20, the partitioning characteristics for 

digitoxin, BIS-DT, and MONO-DT is shown for impaired renal 

function dogs. The mean CRBc/Cp ratios listed in this table 



Table 19. Partitioning of digitoxin, BIS-DT, and MONQ-DT into red blood cells 
a from normal dog plasma. 

Concen- Digitoxin BIS-DT MONO-DT 
tration C /C b c 

CB/Cp CRBC/Cp CB/Cp CRBC/Cp (ng/ml) B p CRBC/Cp 

5 0.559(9.0) 0.086(16.3) 0.648(6.4) 0.237 (70.5) 0.566(5.2) 0.177{2l.7) 

50 0.576(7.9) 0.122(25.9) 0.645(8.1) 0.232(73.5) 0.560(6.4) 0.170( 8.5) 

500 0.597(8.0) 0.165(11.8) 0.571(5.5) 0.108d (89.2) 0.553(7.5) 0.159( 7.9) 

aMean (coefficient of variation x 100) based on means of triplicate runs in each of 
three animals. 

bRatio of concentration in whole blood to concentration in plasma. 

CRatio of concentration in red blood cells to concentration in plasma. 

done of the three animals had a value of zero. 

..... 
0\ 
o 



Table 20. Partitioning of digitoxin, BIS-DT, and MONO-DT into red blood cells from 

impaired renal function dog plasma. a 

Concen- Digitoxin BIS-DT MONO-DT 
tration C /C b C d C c CB/Cp CRBC/Cp CB/Cp CRBclCp (ng/ml) B p RB P 

5 0.618(10.7) 0.060(89.7)d 0.641(7.1) 0.078e 0.598( 7.2) 0.043e 

50 0.625 (8. 5) 0.053e 0.631(9.1) 0.086e 0.601 (11. 5) 0.033e 

500 0.609(9.5) 0.033e 0.627(8.4) 0.064 e 0.593(10.7) 0 

aMean (coefficient of variation x 100) based on means of duplicate runs in each of 
three animals. 

bRatio of concentration in whole blood to concentration in plasma. 

CRatio of concentration in red blood cells to concentration in plasma. 

done of the three animals had a value of zero. 

eTWO of the three animals had a value of zero. 

... 
0\ ... 
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are all significantly lower than their normal renal function 

counterpart (for digitoxin p < 0.025~ for BIS-DT p < 0.02~ 

for MONO-DT p < 0.001). EVery dog exhibited this decrease 

for all three digitalis glycosides. 



CHAPTER 4 

DISCUSSION 

Digitoxin is extensively metabolized. Over 20 

metabolic products of this compound have been identified in 

various animal species and in man. A traditional, but ab

breviated biotransformation scheme for digitoxin is presented 

in Figure 24. Digitoxin's primary metabolic pathway involves 

the stepwise hydrolytic cleavage of the terminal sugar 

molecules to yield BIS-OT, MONO-DT, and digitoxigenin. These 

metabolites can be further conjugated with glucuronic and/or 

sulfuric acid. Another mode of digitoxin metabolism in

volves the l2S-hydroxylation of the steroid nucleus to form 

digoxin. Digoxin also undergoes hydrolysis of the sugars and 

these metabolites in turn can be metabolized to their re

spective glucuronides and sulfates. This route, however, is 

considered of minor importance with estimates of only 8 to 

12% conversion of digitoxin to digoxin and its metabolites 

in man (Jelliffe et ale 1970; Storstein 1977). Although 

dihydrodigoxin has been recognized for years as an important 

metabolite of digoxin in the urine (Luchi and Gruber 1965) 

and plasma (Watson, Clark, and Kalman 1973) of man, it was 

not until recent1y.that a similar derivative of digitoxin 
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Figure 24. Biotransformation profile for digitoxin (from 
Temple, Harron, and Collier 1979). 
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was identified in renal failure patients on digitoxin 

therapy (Boden and Unruh 1979). Although there is consider

able debate over the exact nature and relative contribution 

of the dihydro metabolites, it is quite possible that all 

bis, mono, and genin metabolites of both digitoxin and 

digoxin undergo conversion to their corresponding dihydro 

derivatives. 

Many pharmacokinetic studies have used and numerous 

clinical laboratories currently use direct serum radioim

munoassay (RIA) for the determination of digitalis glycosides. 

Considering the fact that most RIA antibodies are produced 

with specificity only for the steroid nucleus (e.g., the 

type of antibody used in this study) and that this nucleus 

remains unaltered in the principal metabolites of digitoxin, 

direct serum assay offers the potential for overestimation of 

the actual digitoxin concentration. This may not pose an 

extreme clinical problem since many of these metabolites 

exhibit cardioactive potency, but from a pharmacokinetic 

viewpoint total drug concentrations can be misleading and of 

no interpretive value. It was decided in this study to ex-

. plore the potential errors resulting from data generated by 

a direct RIA assay. In normal dogs, the use of total RIA 

concentrations resulted in an underestimation of the sys

temic clearance (CIs) of digitoxin, BIS-DT, and MONO-DT by 

2.0, 2.9, and 5.6 fold, respectively. In the impaired renal 
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function animals, an even greater underestimation was seen, 

probably due to the accumulation of additional metabolites. 

The errors caused by the total RIA assay were not limited to 

Cls ' but were also seen in the ter.minal disposition half-life 

(tl / 2). The use of total RIA data almost completely elimi

nated the true pharmacokinetic differences found between the 

digitalis compounds in the present study. It is easy to 

recognize the necessity for using a specific assay for 

analysis of digitalis glycosides and the problems one en

counters in deciphering the current literature in this area. 

The present investigation is the first report on the 

pharmacokinetic properties of BIS-DT and MONO-DT. However, 

the disposition of the bis and mono metabolites of digoxin 

have been studied. Gierke and co-workers (1980) studied the 

metabolism of digoxigenin-bisdigitoxoside (BIS-DT) in dogs 

before and during chronic renal failure. These investiga

tors measured urinary concentrations of BIS-DG following its 

intravenous administration and found similar t l / 2 's in the 

two renal function groups. However, no estimates for either 

Cls or the volume of distribution could be derived from these 

data. Therefore, the question of whether BIS-DG offers a 

dispositional advantage over digoxin must await further in

vestigation. The pharmacokinetics of digoxigenin

monodigitoxoside (MONO-DG) have been studied in man (Kuhlmann, 

Abshagen, and Rietbrock 1974). MONO-DG was found to be 
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rapidly metabolized and cleared suggesting that it may be of 

little therapeutic value in man. 

In the present study, normal dogs exhibited ap

preciable differences between the mean systemic clearance of 

digitoxin (1.70 ± 0.67 ml/min/kg), and either of the two 

other digitalis glycosides, BIS-DT (6.88 ± 3.33) and MONO

DT (12.84 ± 4.35). These differences in clearance were 

primarily responsible for the 2.0 and 3.5 fold decrease seen 

in the disposition t l / 2 's of BIS-DT and MONO-DT, respectively. 

Renal impairment did not significantly influence the pharma

cOkinetic parameters for any of the digitalis glycosides 

studied. The serum protein binding studies with these com

pounds also demonstrated no difference between normal and 

impaired renal function dogs. This is consistent with 

finding no alterations in their volumes of distribution and 

agrees with human protein binding studies with digitoxin 

(Storstein 1976). The red blood cell/plasma partitioning 

results warrent further discussion. The red blood cells 

possess membrane-bound Na+, K+-activated ATPase and fre

quently serve as model cells to assess the receptor binding 

characteristics of digitalis glycosides (Schmalzing, Pfaff, 

and Beyer-Pfaff 1981). The present findings suggest that 

renal dysfunction diminishes the ability of the digitalis 

glycosides to adhere to Na+, K+-ATPase in the membrane of 

the red blood cell. Similar findings have been reported by 
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Cole and co-workers (1968) and Cole (1973). These investi-

gators have shown that a substance in uremic plasma can 

decrease ouabain sensitive Na+, K+-ATPase activity in the 

red blood cell. 

In summary, the present findings in the dog suggest 

that BIS-DT or MONO-DT may provide a pharmacokinetic ad-

vantage over digitoxin. However, these results must await 

confirmation in the clinical research environment. 



APPENDIX 1 

HUMAN SUBJECT CONSENT FORM: 

ASSESSMENT OF BETA BLOCKADE 

WITH PROPRANOLOL THERAPY 
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Assessment of Beta Blockade 
with Propranolol Therapy 

Subject Consent Form 

170 

Propranolol is a drug that works primarily by blocking 

the increase in heart rate that is brought about by various 

stimuli such as exercise or anxiety. The purpose of this 

study is to quantitate the degree to which an increase in 

heart rate is blocked by increasing doses of oral propranolol. 

Another objective is to measure the effect that propranolol 

has on the pumping action of your heart. Your participation 

in this study involves the determination of your heart rate 

in several situations before taking propranolol and then in 

the presence of increasing doses of propranolol. 

Your heart rate will be determined while you are 

resting on a table. Following this, determinations of your 

heart rate will be made while you expire rapidly into a 

mouthpiece connected to a pressure meter. This procedure 

will be repeated three times. The effect of positional 

changes on your heart rate will be recorded by monitoring 

your heart rate as you are tilted on a mechanized table to 

to an upright position from a supine position. This procedure 

will be repeated two times. Following this, while you are 

lying down, you will be' given 0.4 mg of nitroglycerin. 

Your heart rate will be continuously recorded for the next 

2 to 3 minutes. This procedure will be repeated 2 times. 
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Assessment of Beta Blockade 
with Propranolol Therapy 

Subject Consent Form (cont) 

Nitroglycerin is a small tablet which is placed under your 

tongue and which causes the veins in your body to dilate. 

It causes a flushing sensation and you may experience some 

throbbing in your head and some dizziness. Next you will be 

asked to squeeze a pressure meter with your hand for 3 

minutes while your heart rate is recorded. This will be 

repeated 3 times. Then you will be asked to exercise on a 

treadmill and to walk at a faster and faster speed while your 

heart rate is monitored. The treadmill will be stopped when 

you have achieved your maximum heart rate, when you can walk 

no further, or when the physician in charge feels that it is 

appropriate to discontinue. Next, an intravenous infusion of 

sugar water will be started, and while you are lying down, 

small amounts of isoproterenol, an agent which increases your 

heart rate, will be administered into the intravenous line. 

The isoproterenol injections may cause you to want to breathe 

in deeply, but we would like you to breathe normally. Iso

proterenol injections will be continued until your heart rate 

increases 25 beats per minute. Isoproterenol sometimes 

causes a fluttering sensation of your heart, but in the 

doses to be used, this should not be significant. 



Assessment of Beta Blockade 
with Propranolol Therapy 

Subject Consent Form (cont) 
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Finally, an echocardiogram will be performed. This 

involves holding a sonar transducer on your chest while you 

lie on a bed. 

Following the initial heart rate determinations, to 

be made on two different days, you will be given increasing 

doses of propranolol starting with 10 mg four times a day 

and increasing at intervals to 20 mg four times a day, 40 

mg four times a day, 80 mg four times a day, and 160 mg four 

times a day. The propranolol tablets will be taken every 6 

hours and after at least 48 hours on each dose, a repeat 

echocardiogram and determinations of your heart rate will be 

made according to the procedures mentioned. These procedures 

will be done in the fasting state about 2 hours after the 

last dose of propranolol. Heart rate determinations will be 

made on two different days on each dose level. Three samples 

of 12 cc of blood will be drawn from an arm vein on each day 

to measure the amount of drug in your body. 

The side effects of propranolol sometimes include 

mild diarrhea, constipation, and mental depression. Signs of 

heart failure, low blood pressure, and a slow pulse may occur 

in patients who have known heart disease, but are not likely 

to occur in a healthy person as you. If any of the side 

effects occur, the study will be discontinued. 



Assessment of Beta Blockade 
with propranolol Therapy 

Subject Consent Form (cont) 
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There will be no cost to you for participation in 

this study. The medications will be supplied to you. You 

will be offered $100 for your participation in the study. 

This amount will be paid to you upon completion of the study. 

The information obtained from the study may provide 

more knowledge about the medication propranolol which is used 

regularly in the treatment of patients with heart disease. 

The information obtained in the study will be confidential. 

The doctor and the nurse collecting this information will 

know your name but the information reported to others will be 

analyzed and will not include your name. 

The nature, demands, risks and 
benefits of the project have been ex
plained to me as well as the type of 
treatment as known and available and I 
understand what my participation in-
volves. Furthermore, I understand that 

Subject's S~gnature 

I am free to ask questions and withdraw ~S~i~g~n~a~t~u~r~e~o~f-=p~a~r~e~n~t~ 
from the project at any time without or Legally Author-
affecting my medical care. ized Representative 

I have carefully explained to 
the subject the nature of the above 
project. I certify that to the best 
of my knowledge the subject signing 
this consent form understands clearly 

Date 



Assessment of Beta Blockade 
with Propranolol Therapy 

Subject Consent Form (cont) 

the nature, demands, benefits 
and risks involved in his 
participation in this study. 
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A medical problem or language 
or educational barrier has not 
precluded a clear understanding 

Investigator's Signature 

of his/her involvement in this 
project. Date 



APPENDIX 2 

SCHEDULE FOR CONDITIONING 

HUMAN SUBJECTS FOR 

BETA BLOCKADE STUDY 
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Day 1 

Test Procedure 

Resting Heart Rate 

Tilt to 60 0 (2 times) 

Va1sa1va's Maneuver (2 times) 

Isoproterenol Sensitivity 

Exercise to Maximum Heart Rate 

Day 2 

Test Procedure 

Echocardiogram 

Tilt to 60 0 (2 times) 

Resting Heart Rate 

Valsa1va's Maneuver (2 times) 

Isoproterenol Sensitivity 

Exercise to Maximum Heart Rate 

176 

Time Utilized (min) 

Time 

15 

20 

10 

30 

30 

Utilized 

30 

20 

15 

10 

30 

30 

(min) 



APPENDIX 3 

SCHEDULE FOR ~1EASUREMENT 

OF HEART RATE RESPONSE 

TO TEST PROCEDURES 
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Test Procedurea 

Resting 

Tilt to 60 0 (2 times) 

Valsalva's Maneuver (3 times) 

Echocardiogram 

Resting 

Isoproterenol Sensitivity 

Exercise to Maximum Heart Rate 

Time 

178 

Utilized (min) 

15 

20 

30 

30 

15 

30 

30 

aAll test procedures were conducted on the same day (sub
jects 2, 3, 4, 5), or were conducted over two days (sub
jects 1, 6, 7), with the first three test procedures 
completed on day one. In either case, all subjects had 
been on the required dosing regimen for at least 48 hours. 



APPENDIX 4 

MEAN VALUES FOR PEAK HEART RATE 

(PEAK) AND CHANGE IN HEART RATE 

(~HR) WITH CORRESPONDING SERUM 

PROPRANOLOL CONCENTRATIONS (C) 

FOLLOWING VALSALVA'S MANEUVER 
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DOSE 

Subject 0 10 20 40 80 160 r 
2b 

Peak AIIR 
e Peak AHR e Peak AHR e Peak AHR e Peak AHR e Peak AHR e Peak AHR VS VB 

Loge Loge 

1 G 96 l6 1a 61 17 11 80 28 27 78 20 115 58 11 l25 72 21 0.38 0.32 

2 0 124 61 0 91 II 0 84 40 26 94 48 76 84 l8 l68 8l 33 0.73 0.91 

3 0 117 56 0 99 45 15 94 47 372 78 32 97 89 37 186 79 34 0.87 0.99 

4 0 94 34 0 79 25 17 87 34 31 81 28 242 85 23 347 78 25 0.27 0.80 

5 0 100 42 10 ,83 35 32 86 37 42 75 25 148 77 29 354 77 30 0.36 0.21 

6 0 92 34 50 75 II 104 77 34 91 55 13 87 60 21 317 52 15 0.39 0.26 

7 0 lOB 23 120 69 14 337 66 15 72 79 22 148 84 25 496 83 26 0.00 0.02 

i 0 104 41 27 80 28 74 82 34 94 77 29 130 77 26 342 75 26 0.43 0.50 

,CV 12 l3 l68 14 38 164 11 lO 132 15 41 43 16 36 27 14 26 67 • 77 

i-mean value, 'CV = percent coefficient of variation; r2 = coefficient of determination. 

aeoncentrations < 10 nglml were not included in calculation of coefficients of determination and were considered as 
zero in calculation of mean concentration for a dose. 

b ' 
All concentration response curves had a negative slope except subject 7, AHR vs Log c. 

.... 
CO 
o 



APPENDIX 5 

MEAN VALUES FOR PEAK HEART RATE 

(PEAK) AND CHANGE IN HEART RATE 

(~HR) WITH CORRESPONDING SERUM 

PROPRANOLOL CONCENTRATIONS (C) 

FOLLOWING TILT 
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DOSB 

Subject 0 10 20 40 80 160 r 
2b 

Peak 6HR 
e peak 6HR e Peak 6HR e Peak 6HR e Peak 6HR e Peak 6HR e Peak 6HR VS VS 

Loge Loge 

1 0 94 33 8a 79 31 12 70 17 31 96 37 136 63 16 379 70 19 0.14 0.07 

2 0 115 51 0 89 28 0 74 23 27 86 30 81 69 24 411 77 22 0.19 0.85 

3 0 96 27 0 88 28 16 85 34 409 61 15 104 76 23 194 78 30 0.74 0.63 

4 0 100 39 9
a 

80 24 20 18 24 32 83 29 216 83 22 390 75 24 0.05 0.27 

5 0 102 U 9
a 

69 22 38 16 24 43 78 28 173 61 11 325 55 11 0.98 0.89 

6 0 85 27 69 73 27 92 64 22 101 58 18 87 68 29 348 58 22 0.49 0.12 

7 0 115 28 131 83 27 550 75 .24 52 93 36 166 86 21 524 87 27 0.49 0.39 

X 0 101 35 32 80 27 104 74 24 99 79 28 146 72 21 367 71 22 0.44 0.46 

,CV 11 26 154 9 11 191 9 21 140 19 30 46 13 28 27 16 28 77 13 

X • mean value, 'CV a percent coefficient of variation; r2 a coefficient of determination. 

aeoncentrations < 10 lICJ/m1 were not included in calculation of coefficients of determination and were considered as 
zero in calculation of mean concentration for a dose. 

bAll concentration response curves had a negative slope. 

.... 
00 
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APPENDIX 6 

PROTOCOL FOR PHARMACODYNAMIC 

ASSESSMENT (ISOPROTERENOL 

SENSITIVITY) IN EUTHYROID 

AND THYROTOXIC CALVES 
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Time, hr 

o 

1.0 

1.25 

1.50 

1.50 + half-life 

Exper imental Des.cr iption 

Determine baseline resting 
heart rate and heart rate 
response to incremental 

184 

IV bolus doses of isopro
terenol. Subsequently, admin
ister an IV bolus propranolol 
loading dose and start initial 
IV propranolol infusion. 

Obtain venous blood sample. 

Obtain venous blood sample and 
record resting heart rate and 
heart rate response to in
cremental IV bolus doses of 
isoproterenol. 

Obtain venous blood sample and 
stop the infusion for a period 
of time equal to the disposi
tion half-life of propranolol. 

Start second IV propranolol in
fusion at one-half the initial 
rate and after 30 minutes fol
low the above procedure be
ginning with collection of the 
first blood sample. Repeat the 
entire procedure for a total of 
four different infusion rates. 



APPENDIX 7 

DOSE NORMALIZED SERUM PROPRANOLOL 

CONCENTRATION VERSUS TIME AFTER 

INTRAVENOUS ADMINISTRATION OF 

88 MG OF PROPRANOLOL TO EUTHYROID 

(E) AND THYROTOXIC (T) CALVES 
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Calf l-EJ wt = 56.7 kg Calf 1-TJ wt = 63.5 kg 

Time Concentrationa 
Time Concentration

a 

(hr) (ng/m1) (hr) (ng/m1) 

0.083 750 0.083 459 

0.25 372 0.25 339 

0.75 195 0.50 247 

2.0 54.4 0.75 182 

3.0 22.1 1.0 124 

4.0 8.5 1.5 73.1 

2.0 51.4 

3.0 23.2 

4.0 13.0 

Calf 2-EJ wt = 81. 6 kg Calf 2-TJ wt = 101.2 kg 

Time 
. a 

Concentrat~on Time Concentration
a 

ehr) (ng/ml) (hr) (ng/m1) 

0.083 315 0.083 330 

0.25 179 0.25 233 

0.50 127 0.50 164 

0.75 88.3 0.75 129 

1.0 66.8 1.0 102 

1.5 41.9 1.5 69.5 

2.0 29.4 2.0 62.2 

3.0 12.2 3.0 26.9 

4.0 15.9 
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Calf 3-E; wt = 83.5 kg Calf 3-T; wt = 72.6 kg 

Time Concentrationa Time Concentration a 
(hr) (ng/m1l (hr) (ng/ml) 

0.083 893 0.083 463 

0.25 476 0.25 284 
0.50 292 0.50 170 
0.75 152 0.75 123 

1.0 115 1.0 91.9 
1.5 58.0 1.5 63.0 
2.0 32.3 2.0 42.2 
3.0 15.6 3.0 17.6 
4.0 10.3 4.0 7.9 

Calf 4-E; wt = 90.7 kg Calf 4-T; wt = 79.4 kg 

Time Concentration a Time Concentra tion a 

(hr) (ng/ml) (hr) (ng/ml) 

0.083 764 0.083 525 

0.25 453 0.15 261 
0.50 288 0.50 170 

0.75 182 0.75 119 

1.0 139 1.0 100 

1.5 80.1 1.5 64.3 

2.0 47.2 2.0 34.9 

3.0 25.0 3.0 16.8 
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Calf 5-E; wt = 149.7 kg Calf S-T; wt = 131.5 kg 

Time Concentration a Time Concentration a 
(hr) (ng/m1) (hr) (ng/m1) 

0.083 1786 0.083 510 
0.25 755 0.25 285 

.0.50 224 0.50 187 
0.75 158 0.75 136 

1.0 111 1.0 93.9 
1.5 89.8 1.5 43.2 

2.0 61.5 2.0 21.4 
3.0 37.2 

4.0 18.3 

Calf 6-E; wt = 136.1 kg Calf 6-T1 wt = 127.0 kg 

Time Concentrationa Time . a 
Concentrat~on 

(hr) (ng/m1) (hr) (ng/m1) 

0.083 744 0.083 655 

0.50 310 0.25 397 

0.75 220 0.50 278 

1.0 160 0.75 184 

1.5 141 1.0 130 

2.0 113 1.5 73.3 

3.0 37.9 2.0 58.5 

4.0 23.1 3.0 18.2 



189 

Calf 7-E: wt = 104.3 kg Calf 7-T: wt = 84.8 kg 

Time Co ncentrationa 
Time Concentrationa 

(hr) (ng/ml) (hr) (ng/m1) 

0.083 754 0.083 963 

0.25 403 0.25 544 

0.50 208 0.50 343 

0.75 125 0.75 199 

1.0 84.5 1.0 150 

1.5 55.7 1.5 90.3 

2.0 34.0 2.0 55.6 

3.0 14.5 3.0 17.5 

4.0 9.9 

Calf 8-E; wt = 85.7 kg Calf 8-T; wt = 93.4 kg 

Time Concentrationa Time Concentrationa 

(hr) (ng/ml) (hr) (ng/ml) 

0.083 1460 0.083 218 

0.25 371 0.167 177 

0.50 252 0.25 145 

1.0 103 0.50 113 

1.5 60.2 0.75 84.4 

3.0 36.6 1.0 63.5 

4.0 9.8 1.5 44.3 

2.0 28.4 

3.0 12.0 



190 

Calf 9-E~ wt = 90.7 kg Calf 9-TJ wt = 81. 6 kg 

Time Concentrationa Time Concentrationa 
(hr) (ng/m1) (hr) (ng/m1) 

0.083 513 0.083 719 

0.167 376 0.167 554 

0.25 310 0.25 420 

0.50 216 0.50 338 

0.75 173 0.75 228 

1.0 153 1.0 172 

1.5 95.1 1.5 117 

2.0 56.1 2.0 67.2 

3.0 21.3 3.0 24.4 

4.0 13.7 4.0 10.0 

Calf 10-E; wt = 120 kg Calf 10-T; wt = 100.7 kg 

Time . a Concentra tl.on Time C . a oncentratl.on 
(hr) (ng/m1) (hr) (ng/m1) 

0.083 1110 0.083 737 

0.167 700 0.167 375 

0.25 453 0.2S 287 

0.50 258 0.50 187 

0.75 190 1.0 89.9 

1.0 123 1.5 44.0 

1.5 69.4 2.0 19.4 

2.0 37.0 



Calf ll-E; wt = 171.4 kg 

Time Concentration 
(hr) (ng/ml) 

0.083 548 

0.167 295 

0.25 235 

0.50 165 

1.0 140 

l.5 71.6 

2.0 43.6 

a 
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Calf ll-TJ wt = 138.8 kg 

Time 
(hr) 

0.083 

0.167 

0.25 

0.50 

0.75 

l.0 

l.5 

2.0 

Concentration
a 

(ng/ml) 

275 

195 

139 

108 

77.9 

55.9 

38.0 

23.9 

apropranolol concentration normalized for a propranolol dose 

of 1 mg/kg (i.e., measured concentration x wei§~tm~kg». 



APPENDIX 8 

DOSE OF ISOPROTERENOL REQUIRED TO 

INCREASE THE HEART RATE BY 25 

BEATS/MINUTE (CD25 ) AT VARIOUS 

STEADY-STATE SERUM PROPRANOLOL 

CONCENTRATIONS 
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Propranolol 
Steady-State 

Calf a Thyroid Concentration CD25 
b 

Number Status (ng/m1) 

2 E 481 d 
60 d 
58 d 
47 d 

T 131 0.96 
67 0.55 
42 d 
19 d 

3 E 96 3.07 
33 1.10 
24 0.77 
14 d 

T 183 d 
115 0.92 

53 d 
d d 

4 E 54 0.47 
31 0.44 
28 0.42 
18 0.38 

T 96 0.97 
54 0.55 
33 0.24 
18 d 

5 E 128 0.96 
92 0.60 
31 0.52 
10 0.26 

6 E 103 0.75 
39 0.40 
22 0.36 
c 0.25 
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Propranolol 
Steady-State 

Calf a Thyroid Concentration CD25 
b 

Number Status (ng/m1) 

T 152 0.56 
76 0.28 
56 0.17 
19 0.14 

7 E 146 1. 78 
79 1.44 
39 0.66 
28 0.52 

T III 0.46 
60 0.19 
32 0.15 
12 0.05 

8 E 35 1.29 
20 0.79 
11 0.34 
c 0.35 

T 190 1. 94 
203 d 
151 1.19 

82 0.43 

9 E 274 0.53 
167 d 
233 d 

62 d 

T 196 0.39 
120 0.28 

58 d 
37 d 

10 E 77 2.02 
58 0.91 
28 0.66 
12 0.33 



Calf 
Numbera 

11 

Thyroid 
Status 

T 

E 

T 

Propranolol 
Steady-State 
Concentration 

(ng/ml) 

322 
149 
111 

48 

185 
121 

60 
35 

744 
470 
280 
189 

195 

CD25 
b 

1.40 
0.70 
0.35 
0.23 

1.44 
1.27 
0.36 
0.46 

d 
2.15 
1.46 
1.20 

apharmacodynamic studies were not conducted in calf 1 and 
calf 5-T. 

bDose of isoproterenol required to increase the resting heart 
rate 25 beats/minute. 

cpropranolol concentration < 10 ng/ml. 

dNot determined due to technical difficulties. 



APPENDIX 9 

PREPARATION OF RADIOIMMUNOASSAY 

AND SCINTILLATION 

COUNTING REAGENTS 

196 



197 

I. Phosphate Buffered Saline 

Contents: 

1)0.01 M potassium phosphate, dibasic (K2HP04 , 
Matheson Coleman & Bell Manufacturing 
Chemists, Norwood, OH). 

2)0.15 M sodium chloride (NaCl, Fisher 
Scientific Company, Fair Lawn, NJ). 

3)0.5% Bovine serum albumin (BSA, crystallized, 
Miles Laboratories, Inc., Elkhart, IN). 

4)0.1% sodium azide (NaN3 , Matheson Coleman 
and Bell Manufacturing Chemists, Norwood, 
OH). 

Preparation and Storage: 

l)Place O.Sl g K2HP04 , 4.38 g NaCl, 2.5 g BSA, 
and 0.5 g NaN3 into a 500 ml volumetric flask 

and fill to the mark with distilled water. 

2)The pH of this solution should be 7.4. 

3)Store buffer at 4°C, but use only after 
contents are at room temperature. 

II. Charcoal Suspension 

Contents: 

1)0.0036 M sodium barbital (CSHllN2Na03' sodium 

diethylbarbiturate, Matheson, Coleman & Bell 
l>1anufacturing Chemists, Norwood, OH). 

2)0.0036 M sodium acetate (NaC2H302 ·3H20, 
Matheson, Coleman & Bell Manufacturing 
Chemists, Norwood, OH). 

3)0.1 M hydrochloric acid (HCL, analytical 
grade, J. T. Baker Chemical Co., 
Phillipsburg, NJ). 



4)0.15 M NaCl. 

5)0.03% dextran T-70 or T-80 (Pharmacia, 
Uppsala, Sweden). 

6)1.25% activated charcoal (NoritR A, J. T. 
Baker Chemical Co., Phillipsburg, NJ). 

Preparation and Storage: 
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l)prepare a working stock solution of sodium 
barbital and sodium acetate. Place 14.7 g 
sodium barbital and 9.7 g sodium acetate 
into a 1000 ml volumetric flask and fill 
to the mark with distilled water. 

2)Prepare 0.1 M HCl by adding 0.S3 ml of con
centrated HCl to a 100 ml volumetric flask 
and fill to the mark with distilled water. 

3)Place 8.77 g NaCl, 0.31 g Dextran T-70 or 
T-SO, 12.5 g activated charcoal, 50 ml 
working stock solution of sodium barbital 
and sodium acetate, and 50 ml of 0.1 M HCl 
into a 1000 ml volumetric flask and fill 
to the mark with distilled water. 

4)Mix several hours on a magnetic stirrer 
(Precision Scientific Co., Chicago, IL) 
and store at room temperature. 

III. Scintillation Fluid 

Contents: 

l)PPO (2,5-Diphenyloxazole, Sigma Chemical Co., 
st Louis, MO). 

2)POPOP (l,4-bis [2-(5-Phenyloxazolyl)] 
benzene, Sigma Chemical Co., St Louis, MO). 

3)TritonR X-100 (Sigma Chemical Co., 
st. Louis, MO). 

4)Toluene (J. T. Baker Chemical Co., 
Phillipsburg, NJ). 
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Preparation and storaoge: 

l)Place 4.0 9 PPO, 100 mg POPOP, and 338 ml 
TritonR X-lOO into a 1000 ml volumetric flask 
and fill to the mark with toluene. 

2)Store solution in amber bottle. 



APPENDIX 10 

CLINICAL LABORATORY TESTS PERFORMED 

ON THE EXPERIMENTAL DOGS 
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Clinical Chemistry 

Canine Normal 
Test Values 

Glucose 70-110 mg/d1 

BUN 10-20 mg/d1 

Creatinine 1.0-2.0 mg/dl 

Trig1ycerides 20-150 mg/d1 

Cholesterol 150-250 mg/d1 

Total Bilirubin 0.0-1. 0 mg/d1 
Total Protein 4.9-7.9 g/d1 

Albumin 2.3-3.8 g/d1 
Alkaline Phosphatase 10-100 U/l 
SGOT .: 50 U/l 
SGPT 2. 80 U/l 
LDH ~ 200 U/1 
CPK .: 200 U/l 
Sodium 140-155 mEg/l 

Potassium 4.3-5.7 mEq/l 

Calcium 6.1-12.5 mEg/l 

Inorganic Phosphate 2.5-5.0 mg/d1 

Lipase LOU 

Amylase 600-1700 I.U.L. 

Hematology 

Test 

WBC 
RBC 

Hemaglobin 

Hematocrit 
MCV 

MCH 
MCHC 

Differential 
-Monocytes 
-Lymphocytes 
-Segs 

-Bands 
- Eosinophil s 
-Basophi1s 

Canine Normal 
Values 

6.0-17.0 x 103 

5.5-8.5 x 10 6 

12-18 g/d1 

37-55% 
60-77 jJ3 

19.5-24.5 11119 

32-36% 

Variable 

t\) 
o 
I-' 



APPENDIX 11 

TOTAL RADIOIMMUNOASSAY (RIA) SERUM CONCENTRATION, 

TOTAL WATER-SOLUBLE METABOLITE SERUM CONCENTRATION, 

AND DIGITOXIN SERUM CONCENTRATION VERSUS TIME 

FOLLOWING INTRAVENOUS ADMINISTRATION OF DIGITOXIN 

TO NORMAL AND IMPAIRED RENAL FUNCTION DOGS 

202 



Time (hr) 

0.06 

0.11 

0.17 
0.28 

0.50 
1.00 
1.56 

2.02 

4.00 
6.00 
9.00 

12.00 

24.00 
36.00 

DOG 226, NORMAL RENAL FUNCTION 

Total RIA Concn. 
(pmo1e/m1) 

392.9 
346.6 

347.5 
308.6 

216.1 
121.3 
155.6 

133.2 

103.7 
71.2 
36.5 
22.8 

13.6 
5.6 

Total Water-Soluble 
Metabo1iee Concn. 

(pmo1e/m1) 

1.2 
1.6 

3.1 

3.4 
7.0 

11.9 
12.1 

13.8 
14.8 
12.5 

7.4 

4.5 

2.3 

a Not determined. 
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Digitoxin 
Concn. 

(pmo1e/m1) 

533.6 
445.7 

336.0 
259.9 

81. 7 
a 

109.4 

97.6 
a 

52.8 
35.4 
23.9 
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DOG 226; IMPAIRED RENAL FUNCTION 

Total Water-Soluble Digitoxin 
Total RIA Conen. Metabolite Concn. Concn. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (pmo1e/m1) 

0.05 330.4 5.8 351.9 

0.10 291.2 1.1 298.3 

0.17 271.6 2.6 278.4 

0.25 224.1 1.9 298.6 

0.50 164.6 4.6 162.6 

0.75 129.6 6.8 129.4 

1.00 134.0 8.8 109.8 

1.55 115.0 12.7 95.2 

2.00 101.3 15.4 75.5 

4.00 68.5 15.9 61.5 

6.00 64.2 15.8 45.1 

8.00 60.6 16.9 43.8 

13.00 39.6 11.4 33.3 

24.00 39.6 11.3 24.7 

37.00 18.4 5.3 15.7 

48.30 9.4 2.4 

61.20 5.3 

74.70 3.1 



Time (hr) 

0.05 

0.15 

0.27 
0.50 

1.13 

1.50 

2.00 
4.05 

6.15 

7.85 

11.80 
24.00 

35.80 

48.00 

59.90 

./ 

DOG 255; NORMAL RENAL FUNCTION 

Total RIA Concn. 
(pmo1e/ml) 

277.8 

198.4 

160.9 
138.5 

93.8 

84.1 

95.0 

92.8 

85.4 

67.3 

29.5 

11.9 

6.1 
2.4 

1.6 

Total Water-Soluble 
Metabolite Concn. 

(pmo1e/m1) 

0.9 

0.6 

2.0 

4.2 

11.4 

15.8 
19.2 

29.7 

36.3 
28.7 

14.3 

3.6 

205 

Digitoxin 
Concn. 

(pmo1e/m1) 

270.2 

230.5 

185.7 

176.5 

130.0 

89.2 

75.4 

74.3 

65.4 
46.9 

24.3 
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DOG 2551 IMPAIRED RENAL FUNCTION 

Total water-Soluble Digitoxin 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (pmo1e/m1) 

0.05 383.3 4.0 361.8 

0.10 269.5 3.9 300.4 
0.17 289.4 4.8 202.7 

0.25 240.1 5.1 217.3 

0.50 170.4 10.0 142.2 

0.77 162.3 16.2 117.0 

1.00 138.2 19.8 111.7 

1.50 119.6 27.1 73.8 

2.00 102.2 29.0 62.3 

4.00 95.4 35.9 43.6 

6.10 82.0 37.2 34.8 

8.80 67.6 34.1 23.2 

12.00 59.7 33.2 16.3 

24.00 34.7 20.6 

36.00 13.9 8.8 

48.00 5.6 

59.50 3.4 

71.BO 1.9 
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DOG 335~ NORMAL RENAL FUNCTION 

Total Water-Soluble Digitoxin 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (pmo1e/m1) 

0.08 373.5 1.2 410.5 

0.10 342.6 1.6 379.6 

0.17 245.1 1.3 351.9 

0.25 233.7 4.7 323.6 

0.57 152.0 5.0 173.9 

0.75 141.7 8.2 175.9 

1.00 133.1 10.3 112.7 

1.50 77.1 14.6 67.4 

2.00 55.3 14.3 68.5 

4.18 95.9 14.0 38.6 

6.00 50.2 10.4 31.5 

8.13 31.6 6.2 17.4 

12.00 24.8 2.5 

24.00 19.8 0.8 

36.00 8.6 

48.00 6.0 

60.00 2.6 

72.00 1.4 
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DOG 335; IMPAIRED RENAL FUNCTION 

Total Water-Soluble Digitoxin 
Total RIA Concn. Metabolite Concn. Concn. 

Time ehr) (pmole/ml) (pmole/m1) (pmo1e/m1) 

0.05 294.7 2.0 264.6 
0.10 273.4 2.8 217.5 
0.17 116.4 3.6 228.2 
0.25 215.8 5.1 170.8 
0.50 142.0 6.9 127.3 
0.77 113.3 13.7 88.0 
1.02 87.9 14.9 48.6 
1.50 77.9 17.4 50.2 

2.00 65.9 20.7 53.5 
4.03 39.4 19.0 17.8 
6.15 39.9 20.4 16.6 
8.00 37.3 17.2 13.8 

12.00 34.3 15.1 17.1 

24.00 24.9 13.7 6.7 

35.60 10.8 5.9 

48.00 6.4 
59.50 3.6 

72.00 1.8 
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DOG 419; NORMAL RENAL FUNCTION 

Total Water-Soluble Digitoxin 
Total RIA Conon. Metabolite Concn. Conon. 

Time (hr) (pmo1e/ml) (pmo1e/rol) (pmo1e/m1) 

0.06 395.9 2.9 287.0 

0.12 320.4 1.8 271.4 

0.19 307.6 2.4 214.5 

0.25 253.7 2.5 208.5 

0.50 179.2 3.8 116.3 

1.00 192.1 7.6 89.5 

2.00 62.0 7.7 46.5 

4.00 40.0 6.7 27.8 

6.12 34.0 6.7 17.9 

7.35 28.6 6.1 17.7 

12.05 26.3 3.9 18.3 

24.12 21.3 4.5 11.1 

36.50 14.4 3.2 5.7 

48.00 8.0 2.2 4.1 

61.50 4.6 1.0 3.0 
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DOG 419, IMPAIRED RENAL FUNCTION 

Total Water-Soluble Digitoxin 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmo1e/m1) (pmole/ml) (pmole/ml) 

0.05 270.8 3.2 390.4 
0.08 262.8 2.8 345.2 
O.lB 206.B 4.2 226.8 
0.25 lB2.4 4.5 152.2 
0.50 111.0 6.3 121.5 

1.00 82.4 15.2 117.3 
1.50 62.6 12.4 62.2 
2.00 53.3 14.5 52.2 
4.00 44.1 16.6 34.2 

6.0B 30'.6 17.6 22.1 

8.12 30.9 12.4 23.1 

ll.0B 26.9 10.4 12.2 

24.00 10.B 5.0 3.8 

35.20 4.4 
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DOG 453; NORMAL RENAL FUNCTION 

Total water-Soluble Digitoxin 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmole/m1) (pmo1e/m1) (pmo1e/m1) 

0.07 252.9 2.2 208.7 
0.12 234.7 2.0 234.2 

0.24 196.8 2.6 168.9 

0.34 176.1 2.9 138.9 

0.54 132.5 3.7 123.3 

1. 02 87.7 5.2 55.8 

2.04 72.1 8.8 51.3 

4.00 42.8 B.6 17.6 

6.18 37.2 7.1 12.9 

8.82 31.1 5.0 10.4 

12.00 25.8 3.8 

24.00 19.4 3.1 

36.30 9.0 2.0 

48.00 6.2 

60.50 4.0 
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DOG 453; IMPAIRED RENAL FUNCTION 

Total Water-Soluble Digitoxin 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmole/ml) (pmole/ml) (pmole/ml) 

0.06 321.0 6.2 355.4 

0.08 280.0 7.5 356.5 

0.17 215.3 6.0 249.3 

0.25 186.7 7.9 206.2 

0.50 123.8 8.0 155.1 

1.00 113.5 13.6 101.6 

1.11 108.6 17.3 89.0 

1.52 102.6 21.3 79.8 

2.00 81. 0 24.9 69.4 

4.13 75.1 24.5 59.0 

6.17 66.7 28.1 41.7 

8.00 52.7 24.9 36.2 

12.00 50.7 22.1 26.5 

24.90 36.9 19.4 15.0 

31.90 21.1 11.6 7.9 

36.20 14.6 9.1 5.6 

48.20 5.2 

60.00 2.0 

72.00 1.4 



Time (hr) 

0.05 
0.08 
0.17 

0.25 
0.52 
0.78 
1.05 
2.05 

4.08 
6.03 
8.08 

12.08 

25.00 
36.20 

46.50 

60.08 

73.50 

97.10 
123.50 

DOG 472; NORMAL RENAL FUNCTION 

Total RIA Conen. 
(pmo1e/m1) 

362.2 
329.7 
284.6 

277.8 
162.1 
144.8 
122.8 

88.5 
69.7 
56.4 
41.8 

39.4 
25.1 

17.1 

6.8 
9.5 

2.6 

1.6 
0.9 

Total Water-Soluble 
Metabolite ConeD. 

(pmo1e/m1) 

2.9 
3.2 
4.4 

5.3 

12.5 
9.5 

20.2 
25.3 
27.6 

26.4 
21.5 

15.6 

10.8 
6.4 

4.7 

1.9 

a Not determined. 
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Digitoxin 
Conen. 

(pmo1e/m1) 

275.6 
265.2 
189.6 

176.0 

112.8 
97.5 
83.9 
58.1 
27.7 
23.6 

a 

15.3 

11.4 
6.2 
3.2 

2.5 
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DOG 472; IMPAIRED RENAL FUNCTION 

Total Water-Soluble Digitoxin 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmole/ml) (pmole/ml) (pmo1e/m1) 

0.10 357.9 0.8 285.9 
0.13 346.5 4.5 289.3 

0.25 239.2 2.6 192.3 

0.58 196.8 7.4 142.8 

1.43 139.9 16.9 80.9 
2.00 117.0 17.6 67.8 

3.05 94.6 23.5 42.4 

4.12 93.4 21.5 37.9 

6.03 71. 6 22.8 30.3 

8.00 58.4 20.3 18.8 

12.00 50.5 19.8 20.0 

24.00 35.2 13.1 8.8 

36.00 14.5 0.8 7.4 

48.00 6.9 2.3 1.4 

60.00 2.4 



APPENDIX 12 

TOTAL RADIOIMMUNOASSAY (RIA) SERUM CONCENTRATION, 

TOTAL WATER-SOLUBLE METABOLITE SERUM CONCENTRATION, 

AND DIGITOXIGENIN-BISDIGITOXOSIDE (BIS-DT) SERUM 

CONCENTRATION VERSUS TIME FOLLOWING INTRAVENOUS 

ADMINISTRATION OF BIS-DT TO NORMAL 

AND IMPAIRED RENAL FUNCTION DOGS 
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DOG 226; NORMAL RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmole/ml) (pmo1e/ml) (pmo1e/m1) 

0.05 527.8 7. 7 710.6 
0.10 377.0 13.9 513.6 
0.17 276.1 13.9 344.8 
0.27 200.2 20.2 86.9 
0.50 93.7 23.8 83.8 
1. 00 87.6 29.0 75.0 
1.50 65.7 28.1 46.9 
2.02 53.1 24.6 43.9 
4.10 40.2 17.5 18.4 
5.90 21.1 10.9 11. 0 
8.00 12.6 7.4 

12.00 5.3 

24.00 3.2 
36.00 1.7 
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DOG 226; IMPAIRED RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Conen. Metabolite Conen. Conen. 

Time (hr) (pmole/ml) (pmole/ml) (pmole/ml) 

0.05 474.5 2.0 332.5 

0.13 269.2 B.8 185.4 

0.17 192.3 12.9 116.0 

0.25 144.9 17.2 74.4 

0.50 94.3 24.7 31. 0 

0.75 73.6 27.2 18.1 

1.00 60.3 26.4 15.8 

1. 52 47.2 23.4 6.8 

2.00 44.4 25.2 7.6 

4.02 26.7 18.3 3.7 

6.00 21.1 11. 7 4.0 

8.02 19.6 10.7 3.4 

12.05 14.3 8.3 

24.02 9.1 6.2 

36.00 2.0 

48.10 1.0 
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DOG 255; NORMAL RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Conen. Metabolite Conen. Conen. 

Time (hr) (pmole/m1) (pmo1e/ml) (pmo1e/m1) 

0.03 720.7 8.8 640.7 
0.12 378.6 11.0 290.0 
0.17 282.9 19.1 226.5 

0.25 178.7 27.3 176.9 

0.62 102.5 52.9 54.1 

1. 00 93.4 54.8 36.7 
1. 55 76.8 50.3 32.9 

2.07 81.2 49.5 22.3 

4.03 51. 0 39.4 20.6 

6.00 40.4 30.3 13.9 

7.87 24.7 22.4 7.1 

11. 70 13.8 12.1 4.3 

23.60 12.6 8.9 

35.80 2.7 
48.00 1.6 
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DOG 255; IMPAIRED RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Concn. Metabolite Conon. Concn. 

Time (hr) (pmole/m1) (pmo1e/m1) (pmo1e/ml) 

0.05 347.8 5.0 277.8 

0.10 216.2 10.4 168.7 

0.17 152.6 22.0 111.3 

0.27 111.9 29.8 73.5 

0.52 83.9 39.2 39.3 

0.75 82.0 39.4 32.0 

1. 00 83.6 40.2 19.8 

1.50 76.6 37.8 18.9 

2.00 70.0 39.8 17.0 

4.20 51.8 35.2 6.4 

5.00 48.3 32.9 4.0 

6.00 37.4 27.7 3.9 

7.00 33.5 24.6 

12.00 28.9 17.6 
24.00 24.4 15.5 

36.00 7.5 

48.00 3.4 

60.10 2.6 

74.00 1.2 
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DOG 335; NORMAL RENAL FUNCTION 

Tot~,al Water-Soluble BIS-DT 
Total RIA Conen. t-ietabol i te Conen. Conen. 

Time (hr) (pmole/ml) (J:.Imole/ml) (pmole/ml) 

0.05 250.4 2.7 342.9 
0.10 181.6 6.8 186.8 
0.17 152.7 8.7 140.5 
0.25 92.2 17.0 70.4 
0.53 66.1 22.3 44.7 
1-;-00 47.6 24.1 17.5 
1.52 49.2 23.1 10.6 
2.00 34.2 24.2 8.8 
4.55 26.5 14.2 4.0 
6.17 17.1 10.9 

8.00 10.5 6.3 
12.10 4.7 
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DOG 335: IMPAIRED RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmole/ml) (pmo1e/m1) (pmo1e/m1) 

0.05 281.8 5.3 275.6 

0.10 196.4 8.5 178.1 

0.17 122.0 12.5 107.1 

0.25 97.4 17.1 79.9 

0.50 64.3 25.8 49.5 

0.75 61.5 28.6 33.9 

1.00 50.8 28.1 33.9 

1.50 49.9 30.0 23.4 

2.00 48.8 30.3 28.2 

4.00 33.3 22.0 20.2 

6.30 30.0 20.2 12.5 

8.00 30.4 22.7 

11.00 32.1 22.7 

24.00 16.5 12.0 

35.00 5.0 

48.00 2.1 

58.70 1.1 
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DOG 419; NORMAL RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmole/ml) (pmole/ml) (pmole/ml) 

0.07 438.4 2.6 342.5 

0.11 270.5 3.6 388.9 

0.17 214.7 6.2 120.9 

0.26 129.6 10.7 78.9 

0.50 70.9 15.4 41.7 

0.98 52.2 18.8 a 

2.28 36.2 13.5 13.4 

4.20 29.0 11.8 8.9 

6.30 24.0 8.4 3.3 

9.38 21.3 7.2 2.7 

12.20 14.6 6.1 

25.10 14.0 3.4 

36.20 5.4 1.2 

50.20 4.5 0.6 

60.20 3.7 0.2 

72.20 2.7 

86.20 1.8 

a Not determined. 
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DOG 419; IMPAIRED RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (pmo1e/m1) 

0.05 270.6 5.6 382.3 

0.10 169.9 6.9 216.6 

0.17 103.3 11.8 171.0 

0.25 95.0 14.8 95.6 

0.57 34.2 23.1 31.8 

1.07 30.6 21.5 16.9 

1.60 29.8 21.2 13.8 

2.00 34.2 22.7 13.1 

4.17 24.0 17.6 9.5 

6.18 17.8 15.3 6.7 

8.08 19.7 15.5 4.8 

12.10 14.6 10.5 

24.50 15.9 6.8 

36.10 5.6 

48.00 2.1 

60.40 1.3 



DOG 453: NORHAL RENAL FUNCTION 

Total Water-Soluble 
Total RIA Conen. Metabolite Conen. 

Time (hr) (pmo1e/m1) (pmo1e/ml) 

0.06 a 8.4 
0.15 165.2 10.3 
0.29 114.7 17.0 
0.43 82.8 21.4 
0.97 49.6 25.1 

2.15 22.5 22.3 
4.00 28.1 18.9 
6.00 20.0 13.4 
8.00 16.9 12.0 

12.00 14.2 8.5 
24.50 6.9 2.9 
36.00 3.3 1.6 
48.00 3.3 
60.00 4.0 
72.00 2.2 

aNot determined. 
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BIS-DT 
Conen. 

(pmo1e/m1) 

304.4 
148.3 

101.6 

75.1 

34.0 

24.4 

18.0 

21. 0 

15.9 
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DOG 453: IMPAIRED RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Conen. Metabolite Conen. Conen. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (prnole/m1) 

0.05 303.0 2.7 329.0 
0.08 320.4 4.5 226.1 

0.17 203.9 10.6 182.5 
0.25 104.4 16.8 86.2 

0.50 76.8 24.3 22.5 

1.00 58.7 31.6 19.4 

1.47 55.5 30.2 13.1 

2.12 48.2 32.9 4.4 
4.00 41.6 29.9 

6.00 45.5 23.7 

8.00 32.2 25.4 
12.00 25.1 19.3 

24.00 17.2 12.3 

36.00 4.4 
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DOG 4721 NORMAL RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Conen. Metabolite Conen. Conen. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (pmo1e/m1) 

0.06 529.9 15.0 309.3 
0.10 316.9 24.3 270.0 
0.17 291.1 33.2 137.7 
0.25 206.1 43.7 70.4 
0.48 140.2 47.4 36.8 
1.10 95.9 46.2 23.2 
2.00 78.2 36.6 11.2 
4.17 34.5 23.8 6.3 
6.08 27.0 17.4 8.7 

8.88 17.9 12.1 3.2 
10.72 11.1 7.1 3.6 
24.67 6.7 4.8 
36.00 3.4 1.9 
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DOG 472; IMPAIRED RENAL FUNCTION 

Total Water-Soluble BIS-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (pmo1e/ml) 

0.06 326.1 8.6 393.8 

0.10 234.4 11.6 270.0 

0.17 167.6 18.8 141.3 

0.27 116.1 31.6 101.4 

0.52 94.3 36.5 43.2 

1.03 64.7 41.4 17.1 

1.52 57.3 30.9 10.3 

2.08 52.2 39.4 8.8 

4.08 41.6 33.1 5.3 

6.00 31.1 28.1 4.7 

7.57 28.8 25.6 4.5 

11.50 20.9 17.2 1.5 

24.10 20.4 14.3 

31.40 11.5 8.6 

35.80 8.6 5.5 

47.90 4.6 

59.50 2.4 

72.00 2.2 



APPENDIX 13 

TOTAL RADIOIMMUNOASSAY (RIA) SERUM CONCENTRA~ION, 

TOTAL WATER-SOLUBLE METABOLITE SERUM CONCENTRATION, 

AND DIGITOXIGENIN-MONODIGITOXOSIDE (MONO-DT) 

SERUM CONCENTRATION VERSUS TIME FOLLOWING 

INTRAVENOUS ADMINISTRATION OF MONO-DT 

TO NORMAL AND IMPAIRED RENAL FUNCTION DOGS 
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DOG 226; NORI-1AL RENAL FUNCTION 

Total Water-Soluble MONO-DT 
Total RIA Conen. Metabolite Conen. Conen. 

Time (hr) (pmo1e/ml) (pmole/ml) (pmole/ml) 

0.05 450.4 35.1 324.6 

0.10 339.2 58.8 211.2 

0.17 296.0 82·.9 152.7 

0.25 229.6 89.3 113.0 

0.52 162.7 77.4 65.2 

1.00 109.4 57.2 9.2 

1.50 75.8 44.6 18.8 

2.03 58.8 33.7 9.4 

4.03 70.6 a 14.9 

6.05 34.2 28.7 7.0 

8.08 15.4 12.0 loB 

12.10 9.8 4.6 

24.30 8.9 4.3 

36.10 3.1 

48.00 2.7 

a Not determined. 
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DOG 226; IMPAIRED RENAL FUNCTION 

Total Water-Soluble MONO-DT 
Total RIA Cancn. Metabolite Concn. Concn. 

Time (hr) (pmole/ml) (pmole/ml) (pmole/ml) 

0.05 361.6 28.6 338.3 

0.10 251.5 63.9 183.1 
0.17 253.6 81.7 119.3 
0.27 215.1 78.7 79.0 
0.50 155.5 74.6 52.4 

0.77 128.5 66.1 25.9 

1.00 106.4 50.2 24.6 

1.50 82.4 42.7 21.4 

1.84 60.9 34.1 11.1 

4.00 20.5 14.5 6.2 

6.00 8.4 5.5 1.5 

8.00 4.9 

12.00 3.6 
24.20 3.3 

36.00 2.3 
48.00 1.6 
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DOG 255; NORMAL RENAL FUNCTION 

Total Water-Soluble MONO-DT 
Total RIA Concn. Metabolite Conc~ Concn. _ 

Time (hr) (pmole/ml) (pmole/ml) (pmole/ml) 

0.06 474.5 35.5 424.9 
0.11 363.2 59.1 291.2 
0.17 314.8 79.6 162.3 
0.25 259.4 109.0 206.0 
0.50 186.8 103.4 155.5 
1.00 165.4 82.5 105.7 
1.53 108.3 64.6 75.6 
2.08 87.3 46.3 34.8 
4.00 33.5 29.1 26.3 
6.02 27.3 18.3 3.2 

7.68 19.2 15.8 2.6 

11.40 10.4 11.3 

24.00 9.0 6.6 

35.30 3.0 
47.40 1.5 
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DOG 255; IMPAIRED RENAL FUNCTION 

Total Water-Soluble MONO-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmo1e/ml) (pmo1e/ml) (pmole/m1) 

0.05 362.2 48.5 247.9 
0.10 296.3 76.8 168.5 
0.17 273.6 105.4 115.3 
0.30 232.6 107.9 75.6 
0.50 172.4 86.3 65.2 
0.77 141.1 74.5 43.9 
1.00 119.8 57.6 39.4 
1.50 83.8 43.9 25.3 
2.02 65.0 34.1 23.2 

4.00 27.8 14.1 4.5 

6.08 23.1 14.9 3.7 
7.00 18.5 9.9 3.0 

11.00 15.9 10.0 1.6 

24.00 11.1 8.0 

35.00 4.6 

48.00 2.6 
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DOG 335; NORMAL RENAL FUNCTION 

Total Water-Soluble MONO-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (pmo1e/m1) 

0.07 359.4 47.9 318.4 
0.10 309.5 82.2 151.1 

0.17 181.4 115.4 102.8 

0.25 208.4 121.8 89.1 

0.50 174.0 137.5 28.8 
1.00 128.0 102.6 26.1 

1.53 84.9 84.3 18.3 

2.00 85.4 92.6 10.7 

4.00 61.4 55.2 5.8 
6.10 29.4 31.1 

8.00 16.1 16.2 

12.00 3.6 
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DOG 335; IMPAIRED RENAL FUNCTION 

TOtal Water-Soluble MONO-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time (hr) (pmole/ml) (pmole/ml) (pmole/ml) 

0.05 393.5 21.0 333.4 

0.10 280.1 70.1 150.3 
0.17 266.0 115.9 98.0 

0.25 221.6 142.4 58.1 

0.50 200.7 140.9 38.5 

0.75 184.7 138.1 28.9 

1. 00 171.9 129.7 26.7 

1.50 149.9 115.7 23.3 

2.00 132.7 108.2 15.5 

4.00 96.8 83.1 8.6 

6.00 79.4 72.0 5.0 

11.00 68.0 57.5 

24.10 29.4 24.6 

35.00 7.1 6.4 

48.00 2.7 

59.00 1.6 
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DOG 419 i NORMAL RENAL FUNCTION 

Total Water-Soluble MONO-DT 
Total RIA Conen. Metabolite Conen. Conen. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (pmo1e/m1) 

0.07 243.1 26.5 165.8 

0.11 182.3 54.1 98.5 

0.20 140.0 83.6 50.9 

0.26 144.7 85.0 46.9 

0.50 93.0 67.6 25.0 

0.75 56.3 55.6 16.9 

1.12 47.4 41.9 12.4 

2.17 37.0 29.6 14.5 

4.00 22.7 15.0 9.6 

6.00 12.5 10.0 a 

7.00 9.1 7.3 5.5 

10.00 5.9 5.4 

12.00 6.6 6.4 

25.00 8.2 6.6 

36.00 3.3 

48.20 2.0 

61. 00 1.8 

72.08 1.5 

a Not determined. 
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DOG 419;- IMPAIRED RENAL FUNCTION 

Total Water-Soluble MONO-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time Chr) (pmole/ml) (pmole/ml) (pmole/ml) 

0.07 334.6 14.8 372.8 
0.10 227.6 31.7 204.5 
0.17 162.3 67.2 143.9 

0.33 105.7 87.1 52.9 

0.50 115.6 74.3 33.3 
1. 02 68.2 51.8 11. 7 

1.50 50.5 44.1 15.1 

2.00 34.3 28.7 9.7 

4.00 19.5 61.1 2.6 

6.00 15.5 10.0 0.7 

8.27 7.8 9.3 

11.50 7.6 7.8 

24.00 6.8 5.6 

35.50 3.0 

48.00 2.1 

59.50 1.5 
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DOG 453; NORMAL RENAL FUNCTION 

Total Water-Soluble MONO-DT 
-Total RIA Concn / Metabolite Concn. Concn. 

Time (hr) (pmo1e/m1) (pmo1e/ml) (prno1e/m1 ) 

0.05 482.2 39.1 353.2 
0.10 357.1 70.3 130.5 
0.17 304.0 86.5 146.1 

0.31 265.4 149.4 112.4 

0.55 189.0 104.5 61.1 
0.75 167.3 125.7 22.0 

1.02 129.4 116.2 14.7 

2.12 81. 6 72.9 12.2 

4.05 42.8 39.3 7.0 

6.00 29.1 25.3 4.4 

9.25 19.8 11.5 

11.25 21.9 10.9 

24.00 12.7 6.3 

35.25 5.6 2.3 

48.00 3.5 
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DOG 453; IMPAIRED RENAL FUNCTION 

TOtal Water-Soluble MONO-DT 
Total RIA Conen. Metabolite Conen. Conen. 

Time (hr) (pmo1e/ml) (pmo1e/ml) (pmole/ml) 

0.05 405.0 20.1 499.9 
0.12 2B4.1 48.1 228.3 
0.17 260.8 81.3 220.2 

0.25 230.4 99.4 98.7 
0.52 190.8 112.6 42.2 
1.00 139.8 101.8 20.9 

1.08 130.7 109.2 23.0 

2.00 136.3 82.8 20.6 

4.00 92.1 65.3 8.2 

6.00 51.3 34.4 3.9 

8.00 27.5 23.5 1.4 

12.00 12.3 9.0 0.4 

24.00 6.6 4.0 

36.00 2.6 
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DOG 472; NORMAL RENAL FUNCTION 

Total Water-Soluble MONO-DT 
Total RIA Conon. Metabolite Conon. Conon. 

Time (hr) (pmo1e/m1) (pmo1e/m1) (pmo1e/m1) 

0.05 465.6 67.6 351.4 

0.17 340.8 226.9 81.3 
0.27 326.7 223.4 87.3 

0.35 268.3 223.8 48.9 

0.53 232.9 238.5 42.1 
0.75 209.1 180.5 16.0 
1. 00 190.8 148.9 13.0 

1. 53 146.9 92.6 11.7 

2.00 119.2 89.7 8.4 
4.00 67.5 54.4 2.5 

6.00 48.6 27.8 

8.00 27.0 23.6 

12.00 16.8 10.9 

24.00 11.6 7.4 

36.00 3.4 

48.00 4.8 

52.00 3.8 

60.00 2.1 
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DOG 4721 IMPAIRED RENAL FUNCTION 

Total Water-Soluble MONO-DT 
Total RIA Concn. Metabolite Concn. Concn. 

Time ehr) (pmo1e/m1) (pmo1e/m1) (pmo1e/m1) 

0.06 1625.4 62.8 143.6 
0.12 249.8 114.3 67.4 
0.17 220.2 121.9 72.4 
0.27 202.6 130.2 51.4 
0.50 185.3 113.6 19.0 
1.00 128.7 87.8 11.8 

1.50 83.2 53.5 13.5 

2.00 42.6 43.8 10.1 
4.00 16.7 19.0 3.0 

6.00 17.7 16.1 1.5 

8.00 22.0 19.1 
12.00 10.0 10.6 

23.80 11. 0 8.1 

36.00 4.5 3.0 
48.00 2.0 

60.70 1.9 

72.50 1.0 



APPENDIX 14 

PHARMACOKINETIC PARAMETERS FOR DIGITOXIN (DT), 

DIGITOXIGENIN-BISDIGITOXOSIDE (BIS-DT), 

AND DIGITOXIGENIN-MONODIGITOXOSIDE (MONO-DT) BASED 

ON TOTAL RADIOIMMUNOASSAYABLE MATERIAL 

IN SERUM FROM NORMAL DOGS 
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OT
a BIS-OT MONO-OT 

Dog t1/2 C1 VB V t1/2 CIs VB V t1/2 CIs VB V 
Number s ss ss ss 

226 10.8 0.86 0.80 0.54 10.9 2.62 2.47 1.20 15.8 2.14 2.92 1.62 

255 11.2 0.91 0.88 0.65 9.1 1.61 1.27 0.98 10.3 2.15 1.92 1.20 

335 14.3 0.92 1.14 0.90 3.2 4.55 1.25 1.12 2.3 3.15 0.62 0.57 

419 20.1 0.78 1.35 1.08 23.7 1.54 3.16 2.51 23.1 3.26 6.53 4.41 

453 16.6 0.94 1.35 1.18 19.9 2.06 3.53 3.10 14.0 1.72 2.09 1.45 

472 19.6 0.65 1.10 0.93 10.4 1.95 1. 74 1.26 15.7 1.42 1.94 1.12 

mean 14.5b 0.84 1.10 0.88 B.5b 2.39 2.24 1. 70 7.ab 2.31 2.67 1. 73 

± SO 0.11 0.23 0.24 1.13 0.97 0.88 0.75 2.03 1.36 

a t1/ 2 = terminal disposition half-life in hours} CIs = systemic clearance in 

ml/min/kg; VB = apparent volume of distribution in l/kg; V ss = steady-state volume 
of distribution in l/kg. 

b
H 

. 
armon~c mean. 

N 
oIlo 
N 



APPENDIX 15 

PHARMACOKINETIC PARAMETERS FOR DIGITOXIN (DT), 

DIGITOXIGENIN-BISDIGITOXOSIDE (BIS-DT), 

AND DIGITOXIGENIN-MONODIGITOXOSIDE (MONO-DT) 

BASED ON TOTAL RADIOIMMUNOASSAYABLE MATERIAL 

IN SERUM FROM IMPAIRED RENAL FUNCTION DOGS 
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DTa BIS-DT MONO-DT 
DOG tl/2 CIS VB Vss tl/2 CIs VB V tl/2 Cl Va 

~ -

NUMBER ss s 

226 15.6 0.58 0.78 0.72 9.3 2.41 1.94 1.53 27.7 3.35 8.03 

255 11.7 0.57 0.58 0.55 13.0 1.28 1.44 1.31 13.5 2.18 2.55 

335 15.0 0.89 1.16 1.04 10.6 1. 79 1.64 1.56 8.8 1.02 0.77 

419 9.7 1.38 1.15 1.02 13.2 2.25 2.57 2.41 16.5 3.31 4.73 

453 11. 5 0.70 0.70 0.68 10.3 1.59 1.42 1.34 9.0 1.77 1.38 

472 11.5 0.61 0.61 0.56 16.0 1.37 1.90 1.68 15.9 2.10 2.88 

mean l2.2b 0.79 0.83 0.76 l1.7b 1.78 1.82 1.64 13.1 b 2.29 3.39 

+ SD 0.31 0.26 0.22 0.46 0.43 0.40 0.90 2.65 

a t1/ 2 = terminal disposition half-life in hours: Cl = systemic clearance in s 
ml/min/kg; VB = apparent volume of distribution in l/kg; Vss = steady-state 

volume of distribution in l/kg. 

bH . armon1C mean. 

vss 

3.33 

1.79 

0.73 

3.28 

0.80 

1.72 

1.94 

1.14 

tv 
~ 
~ 



APPENDIX 16 

PHARMACOKINETIC PARAMETERS FOR DIGITOXIN (DT), 

DIGITOXIGENIN-BISDIGITOXOSIDE (BIS-DT), 

Al~D DIGITOXIGENIN-MONODIGITOXOSIDE (MONO-DT) 

USING A SPECIFIC ASSAY --

NORMAL RENAL FUNCTION DOGS 
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DTa BIS-DT MONO-DT 
DOG t1/2 C1 VB V t1/2 C1 VB V t1/2 C1 VB 
NUMBER s ss s ss s 

226 4.8 1.29 0.53 0.50 1.8 4.39 0.69 0.51 2.3 11.80 2.31 

255 4.5 1.26 0.48 0.48 3.3 4.58 1.32 0.83 1.2 5.51 0.55 

335 3.4 1. 99 0.58 0.45 2.2 12.39 2.34 1.12 1.4 15.67 1.95 

419 18.7 1.34 2.18 1. 72 2.9 8.09 2.03 1.07 4.2 13.39 4.90 

453 6.4 2.94 1.63 1.02 7.7 3.65 2.45 2.14 2.5 12.38 2.65 

472 15.9 1.37 1.88 1.49 5.1 8.18 3.58 2.14 1.2 18.30 1.93 

mean 6.0b 1.70 1.22 0.94 3.0b 6.88 2.07 1.30 1.7b 12.84 2.38 

+ SD 0.67 0.77 0.56 3.33 1.00 0.68 4.35 1.42 

a t1/ 2 = terminal disposition half-life in hours; CIs = systemic clearance in 
m1/min/kg; VB = apparent volume of distribution in l/kg; V = steady-state ss 
volume of distribution in l/kg. 

b . 
Harmon~c mean. 

V ss 

1.46 

0.51 

1.27 

3.92 

1.48 

0.93 

1.60 

1.20 

N 
~ 
0\ 



APPENDIX 17 

PHARMACOKINETIC PARAMETERS FOR DIGITOXIN (DT), 

DIGITOXIGENIN-BISDIGITOXOSIDE (BIS-DT), 

AND DIGITOXIGENIN-MONODIGITOXOSIDE (MONO-DT) 

USING A SPECIFIC ASSAY --

IMPAIRED RENAL FUNCTION DOGS 
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DTa BIS-DT MONO-DT 
DOG til2 CIS VB Vss t1/2 C1 VB V t1/2 CIs VB NUMBER s ss 

226 20.4 0.65 1.14 1.00 5.9 11.06 5. '58 2.83 1.3 15.00 1.70 

255 5.2 1.71 0.77 0.65 1.9 11.71 1.88 1.25 4.7 11.08 4.47 

335 14.7 1.83 2.33 1.72 4.1 5.61 2.00 1.69 2.0 13.34 2.36 

419 5.B 1.99 0.99 0.79 4.1 8.09 2.86 1.76 1.1 17.54 1.73 

453 10.9 1.10 1.04 0.88 0.7 16.07 0.95 0.50 1.7 11. 02 1. 60 

472 10.6 1.41 1.29 1.03 3.9 9.32 3.18 1.53 1.5 26.00 3.34 

mean 9.0b 1.45 1.26 L01 2.1b 10.32 2.74 1.59 1.6b 15.66 2.53 

+ SD 0.50 0.55 0.37 3.57 1.60 0.76 5.64 1.15 

atl/2 = terw.ina1 disposition half-life in hours; CIs = systemic clearance in 
ml/min/kg; VB = apparent volume of distribution in 1/kg; Vss = steady-state 
volume of distribution in 1/kg. 

bHarmonic mean. 

Vss 

1.07 

1.83 

1.72 

0.85 

0.95 

2.36 

1.46 

0.60 

N 
~ 
CD 
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