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Pharmacodynamic evaluation of B-blockade associated with atenolol in healthy dogs
Mari Waterman
ABSTRACT

Objective: Dosing intervals of 12 and 24 hours for atenolol have been recommended, but an
evidentiary basis is lacking. To test the hypothesis that repeated, once-daily oral administration
of atenolol attenuates the heart rate response to isoproterenol for 24 hours, we performed a

double-blind, randomized, placebo-controlled cross-over experiment.
Animals: Twenty healthy dogs

Procedures: Dogs were randomly assigned to receive either placebo (P) and then atenolol (A), [1
mg/kg PO q24h] or vice versa. Treatment periods were 5-7 days; time between periods was 7
days. Heart rates (bpm) at rest (HR;) and during constant rate [0.2 pg/kg/min] infusion of
isoproterenol (HR;) were electrocardiographically obtained 0, 0.25, 3, 6, 12, 18, and 24 hours
after final administration of drug or placebo. A mixed model ANOVA was used to evaluate the
effects of treatment (Tr), time after drug or placebo administration (t), interaction of treatment

and time (Tr*t) as well as period and sequence on HR; and HR;.

Results: Sequence or period effects were not detected. There was a significant effect of Tr (p
<0.0001) and Tr*t (p <0.0001) on HR;. Atenolol significantly attenuated HR; for 24 hours but
did so maximally at 3 hours (least squares means + SE, A: 146+5 bpm, P: 208+5 bpm); the effect
at 24 hours was small (A: 193£5, P: 206+5). Atenolol had a small but significant effect (p
<0.0001) on HR,;.

Conclusions and Clinical Relevance: The results of this study support a dosing interval that is

less than 24 hours.
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Mari Waterman

GENERAL AUDIENCE ABSTRACT

This thesis was designed to test the effects of the drug atenolol on heart rate in dogs. Atenolol is
used to reduce the heart rate of dogs with cardiovascular disease. The study used 20 dogs that
were given oral capsules in both a placebo (no drug) and atenolol phase of the experiment. The
study was designed to control for other causes of slower heart rate and make sure that the
investigator did not know which treatment was given to a dog. Placebo dogs had a high heart rate
response to the drug isoproterenol whereas atenolol treated dogs had a statistically significant
lower heart rate response compared to placebo over a 24 hours period of time. The difference
between treatments was small after 24 hours and further work is needed to determine the best

time interval between doses of medication.
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I. Introduction

Atenolol is a hydrophilic, f1-specific, adrenergic antagonist.' It has a variety of common uses in
veterinary cardiology, and is prescribed in cases of tachyarrhythmia, hypertrophic
cardiomyopathy, outflow tract stenosis (aortic and pulmonic stenosis), systemic hypertension,
systolic dysfunction, and systolic anterior motion of the mitral valve.? In humans, uses for
atenolol include management of heart failure, hypertension, migraine, angina, cardiomyopathy,
and tachyarrhythmia.® As with other B-antagonists, serum concentrations do not predict the
magnitude of clinical effects.® There are also inter-species and inter-individual differences that
complicate the determination of optimal dose and dose interval. In veterinary medicine, atenolol

pharmacodynamics have not been systematically evaluated.



II. Literature Review
A. B-adrenergic receptor antagonist agents - general

Binding of norepinephrine or epinephrine to B-receptors initiates a cascade of intracellular
events.” There are 3 types of B-receptors: PB-receptors which are found in highest concentrations
in heart muscle, 3,-receptors which are found predominantly in bronchial and vascular smooth
muscle, and B3-receptors which are expressed to the greatest extent in adipose tissue.’ The heart
has all 3 types of B-receptors, the relative proportions of which can change in association with
disease, however [ -receptors are most important for cardiac function.® The effects of B-receptor
stimulation are mediated through the G-protein coupled adenylyl cyclase system.” The end result
of B-adrenergic activation of ;-receptors is cyclic adenosine monophosphate (cyclic AMP or
cAMP) production.’ Cyclic AMP is an intracellular messenger that acts via protein kinases to
increase inotropy, lusitropy, dromotropy, and chronotropy through effects on L-type calcium
channels and regulatory proteins.’ Positive inotropy, or increased force of myocardial
contraction, is due to increased intracellular calcium entry through greater numbers of “open”
calcium channels and increased interactions between actin and myosin heads.” Increased
lusitropy, or more rapid myocardial relaxation, is mediated by increased reuptake of calcium into
the sarcoplasmic reticulum at the end of systole via activation of sarcoplasmic recticulum Ca2+
ATPase (SERCA2a) pumps.’ Both actions contribute to increased rate of conduction or positive
dromotropy. ;-adrenergic receptor stimulation also increases glucose utilization and decreases
fatty acid metabolism.” Finally, through complex mechanisms, stimulation of §;-receptors
associated with the sinoatrial node leads to a more rapid heart rate, or increased (:hronotropy.7’8
Stimulation of other B-receptor subtypes results in less distinct cardiac effects. Relative to ;-

receptors, ,-receptors more weakly stimulate cAMP production and have inhibitory effects on



the adenylyl cyclase system, as well as anti-apoptotic effects.” B3-receptors are involved in
gastrointestinal motility, lipolysis, and have a weak, negative inotropic effect on myocardium.>
In dogs and humans, the distribution of B-receptors and adenylyl cyclase is similar between the
right and left ventricles.” However, there is a greater right ventricular than left ventricular ;CAMP

response to B-receptor stimulation due to decreased degradation of phosphodiesterases.’ This

results in increased pressure generated and increased duration of response after stimulation.’

B-adrenergic receptor antagonist agents or “B-blockers” are commonly used cardiac drugs. They
can be cardio-specific (e.g. selective for B-receptor only), nonspecific (activating all B-receptor
subtypes), or vasodilatory (nonspecific B-blockade with additional a-adrenergic blockade, nitric
oxide stimulation, or intrinsic sympathomimetic activity resulting in peripheral vasodilation).”
B1-blockers are competitive antagonists; they cause a dose-dependent effect on B;-receptors but
will bind to B,-receptors at higher concentrations.” Cardiospecific B -blockade attenuates -
stimulation resulting in negative chronotropic, negative dromotropic, negative inotropic,
antiarrhythmic, and anti-ischemic effects.” In some forms of cardiac disease, these effects can be
beneficial because they reduce myocardial oxygen demand, increase diastolic filling time, and

improve myocardial perfusion.’

B. B-blocker Side effects
1. Adverse Effects

Adverse effects of B-blockers result from both direct and indirect adrenergic effects and occur in
about 15% of cases.'” Cardiovascular responses may include shock, bradycardia, angina, heart

failure (due to reduced myocardial function or reduced cardiac output), sinoatrial (SA) or



atrioventricular (AV) conduction block, peripheral vasoconstriction, syncope, and hypotension. '
Other reported negative effects include gastrointestinal signs, fatigue, hypoglycemia, CNS

8,10 -
7519 Hypoglycemia can occur

disturbance, bronchospasm, and allergic/hypersensitivity reaction.
as a result of blockade of ;- and a-receptors that control glycogen release in the muscle and
liver respectively or can occur as -blockade affects compensatory mechanisms that respond to
hypoglycemia.'® Metabolic effects include diarrhea, an increased risk of diabetes, and weight
gain from inappropriate lipolysis.” In humans, B-blockade has been reported to cause dreams,
hallucinations, insomnia, fatigue, and depression, but not sedation.'” Hematologic conditions,
oculomucocutaneous syndrome, sclerosing peritonitis, and antinuclear antibodies have also been
reported in people.'” In experimental, high-dose settings using rodent models, some p-blockers —
alprenolol, practolol, timolol, tolamolol, pamatolol — have been associated with carcinogenesis,
but they are no longer on the market for oral use.'® Many B-blockers have interactions with other

drugs.” Dose adjustments need to be performed when used with other drugs and when there is

hepatic or renal dysfunction."”’

Some of these adverse effects can be minimized by choice of B-blocker.” Adverse effects that
specifically result from ;-blockade include worsening heart failure due to reduced cardiac
output and unwanted metabolic effects.”® Excessive B -blockade also can cause fatigue,
bradycardia, AV block, syncope, and hypotension."’ Fatigue may be caused by effects on
metabolism, by reduction in cardiac output, or possibly due to central nervous system (CNS)
effects for B-blockers that cross the blood-brain barrier.” B;-selective antagonists are not
completely selective and can block ,-mediated bronchodilation and skeletal muscle vasodilation

at high doses."

2. Withdrawal



B-blocker withdrawal is associated with clinical effects. This is because B-receptors are
upregulated during treatment such that after removing -blockade, there are more p-receptors
and potentially an exaggerated response to endogenous catecholamines.'® Patients withdrawn
from atenolol have increased sensitivity to isoproterenol.''™* One study evaluated the response to
B-blocker withdrawal in healthy people and found inter-individual variation; some people
demonstrated no change in heart rate and others demonstrated changes in resting or exercise-
induced heart rate. '*!" Other effects of p-blocker withdrawal include increased platelet
aggregation, elevated thyroid levels, and increased circulating catecholamines.'® There is
conflicting information regarding the risk of myocardial infarction after f-blocker withdrawal in
humans."* In order to minimize withdrawal symptoms, slow tapering of B-blocker doses is

recommended when it is necessary to discontinue drug administration.

C. Atenolol
1. General features

Atenolol is a hydrophilic, B;-specific, adrenergic antagonist with a molecular weight of 266
Daltons."* It is not lipid-soluble and in humans is approximately 10% protein-bound."”"”
Atenolol has no sympathomimetic or membrane-stabilizing activity."'® It has minimal first-pass
effects in the liver and elimination is primarily renal in dogs."” The drug is completely excreted
by 3 days post-administration."> Atenolol has no active metabolites, but has two
enantiomers.'>'"'® As with all B-blockers, blood concentrations correlate weakly with relevant

clinical effects.'® Atenolol is relatively free from proarrhythmic effects.?’

2. Atenolol Use in Medicine



Human uses for atenolol include management of systemic hypertension, migraine, angina,
cardiomyopathy, heart failure and arrhythmias.?' Compared to other p-blockers, atenolol has
fallen out of favor in human medicine. It has similar activity compared to metoprolol, but
metoprolol extended release formulations reduce heart rate and blood pressure with less
subjective fatigue and more consistent plasma concentrations.”> Nadolol is also favored over
atenolol because it demonstrates superior “isoprenaline- induced chronotropic response
attenuation” relative to atenolol.”> Carvedilol is also commonly prescribed because of its non-
specific B-blockade effects, overall tolerability in humans, and documented beneficial effects in
the management of heart failure.” In veterinary cardiology, atenolol has a variety of common
uses including management of hypertrophic cardiomyopathy, subaortic and pulmonary stenosis,

systemic hypertension, hyperthyroidism, tachyarrhythmia, and heart failure.
a.Hypertrophic cardiomyopathy (HCM)

Hypertrophic cardiomyopathy (HCM) is a myocardial disease characterized by hypertrophy of a
non-dilated ventricle that occurs in the absence of a hemodynamic or metabolic cause.” It is a
common disorder in cats but generally believed to be rare in canine patients. HCM is said to be
“favorably modified” by atenolol.*® Theoretically, atenolol might have favorable effects on left
ventricular diastolic dysfunction, left atrial dysfunction, left ventricular hypertrophy, myocardial
fibrosis, myocardial ischemia, tachycardia, ventricular arrhythmias, thrombosis risk,
neurohormonal activation, and dynamic left ventricular outflow (LVOT) obstruction.'>2*2*
However, recently published data fail to demonstrate clinically relevant benefits in feline HCM.
In one study of cats with HCM, atenolol was associated with a decrease in left atrial size but

another study found an increase in left atrial size.2*% Other studies have found that atenolol

significantly decreases murmur intensity, heart rate, rate-pressure product, and severity of



*2% Tt has been suggested that

dynamic left ventricular outflow tract obstruction in cats.
tachycardia predisposes patients with HCM to sudden and life threatening increases in left atrial
pressure and decompensation.’ Based on retrospective analyses, heart rates greater than 200

beats per minute (bpm) negatively influence survival in HCM.?*! Atenolol decreases heart rate
and may also suppress ventricular arrhy‘[hmias.29 As a result, atenolol should reduce myocardial

27,28
k.2** However, atenolol has not been shown to reduce

oxygen demand and reduce ischemic ris
concentrations of cardiac biomarkers such as Troponin I or proBNP which are elevated in
diseased populations.”*?” This may be because it decreases left ventricular end diastolic volume
and systolic function (negative inotropy).28 There are no human studies that prove atenolol
reduces left ventricular hypertrophy, attenuates ischemia, or improves prognosis.*” One non-
blinded study found no significant mortality difference in cats treated with atenolol compared to
those untreated.”® Adverse effects of atenolol in cats with HCM can include reduced left atrial
mechanical function, increased left atrial size, and decreased flow velocity in the left auricle
predisposing patients to thrombus formation.*® In humans, p-blockers are a mainstay of therapy
and symptom relief, but may not improve mortality rates.”***>* In dogs, HCM is believe to be
rare, and there have been no studies that have evaluated effects of atenolol.

HCM is associated with systolic anterior motion of the mitral valve (SAM); when SAM is
associated with HCM, the condition is known as hypertrophic obstructive cardiomyopathy. SAM
results from papillary muscle and left ventricular hypertrophy resulting in abnormal mitral valve
movement into the left ventricular outflow tract and dynamic velocity elevation.” The overall
clinical significance of LVOT obstruction in HCM is unknown— in humans, it has been
associated with clinical signs and a negative prognosis, but in cats, it is associated with both

positive and neutral outcome.”***° Atenolol may limit or abolish SAM because it reduces



28,29,32,34

systolic function and heart rate. Humans with SAM treated with B-blockers respond with

favorable clinical improvement in 33-66% of cases.”> Symptoms from LVOT obstruction can be

36,37,38,39
373839 I an uncontrolled

relieved by atenolol in people despite unchanged function capacity.
and non-blinded study in dogs with SAM, treatment with atenolol (1 mg/kg orally q24h) was
associated with resolution of LVOT obstruction and reduction in ventricular concentric
hypertrophy.>> However, there have been case reports with spontaneous resolution of SAM in
dogs when it is caused by underlying right heart changes, hypovolemia, prodromal hypertrophic

35,40-42

cardiomyopathy or subaortic stenosis. There are no double-blind, placebo controlled

studies in dogs to ascertain the effects of B-blockade treatment in cases of SAM.
b. Subaortic Stenosis (SAS)

Atenolol is used in the treatment of canine subaortic stenosis (SAS), the rationale is that the
negative chronotropic and inotropic effects reduce myocardial oxygen demand and increase time
for ventricular filling and coronary perfusion.**** Other reasons that atenolol might be beneficial
in SAS include reducing ventricular wall stress and ventricular arrhy‘[hmias.45 One study found
that dogs with severe SAS treated with atenolol dosed between 0.46 to 1.5 mg/kg PO q12h had a
mortality rate (median survival 56 months) that was similar to that associated with balloon
dilation of the left ventricular outflow tract (median survival 55 months).** Another study
showed no difference between treatment with atenolol dosed between 0.3-1.2 mg/kg PO q12h
and no treatment for severe SAS.*> Overall, there is no evidence to support the use of atenolol in

the treatment of SAS, and any benefit is hypothetical.

c. Pulmonary Stenosis (PS)



Atenolol and other B-blockers are also used in the management of moderate and severe canine
pulmonary stenosis (PS) although there are no published studies that have evaluated its efficacy.
464748 Because pulmonary stenosis is a mechanical problem, balloon valvuloplasty is the
treatment of choice for severe disease.*" After balloon dilation, theoretical benefits of B-

blockade in PS include reducing arrhythmias, reducing dynamic right ventricular outflow tract

gradient (infundibular gradient), and reducing syncope.*®
d. Mitral Regurgitation (MR)

In veterinary medicine, atenolol is not consistently prescribed for patients with mitral
regurgitation (MR).”" Other B-blockers such as carvedilol have been used more recently.”*>
However, there is evidence atenolol might be helpful. In one experimental model of mitral
regurgitation with systolic dysfunction in dogs, improvement of contractile function over a 3-5
month period of time was associated with administration of atenolol.>* This was achieved using
atenolol doses of 50 mg/dog/day and heart rate attenuation was confirmed when isoproterenol at
4 ug/kg/min failed to cause an increase in heart rate beyond 5 bpm.>* Both isolated
cardiomyocytes and intact heart function were assessed and showed improvement; measures of
improvement that returned to baseline included slope of end ejection stress-volume relationship,
end systolic stiffness constant, and stress-volume.>* Other positive changes in p-blocked dogs
included increased myofibrillar density, increased left ventricular mass, reduced heart rate, and
reduced pulmonary capillary wedge pressure.” Another study demonstrated improved left
ventricular myocyte function despite extracellular matrix dysfunction.” These reverse
remodeling effects imply a reduced burden on the heart. Mechanistic possibilities to explain the

reverse remodeling with atenolol include improved viability and protein synthesis in cardiocytes,

enhanced responsiveness of depressed -receptor adenylyl cyclase, reduced toxic effects of
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circulating catecholamines, and enhancement of cardiac performance with lower heart rate.’*>

B1-blockers may also be helpful in MR because they do not increase total peripheral resistance
(which can worsen the severity of regurgitation).”* Treatment cannot restore the heart to an
undamaged state and there are residual changes similar to untreated dogs such as elevated levels
of norepinephrine, increased cardiocyte length, and abnormal capillary density.”* More work is

needed to determine the utility of atenolol in diseases affecting the mitral valve.
e.Systemic Hypertension

Atenolol is used in the management of systemic hypertension in people.”® In dogs, it is
recommended as a third-line intervention after ACE-inhibitors and amlodipine or as determined
by disease process.”’ Systemic hypertension is associated with excessive glucocorticoids
(hyperadrenocorticism), increased mineralocorticoids or sodium chloride (hyperaldosteronism),
obesity, diabetes mellitus, kidney disease, hyper- or hypo-thyroidism, excessive erythropoietin,
NSAIDs, phenylpropanolamine, pheochromocytoma or idiopathic hypertension.”” f-blockade is
effective in hypertension because they antagonize sympathetic response.” General mechanisms
of B-blocker anti-hypertensive effects are decreased cardiac output and decreased renin from the

59,60
¥ Plasma

juxtaglomerular apparatus (due to blocking the adrenergic-mediated release).
concentrations of atenolol are not a reliable predictor of hypotensive effect and chronic use can
lead to tissue accumulation in dogs.**®! Stress-induced hypertension in rats was reduced by
atenolol, partly from inhibition of stress-activated central B-adrenoreceptor transmission directly
in brain and also by increased density of cerebral f-adrenoceptors.®* There may be central
nervous system effects even for drugs such as atenolol that are not lipid soluble.®’ Atenolol also

reduces blood pressure in rats with primary hypertension by reducing cardiac output, though this

may not be helpful as a long term mechanism.®* Other B-blockers act by a different mechanism,
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reducing total peripheral vascular resistance more than atenolol.”” The use of atenolol compared
to other B-blockers is associated with a mildly increased risk of stroke in elderly patients, but not
younger patients.” However, compared to placebo it reduces stroke risk but not overall

cardiovascular risk.®”%

This increased risk may be related to atenolol’s inability to address
arterial stiffness and pulse wave dyssynchrony, a common cause of systemic hypertension in
elderly patients.®” In humans, atenolol is most useful for mild to moderate systemic hypertension,

63-66

but not generally as first-line therapy. There have been no systematic evaluations of atenolol

in dogs with systemic hypertension.
f. Hyperthyroidism

Hyperthyroid patients might benefit from the heart rate reduction and anti-hypertensive effects of
atenolol. A study in hyperthyroid cats found that those treated with atenolol (1-2 mg/kg PO q12
hours) alone had significantly reduced heart rate, but blood pressure (BP) reduction did not meet
target value (systolic BP < 160 mmHg to reduce risk of end organ damage) in all cats.>® There
was a positive response in a subset of cats in which BP decreased to less than 160 mmHg, but
those cats had lower systemic pressures at baseline.” Thus, atenolol is not a reliable single agent
therapy for hyperthyroid cats. In hyperthyroid rats, atenolol attenuates increases in heart rate,
rectal temperature, and oxygen consumption, but does not alter cardiac hypertrophy, arterial
hypertension, or increased p-receptor density caused by increased thyroid activity.” Similarly,
in human hyperthyroid patients, atenolol attenuates heart rate, but not all hyperthyroid effects on
cardiac performance.”® Thyroid hormone effects persist in the absence of B-receptors as
demonstrated in hyperthyroid mice bred without [S-receptors.58 Atenolol therefore has a role in
treating hyperthyroid-induced tachycardia and tachyarrhythmias, but as complementary rather

than single therapy.
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g. Arrhythmias

Arrhythmias are triggered by four primary mechanisms that can be influenced by -blocker
therapy: early afterdepolarizations, delayed afterdepolarization, enhanced automaticity, and re-
entry.”> Early afterdepolarizations are caused by an increase in plateau calcium current due to p-
stimulation in phase 2.%° Delayed afterdepolarizations are primarily caused by B-stimulation of
inward calcium currents resulting in elevated intracellular calcium(especially in diseased
myocardium).””" High intracellular calcium stimulates sodium-calcium exchangers for a net
inward positive ion flow during phase 4.”" If the inward current is strong enough, a
depolarization can be triggered. B-blockers decrease the risk of depolarization because they
reduce sodium-calcium exchanger activity and upregulate SERCA2a pump removal of calcium,
thus preventing depolarization due to ion flux across the plasma membrane.*’ Enhanced
automaticity due to sympathetic stimulation also contributes to arrhythmias. B-blockers reduce
automaticity by interfering with Ir and I¢, ion channels.?® In the context of myocardial disease,
re-entry occurs when B-adrenergic stimulation causes differential areas of conduction able to
sustain a re-entry loop.”' Arrhythmias due to re-entry can be reduced by B-blockers because B-
blockers alter action potential duration and refractory period to reduce “heterogeneity” of

depolarization in diseased tissue.”® All of these actions occur in both myocytes and nodal cells.”"

In veterinary medicine, atenolol is used for chronic oral therapy in the treatment of ectopic atrial
tachycardia, junctional tachycardia, AV nodal re-entry tachycardia, atrial flutter and fibrillation,

as well as ventricular arrhythmias/tachycardia.”*"*

-blockers are commonly used for
supraventricular tachyarrhythmias because they slow atrioventricular nodal conduction to reduce

ventricular rate response.”’> p-blockers prolong the effective refractory period and functional

refractory period indirectly through catecholamine inhibition.”® Cats are commonly treated with
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atenolol as first choice therapy for any tachyarrhythmia.”” In humans, p-blockers provide rate
control in atrial fibrillation that is similar to rhythm control in terms of clinically relevant

. 78,79.80
endpoints.”*""

They prevent atrial fibrillation post-operatively and control ventricular response
to atrial fibrillation especially during exercise.”” An experimental study in dogs showed that
carvedilol suppressed the induction of atrial fibrillation, but there is no similar study for
atenolol.®' Atenolol has been shown to protect against catecholamine-induced tachycardia and
delay depolarization in re-entry pathways to prevent ventricular arrhythmias.” Atenolol in
experimental beagles decreases the risk of Torsades de Pointe.** Unfortunately, atenolol alone
does not significantly improve and may increase ventricular arrhythmias in Boxer dogs with
arrhythmogenic right ventricular cardiomyopathy (ARVC), however in combination with
mexiletine, it does improve control.** The action may be related to reducing sympathetically
triggered ventricular arrhy‘[hmias.83 German shepherd dogs with inherited ventricular
arrhythmias have evidence of longer action potential duration mediated by B;-receptors
predisposing them to calcium overload and after depolarizations.** In theory, B-blockers should
reduce this arrhythmias. In humans, catecholaminergic polymorphic ventricular tachycardia is
also treated with B-blockers but incomplete control necessitates an implantable defibrillator. %%
Other arrhythmias that may respond to B-blockers include ventricular fibrillation, hypokalemia-

induced arrhythmias, and digitalis toxicity.”**’

h. Heart Failure

Heart failure is a clinical syndrome initiated by a decline in cardiac performance.®® A simplistic
model of heart failure starts with cardiac disease that causes a low output state. This results in
activation of the sympathetic nervous system and the release of agents such as renin, angiotensin

. . 2 . . . .
I, and norepinephrine.” These neuroendocrine mediators in turn increase blood volume by
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retaining sodium and water in the kidneys, increasing heart rate and cardiac output through direct
adrenergic receptor stimulation, and increasing peripheral vasoconstriction to maintain blood
pressure to important organs.*® Initially, compensatory mechanisms are beneficial, but in the
long run, they contribute to increased morbidity and mortality independent of the hemodynamic
status of the patient.**® Chronic sympathetic stimulation results in elevated heart rate, increased
afterload, arrhythmias, cardiac hypertrophy, and fibrosis.” Ultimately, heart failure can be
likened to a vicious cycle of ineffectual myocyte hypertrophy and remodeling, death, fibrosis,
arrhythmias, and progressive worsening of myocardial function.*® B-blockers contribute to

cardiovascular stabilization by preventing decline at both a cellular and a hemodynamic level.

B-blockers at the cellular level reduce cardiovascular dysfunction and can reverse the cardiac
remodeling that is associated with heart failure. Excessive f-stimulation in heart failure causes
reversible myocardial changes in gene expression and detrimental neurohormone production. -
blockers reverse changes in the type of myosin heavy chain (a-MHC upregulation blocked),
undo cues for programmed cell death, increase SERCA?2a, reduce matrix metalloproteinase, and
alter natriuretic peptide production.”’ a-myosin heavy chains are detrimental because they use
more ATP to perform the same work when the heart is already struggling to meet energy
demands.” B-blockade upregulates the gene bel2 which protects against apoptosis and prevents

activation of pro-apoptotic caspases.”>”"

B-blocker therapy in experimental canine heart failure
induced by coronary microembolization reduces cardiomyocyte apoptosis.’> Reduced B-
stimulation by norepinephrine and reduced transmyocardial norepinephrine directly decrease
myocyte apoptosis.***>>** Apoptosis may also be decreased because of the favorable

hemodynamics and decreased myocardial oxygen demand associated with p-blockade.”® Heart

failure is associated with increased intracellular calcium levels which can be toxic to myocytes.™*
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B-blockade decreases calcium leakage from cardiac ryanodine receptors in the sarcoplasmic
reticulum.” B-blockade restores activities of SERCA2a, sodium-calcium exchanger, and
calreticulin to those seen in normal animals.”® These changes remove calcium from the
intracellular space after contraction by sequestration into the sarcoplasmic reticulum or pumping
it out of the cell.” B-blockade also increases phosphorylated phospholamban, reverses
hyperphosphorylation of ryanodine receptors (RyR2), normalizes elF2a-P (marker of
endoplasmic reticulum stress), and reduces DNA damage.”® All of these cellular changes
improve calcium handling in the failing myocardium and contribute to reverse left ventricular
remodeling.” B-blockade with metoprolol downregulates mRNA for matrix metalloproteinases
(MMPs) and natriuretic peptides A and B.”' MMPs are important because changes in
concentrations signal dysregulation of the extracellular matrix and worsening systolic myocardial

97,98

function. Both A-type and B-type natriuretic peptides are upregulated in heart failure and

improve with B-receptor attenuation of the hemodynamic abnormalities.’

The primary neuroendocrine actor in heart failure is the renin-angiotensin-aldosterone system
(RAAS). B-blockade directly decreases renin release, an effect mediated by antagonism of
juxtaglomerular B-receptors.”” Blunting of RAAS activation might also occur indirectly through
improved hemodynamic status. In one study, B-blockade resulted in the following histologically
documented changes: decreased interstitial fibrosis (54%), decreased replacement fibrosis (46%),
increased capillary density, and reduced cardiomyocyte hypertrophy (20%).”* These changes
contribute to increased myocardial oxygen delivery.”* However, the degree of improvement may
vary between -blockers. Both atenolol and metoprolol prevent accumulation of fibrosis and
myocyte hypertrophy and increase capillary density compared to control dogs.'” However,

metoprolol has a greater “extent of normalization” compared to atenolol with larger effects on
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SERCA2a and BNP gene expression.100 The reason for these differential treatment effects may

be explained by the nonlipophilicity of atenolol or other pharmacodynamics factors.

B-blockers also alter pathways of adrenergic stimulation over time. In heart failure, high
catecholamine concentrations are associated with downregulation of ;-receptors and
upregulation of B,. and a-receptors. B-adrenergic receptor kinase (BARK) is integral to these
processes and prevents B-receptor activation of the G protein-coupled pathway in a process
called desensitization and uncoupling of the receptor-G-protein complex.®"'*! This process is
reversible, but prolonged B;-receptor stimulation results in internalization and digestion of the
receptors by proteolytic enzymes.’ Norepinephrine is more active at B, -receptors which may be
why they are preferentially down-regulated.'®' B,-receptors become relatively more prevalent
because their numbers remain constant as B -receptor numbers decrease.” The shift in receptor
subtype contributes to depressed systolic function and detrimental norepinephrine release.” In
dilated cardiomyopathy (DCM), there is an increase in the inhibitory G-protein 1o causing
reduced sensitivity to adrenergic stimulation and increased norepinephrine release contributing to
further systolic dysfunction.'® Excessive norepinephrine causes cell death.”® B-blockers reverse
these changes; this results in improved B-agonist response and restoration of appropriate 3-
receptor density.”*” Recently, it was shown that B3-receptors are also upregulated in heart
failure and may contribute to progressive left ventricular systolic and diastolic dysfunction
through inhibitory G-proteins (G;).'™"'** B-blockers also bind to B3-receptors reducing the
negative effects.'” B, -selective agents are better tolerated in heart failure than nonspecific p-
blockers because B,-receptors are unblocked and can support myocardial function; there is also
less reflex vasoconstriction (peripheral B,-receptors mediate vasodilation).*” Overall, f-blockers

have positive long term effects on mortality, morbidity, and symptoms in human heart failure.*
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At the hemodynamic level, B-blockers can influence heart rate and arrhythmias in patients with
heart failure. In experimentally induced canine mitral regurgitation, improvement in left
ventricular function is not observed if bradycardia from B-blockade is prevented by an electronic
pacemaker.'” In a separate experiment, if heart rate reduction was achieved through the sinus
node agent cilobradine, some improvements similar to B-blockers in heart failure patients were
seen.'” Thus, many of the benefits of B-blockade are related to their heart rate lowering effects.
Reduced heart rate alone may improve function by reducing energy utilization, reducing cell
injury due to calcium influx, or restoring the ventricle to a more effective position on its force-
frequency curve.” Interestingly, in two experimental canine studies, there was no significant
decrease in heart rate on atenolol compared to controls, although many measurements were

obtained under anesthesia.’*!%

However, some patients with heart failure cannot tolerate 3-
blockers because of the negative chronotropic effect.” Unlike other negative chronotropic agents,
treatment with B-blockers reduces heart rate, but also improves all time domain heart rate
variability indices suggesting restored responsiveness to sympathetic and parasympathetic
influences more similar to normal individuals that those with heart failure.'”” Decreased heart
rate variability is an independent predictor of sudden death related to arrhythmias.'”” B-blockers
also reduce arrhythmias in humans with heart failure and there is a mortality benefit of p-
blockade mediated by fewer episodes of ventricular tachycardia.'”’” p-blockade reduces
ventricular arrhythmias, the incidence of ventricular fibrillation, and overall heart rate which
have a mortality benefit for coronary artery disease, ischemic disease and heart failure in

people.?’ This benefit is significant — for instance, in the MERIT-HF study, p-blockade reduced

mortality by 38% % Other studies have shown a mortality risk reduction of 32-50% in



18

109

humans. ™ Data related to chronotropic effects of atenolol in spontaneous canine heart failure are

lacking.

In humans, B-blockers represent the standard of care for heart failure because they improve
cardiovascular hemodynamics. B-blockers improve cardiac output, heart size, systolic function,
and overall patient mortality. Bisoprolol, carvedilol, and metoprolol reduce all-cause mortality in
patients with heart failure by 33-35 %, sudden death by 31- 40%, and hospitalizations for heart
failure by > 30 % compared to standard therapy without B-blockade.'®''® Though atenolol is
less studied in human heart failure patients, in one study when added to baseline enalapril
therapy, atenolol improves mortality, worsening heart failure, and hospitalization rates.''’ With
all B-blockers, there are long-term improvements in systolic function, regression in myocardial
mass, and normalization of ventricular shape (reverse remodeling) despite short term negative
ionotropic effects.®” This may be related to improved sensitivity of B-receptors, G protein effects,
improved heart rate control, decreased myocardial oxygen demand, reduced renin levels, or
protection from cardiotoxic effects of norepinephrine.''? Although there is a theoretical concern
of reduced cardiac output due to B-blockade because of negative inotropic effects and
vasodilatory action, B-blocker therapy discontinuation is not recommended in the setting of acute
decompensated heart failure in human studies.''? Brief discontinuation does not improve patient
outcome, interferes with the ability to reintroduce B-blockers after hospitalization, and prevents

113

the benefits of long term treatment.  ~ B-blockers do not work in all patients because there are

variations in response due to dose, liver or kidney dysfunction, abnormal genetic factors, stage of

heart failure, race, and sex.*!%

B-blockade is associate with improved hemodynamics in canine experimental models but this has

not been demonstrated in spontaneous disease. Left ventricular function, sphericity, and size
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predict mortality and morbidity in heart failure due to systolic dysfunction.”* Over time, B-
blockers reduce ventricular sphericity, wall stress, and functional mitral regurgitation in
experimental heart failure.*®"*’” Metoprolol reduces systemic vascular resistance, decreases

. 114,115
afterload, and attenuates heart rate increases.

In dogs with experimentally-induced heart
failure, metoprolol 25 mg PO BID improves or stabilizes ejection fraction, cardiac output, and
left ventricular dimensions and prevents the progressive decline in functional variables observed

114,115

in untreated dogs. Treatment with metoprolol restores responsiveness to isoproterenol (-

55,105,106

agonist) stimulation. Improved systolic function may be due to increased responsiveness

to B-agonists, improved myocardial oxygen consumption, attenuation of tachycardia or improved

"4 1t may also be related to the cellular effects discussed previously. **** B-blockers

wall stress.
may also be beneficial in right heart failure because they reverse -receptor downregulation and
improve systolic performance.” However, there are likely to be differences between drugs. For
instance, atenolol is not as effective as metoprolol at reversing the effects of heart failure on dogs
with experimental coronary embolization. In one comparison, atenolol stabilized the heart failure
changes compared to the untreated dogs (there was a reduction in systolic function and increased
left ventricular internal chamber dimensions), but metoprolol significantly improved wall stress

and myocardial function compared to both atenolol and the control.'”° More study is necessary to
y p y Yy

determine the differential effects of these B-blockers.

A benefit of p-blockade in naturally occurring canine heart failure has not been established.'"?
There are no large prospective or retrospective studies of spontaneous canine heart failure treated
with atenolol, but metoprolol, propranolol, and carvedilol are tolerated in naturally occurring
S3.90.116,117 A

diseases including degenerative valve disease and dilated cardiomyopathy.

retrospective analysis found that the overall survival did not differ between these two disease
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groups, but regardless of etiology, dogs with heart failure did not live as long (412 vs. 217

median days).''®

Of dogs that received carvedilol, there was a subset with DCM that had, relative
to a control group, stable cardiovascular variables but this result was not statistically
significant."'” Multivariable analysis of data retrospectively acquired from dogs with valvular
disease that received carvedilol revealed that higher heart rates were associated with a lower
survival, but for some of these dogs carvedilol administration was discontinued or dose was
decreased when they developed heart failure.”® Heart rates in dogs decreased after starting -
blockers only in some studies and side effects resulted in discontinuation of the drug in 0-
16%.""*"7 No canine study has shown improvements in morbidity and mortality comparable to
that demonstrated by studies of humans.’>**!''*!"” This may be because the doses used in dogs
with acquired disease have been lower than those used in experimental studies or studies of
humans with heart disease. In addition, it has been suggested that dogs with spontaneous disease

may have irreversible myocardial remodeling by the time they are diagnosed.''®'"” Further work

needs to be done to determine the place for B-blockers in canine heart failure treatment.

D. Pharmacokinetics
1. General

Therapeutic drug action is determined by both pharmacokinetic and pharmacodynamic
relationships. Pharmacokinetic factors are those that determine drug disposition including
absorption, distribution, metabolism, and excretion.®'” At steady state, drug concentration at an
active site and in circulation should be in equilibrium.'® In general, pharmacokinetic factors that

determine plasma concentrations of antiarrhythmic drugs include protein binding, metabolite
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activity, absorption, elimination, myocardial uptake, and bioavailability.
concentration reflects both unbound drug that can elicit action (the “active portion”) and drug
that is bound to protein.16 The degree of protein binding determines the proportion of drug that is
active.'® Protein binding can vary between patients and even within a given patient based on
physiologic changes, concurrent drugs, disease processes, and specific binding characteristics.'®
The activity of metabolites determines whether the drug is active upon absorption and the
proportion of drug that is available for utilization."” Some metabolites are more potent than the
parent compound, while others are antagonistic, and still others have a different volume of
distribution or even different excretion or storage properties.'® Absorption and elimination are
some of the most important pharmacokinetic parameters of a drug. For some drugs, cellular
uptake reflects the amount of the drug that can reach the target endpoint (e.g. cardiac muscle); it
is influenced by binding characteristics, cellular transport mechanisms, plasma vs. myocardial
concentration, and patient variability.'® Finally, the bioavailability determines the amount of drug
taken into circulation, the length of time it remains in systemic circulation, and the amount
transformed into working componen‘[s.16 Oral bioavailability depends on the molecular weight of
the drug, lipophilicity, ionic charge, and binding to dietary components.''® It also is influenced

by intestinal absorption/degradation, drug efflux by transporters, and first pass effects from

metabolism by the liver and intestines.''®

Collectively, pharmacokinetics are most commonly expressed in terms of plasma drug
concentration. All factors that determine concentration can be expressed by a plasma
concentration range or C,x — the peak plasma dose concentration determined by the rate of
absorption versus the speed of elimination.''*'*"” However, the most appropriate model

accounts for the mathematical distribution of the drug in the body and is called a one-, two-, or
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three-compartment model.® Drugs that do not conform to these models can be assessed using
non-compartmental analyses. Pharmacokinetic modeling is complicated and expensive. There
are also many factors that affect pharmacokinetics in clinical patients including concurrent
medications, illness, metabolic status, and inter-individual variation.*!” There are significant
species and breed differences that veterinarians have to account for in practice.® Many
antiarrhythmic drugs have an “optimal plasma concentration” where the arrhythmia is controlled
with minimal adverse side effects.'® Unfortunately, the pharmacokinetics of p-blockers do not
reliably predict antiarrhythmic efficacy because there is no consistent relationships between

therapeutic range and relevant clinical effects.'’
2. Atenolol Pharmacokinetics

The elimination half-life of atenolol varies considerably between species and individuals. One
study of oral atenolol administration in cats showed an average of half-life of 3.66 hours (range
2.9 - 4.1 hours)*" while another found a half-life of 11.4 hours (range 3.6 - 21.9 hours).” In dogs,
the half-life is 3.2 hours to 7 hours compared to a half-life of 5-9 hours in humans.""*"!'"?
Plasma levels of atenolol peak after 1 hour when fasted and approximately 90% is bioavailable
in cats after oral administration.”' In dogs, its peak concentration is 1-2 hours after oral dosing;
oral and IV formulations achieve similar peak blood concentrations and the linear

19 Atenolol is

pharmacokinetics suggest no drug accumulation with good bioavailability (65%).
found in CNS despite low lipid solubility.®' Transdermal preparations have too much variation in
absorption in cats for a useful half-life assessment; one study found that only 2 of 7 cats had
atenolol concentrations in “therapeutic range” at 2 hours and none had therapeutic levels at 12

hours.* In humans, there is no difference in plasma concentration between single and chronic

daily dosing of atenolol.” However, there may be variation in clinical response over time
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495 1 rats, atenolol causes an

because -blockers may alter receptor sensitivity and density.
increase in the density of B; and - receptors on a cellular level, but a decrease in the levels of
Bi-receptors mRNA levels.'"’ In guinea pigs, atenolol causes no increase in left ventricular 3-
receptors.'?! In one study of beagles, there is no sex or dose-dependency in dogs.''’ However,
another study showed cardioselectivity in male dogs, unlike in humans.'** There is quite a range
in pharmacokinetic parameters across species and responses in dogs cannot be predicted from
any available information on other species. For instance, the bioavailability of 43 different drugs
between people and dogs was poorly correlated (r=0.51). There may also be differences between
dog breeds. Furthermore, different B-blockers have differences in size, metabolism, lipophilicity,
volume of distribution, receptor binding, and half-life such that attempting to extrapolate the
pharmacokinetic variables of atenolol based on data from other B-blockers is likely to be
inaccurate.'® Although atenolol has not been systematically evaluated in canine clinical patients,

B-blocker pharmacokinetics are not a reliable way of determining antiarrhythmic efficacy

because there is no reliable correlation between therapeutic range and relevant clinical effects."

E. Pharmacodynamics
1. General

Pharmacokinetic measures do not quantify the actions of a drug, only its concentration.
Pharmacodynamics describe the “biochemical and physiological effects of drugs”; it is a “study
of actions of drugs on the body”.'”'** Pharmacodynamic responses have significant variability
due to inter-individual factors.'** The general response of the body to a drug is determined by

target receptors, binding affinity, intrinsic responsiveness, transducer pathways, and the
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regulatory effects of a drug.®'” Drugs can act as agonists or antagonists and their initial binding

is determined by receptor location, number, isoform, and selectivity.”’123

Binding and tissue
concentrations may also be affected by stereoisomer composition and afﬁnity.18 Agonists cause a
conformational change in the receptor that can activate a signaling cascade whereas antagonists
prevent conformational change or stimulate an inhibitory pathway of the signaling cascade.'”
The effects of drug-receptor binding involve direct cellular changes mediated by effector
proteins and cell signaling molecules.'” Affinity is the “property of attraction between a drug and
a receptor” or the rate of attachment/detachment (binding) to the receptor.123 The activity of a
drug may not be determined by binding alone, especially when signaling cascades are
responsible for physiologic effects. The intrinsic responsiveness of a drug is defined by its
interaction with the target tissue.'® A drug’s pharmacodynamics action is measured by efficacy (a
number between 0 to 1 quantifying the max response to that particular ligand) and potency
(concentration of drug needed to achieve a given level of response).'**'** All factors that
determine concentration can be expressed by a therapeutic plasma concentration range or a drug
concentration-response curve that is determined by trough plasma concentration and measures of

16,19

toxicity (plasma level-effect relationship). Finally, a patient or patient class’s sensitivity to a

drug is expressed as the slope of the concentration/dose-response curve.' >

Unfortunately, in
veterinary medicine there are frequently differences in pharmacodynamics that result from both
species and sometimes breed.'*® Laboratory studies are performed on dogs whose response to
drugs may differ from that of pet dogs because they do not adequately represent the range of

breeds available.'*> Receptor polymorphism also leads to variation in B-blocker response. For

example, dogs with ADRBI gene deletions have a reduced response to atenolol.'*
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Pharmacodynamic antagonism occurs when the antagonist blocks the effect of an agonist by
using the same pathway.'>’ There are three types of antagonism: reversible competitive
antagonism, irreversible competitive antagonism, and non-competitive antagonism.'** Reversible
antagonists bind to receptors temporarily and their effect can be overcome if the agonist
concentration is sufficiently high, while irreversible antagonists form a permanent bond with
receptors.'> Non-competitive antagonism occurs when the agonist response is blocked not at the
receptor but at a subsequent step in a functional pathway and is usually reversible with a

sufficiently high concentration of agonist.'*

The clinical response of a drug can be expressed as
a graded dose relationship (e.g. increased epinephrine dose leads to increased blood pressure).®
Drug concentration-effect relationships can also be graphically displayed allowing comparison of
potency, efficacy, and individual variation.® There are also dose relationships that can be

assessed in terms of a “quantal” or all or nothing response. Quantal and graded responses can be

expressed as a frequency distribution curve, therapeutic index, or standard safety margin.®

B-blockers are reversible, competitive antagonists.'?” The most common methods of evaluating
the dose- response relationship for B-blockers include resting heart rate assessment, exercise
testing, and assessment of the response to isoproterenol (B-agonist) administration. Alternatives
include administration of other sympathomimetic drugs, monitoring of ambulatory blood
pressure, continuous ECG, serum concentrations of catecholamines (catecholamine

. . . . . 12
responsiveness index), or direct nerve stimulation.'*’

Resting heart (HR) rate is an easy method of assessment, but because HR is influenced by both
sympathetic and parasympathetic input, there is considerable inter-individual variation.'?’ It is
also a poor monitoring tool because environmental and individual variables confound assessment

of treatment response. One study found that stress was associated with resting rate elevation and
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the “in hospital ECG heart rate” exceeded the average Holter heart rate by an average of 31
bpm.'** Another Holter study in normal dogs of different breeds found that heart rates ranged
from 47-182 bpm over the course of a day with statistically significant breed differences

regarding mean heart rate.'”

Even after appropriate therapy, heart rate varies according to
external factors. For instance, dogs with atrial fibrillation and heart disease “well controlled” by
administration of digoxin and diltiazem had heart rates from Holter recordings that ranged from
93-158 bpm.'*" In both dogs and people, sinus arrhythmia also contributes to baseline variability

in heart rate.'>!"1%?

Therefore, short duration assessments of resting heart rate are a replicable way
to evaluate B-blockade and many studies with atenolol (or other B-blockers) show minimal to no
significant difference in resting heart rate."** However, measuring heart rate variability over time
using a continuous ECG monitor may be a more sensitive method of examining the effects of

atenolol on resting heart rate and provide a surrogate measure of autonomic influences.'* This

has not been systematically evaluated for atenolol in dogs.

Exercise testing is an ideal way to measure heart rate elevation due to endogenous
catecholamines.”>'?” There are different measures of response including percent change vs.
absolute change in heart rate or percent inhibition of maximum heart rate.'?” Since it is difficult
to distinguish parasympathetic effects on heart rate from B-blocker effects, atropine
administration prior to testing is sometimes used to remove parasympathetic influence.'”’ In one
meta-analysis, survival was correlated with the magnitude of heart rate reduction rather than with
B-blocker dose."** There is also support for heart rate reduction improving cardiovascular
outcome as cited by Tardif, et al.">> Unfortunately, exercise testing is not practical for veterinary
patients because it requires additional training. Isoproterenol is a mixed f-agonist used to

increase heart rate that can be used to simulate the effects of exercise in the laboratory setting. It



27

is non-physiologic and sometimes results do not mirror response to endogenous catecholamines
and results of exercise testing.'”” In one canine study, there was a marked discrepancy in
magnitude of response to exercise compared to isoproterenol stimulation between different 3-
blockers.'*® There are also variations in individual response which makes dosing controversial.'*’
However, it is a practical and accepted method. Other ways to measure 3;-blockade include
glycerine trinitrate, tilt test, and Valsalva maneuver.'?’ Glycerine trinitrate and other nitrates
cause vasodilation and a fall in blood pressure triggering a tachycardia response from the heart.
This technique is unaffected by atropine, but uses other receptors in addition to 3-
adrenergic/sympathetic stimulation to mediate effects.'?’ Tilt tests and Valsalva also rely on
blood pressure triggered heart rate elevation, but are impractical for dogs and results can vary
based on time of day and patient hydration status.'?” B,-receptor blockade can be assessed with
inhaled isoproterenol and measurements of peak spirometric flow rate.'>”"*” However, these
latter techniques lack repeatability and are not as well accepted. Cardiac biomarkers may also

gauge success of B-blockade in clinical patients, but they are not helpful in the context of healthy

experimental dogs.'*®
2. Atenolol Pharmacodynamics

Atenolol is a B-adrenergic receptor antagonist that blocks activation of the G-protein binding
signal transduction cascade.® Atenolol pharmacodynamics are evaluated through effects on heart
rate, electrocardiogram (ECG), or blood pressure.'’ Previous studies of sympathetic stimulation
to assess degree of B-blockade primarily have been performed in cats. One such study found that
for cats with resting heart rates between 180-240 bpm (average 208 bpm), oral atenolol
administration resulted in statistically significant decreases in resting heart rate by 20 bpm at 6

hours and 26 bpm at 12 hours.”' In that same study, there was no significant differences in heart
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response to four different isoproterenol doses (0.25, 0.5, 1 and 2 mg/kg), however the response to
isoproterenol did differ with respect to the time after oral administration (decreased response to
isoproterenol of 15 bpm at 12 hours vs 18 bpm at 6 hours).”! These heart rate blunting effects
were associated with widely varying atenolol plasma concentrations between 260-897 ng/ml
despite consistent heart rates less than or equal to 170 bpm.* In healthy people there is no
compounding of B-effects or increased risk of B,-stimulation with repeated administration of
atenolol.” In a study of laboratory dogs, 6 mg/kg oral or repeated intravenous injections of
atenolol did not significantly affect blood pressure or basal heart rate.'* Atenolol did modify the
response to isoproterenol-induced tachycardia, but the dose used was 6 times higher than the
published oral dose recommendations for clinical use."*” There is some correlation between B-
blocker plasma dose and effect, however there is increased species and individual variation with
regard to given plasma concentrations and the associated quantitative heart rate response.“o’127

No studies have compared breed-associated differences in B-blocker effects. Further studies are

needed to elucidate atenolol pharmacodynamics in dogs.

F. Heart rate measurement in dogs

In health, heart rate is determined by the primary pacemaker of the heart, the sinoatrial node. The
rate of spontaneous depolarization is determined by sympathetic and parasympathetic inputs as
well as medication effects.”” Heart rate can be determined by auscultation or more typically from
ECG. Instantaneous heart rate, determined from the reciprocal of the RR interval, is
representative if the cardiac rhythm is regular.'*® The mean heart rate is defined by the number of

complexes that occur in an interval, for example 6 seconds, that is a divisor of 60.'*
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G. Isoproterenol

Isoproterenol (Isoprenaline) is a mixed B-agonist (B1 > B2 stimulation) administration of which
mimics some effects of exercise including tachycardia, bronchodilation, peripheral vasodilation
and increases in inotropic state.”">”'*""'*? Tt is primarily administered intravenously (constant rate
infusion at 0.01 to 0.1 ug/kg/min), but has been used as an inhaled preparation."*”'*’ Intravenous
doses are primarily excreted unchanged in the urine.'** Adverse effects include tachycardia,
hypotension, and cardiac arrhythmias.” Isoproterenol is used clinically for the treatment of -
blocker overdose, severe bradycardia (especially 31 degree AV block), low heart rate with high

peripheral resistance, and other conditions of poor systolic function.”'*’

Isoproterenol is used experimentally to test B-receptor effects. One study of healthy, mixed
breed, anesthetized dogs found that heart rates plateaued 15 minutes after initiation of a constant
rate of infusion (CRI) of isoproterenol and it took 10-15 minutes for heart rates to return to
baseline after CRI was discontinued."*” Bolus doses of 0.27 to 0.64 ug/kg increased heart rate
from 22-80 bpm above resting heart rate and half- life ranged from 0.5 to 2.5 minutes.'* Studies
of the effects of isoproterenol in humans suggest that isoproterenol activity occurs through direct
cardiac B-agonist stimulation as opposed to vagal withdrawal."*' The dose required to increase
heart rate by greater than 40 bpm varies across studies from 0.05 to 1 ug/kg/min."’ In dogs,
infusions of isoproterenol from 0.007 — 0.175 ug/kg/min CRI are associated with heart rates that
range from 120-250 bpm."’ Individual variation exists for human response to isoproterenol,
however there is a maximum heart rate increase of greater than 40-42 bpm beyond which there is

an increase in arrhythmias."”' A maximum response is not known for dogs. There is no
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bronchodilator effect or heart rate tachyphylaxis seen in healthy dogs, however there may be
experimental conditions or patient populations where this is not the case."”’ Isoproterenol’s
tachycardia response is due to direct stimulation of the sinoatrial node and due to indirect
increases in heart rate to compensate for isoproterenol’s vasodilatory effects (reflex mediated

tachycardia).'*®

B-blockers studies may not yield the same results when tested on exercising
subjects compared to isoproterenol treated subjects because reflex-mediated tachycardia is not
blocked by p-blockers."*® Isoproterenol treatment with aggressive B-blockade may not have the
same positive inotropic effect as exercise because the myocardium needs both increased heart
rate and contractive response to generate an increase in systolic performance during sympathetic
stimulation.'** In one study, atenolol 0.3 mg/kg IV inhibited a chronotropic response to 0.3 ug/kg
IV isoproterenol when administered to anesthetized healthy dogs (this dose of isoproterenol
increased heart rate > 50% of basal rate).'** Isoproterenol response is often performed as a
constant rate infusion to ensure a consistent heart rate response during the ECG

recording.> 40147

H. Literature Review Conclusion

Atenolol has been used based on the theory that it should limit the cardiotoxic effects of
catecholamines, reduce oxygen demand, improve left ventricular function, and improve quality
of life.”! The efficacy of p-receptor blockade depends on a variety of factors. In people, multiple
studies have compared the effects of different B-blockers. Despite a theoretic similarity of action,

there is a marked difference in response between -blocker drugs. Atenolol has no



experimentally confirmed duration of effect in dogs. I propose a study using isoproterenol to

assess the effects of atenolol on heart rate in healthy dogs over 24 hours.

31
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III. Primary Research Manuscript

Duration of B-blockade associated with once-daily oral administration of atenolol in

healthy dogs

A. Abstract

Objective: Dosing intervals of 12 and 24 hours for atenolol have been recommended, but an
evidentiary basis is lacking. To test the hypothesis that repeated, once-daily oral administration
of atenolol attenuates the heart rate response to isoproterenol for 24 hours, we performed a

double-blind, randomized, placebo-controlled cross-over experiment.

Animals: Twenty healthy dogs

Procedures: Dogs were randomly assigned to receive either placebo (P) and then atenolol (A), [1
mg/kg PO q24h] or vice versa. Treatment periods were 5-7 days; time between periods was 7
days. Heart rates (bpm) at rest (HR;) and during constant rate [0.2 pg/kg/min] infusion of
isoproterenol (HR;) were electrocardiographically obtained 0, 0.25, 3, 6, 12, 18, and 24 hours
after final administration of drug or placebo. A mixed model ANOVA was used to evaluate the
effects of treatment (Tr), time after drug or placebo administration (t), interaction of treatment

and time (Tr*t) as well as period and sequence on HR; and HR;.

Results: Sequence or period effects were not detected. There was a significant effect of Tr (p
<0.0001) and Tr*t (p <0.0001) on HR;. Atenolol significantly attenuated HR; for 24 hours but
did so maximally at 3 hours (least squares means + SE, A: 146+5 bpm, P: 208+5 bpm); the effect
at 24 hours was small (A: 193+£5, P: 206£5). Atenolol had a small but significant effect (p

<0.0001) on HR,.
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Conclusions and Clinical Relevance: The results of this study support a dosing interval that is

less than 24 hours.
B. Introduction

Atenolol is a selective antagonist of B;-receptors that limits myocardial oxygen
consumption and might preserve myocardial function by decreasing heart rate and contractility.'”
* In humans, atenolol does not have an appreciable effect on resting heart rate at clinically used
doses, but it attenuates tachycardia that develops in response to sympathetic stimulation.'
Cardiac diseases in veterinary patients that are treated with atenolol include aortic stenosis,
pulmonic stenosis, tachyarrhythmias, hypertrophic obstructive cardiomyopathy, systemic

hypertension, hyperthyroidism, and systolic dysfunction.*”

Canine doses of 0.2-1 mg/kg PO and dosing intervals of both 12 and 24 hours have been
recommended.'® The elimination half-life of atenolol in healthy dogs is 3-7 hours and peak
plasma concentration occurs 1-2 hours after oral dosing.'' Atenolol is excreted unchanged in the
urine.'> However, pharmacokinetic variables do not accurately predict pharmacodynamic effects
of B-blockers, and serial evaluation of serum concentration is not a recommended monitoring
strate:gy.13’14 Optimal dosing intervals are determined by the duration of B-blockade after oral
atenolol administration. The magnitude of increase in heart rate induced by isoproterenol
administration is a surrogate measure of -blockade that has been used in investigations of -
adrenergic antagonists.'” '’ Determination of an appropriate dosing interval is important because
abrupt withdrawal of B-blockade is associated with adverse effects including the development of
tachycardia, and has a negative impact on prognosis in patients with cardiac disease. More

specifically, deleterious cardiovascular effects of abrupt -blocker withdrawal have been
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documented in humans with hypertrophic cardiomyopathy and with systemic hypertension.'®

The pathogenesis of these effects is believed to involve a hypersensitivity to catecholamines that
reflects the upregulation of adrenergic receptors associated with chronic f-blockade.*' Studies of
the use of B-blockers for heart rate and blood pressure control in human patients emphasize the
importance of consistent pharmacologic activity rather than a specific dose.”** Although the
pharmacokinetics of atenolol are known, pharmacodynamics of B-blockade for dogs receiving

oral atenolol at commonly prescribed doses have been incompletely described.

This study’s hypothesis is repeated, once-daily oral administration of 1 mg/kg atenolol
attenuates the heart rate response to isoproterenol for 24 hours in healthy dogs. The secondary

hypothesis was: atenolol administration does not affect resting heart rate.
C. Materials and Methods

Ten male and ten female, purpose-bred, young adult mixed breed dogs weighing between
8.8 and 12.4 kg (average 10.85 kg) were used in a double-blind, randomized, placebo-controlled
crossover experiment. All dogs were determined to be healthy based on the results of physical
examination and evaluation of a complete blood count, a plasma chemistry panel, and urinalysis.
Dogs were randomized to receive either placebo (P) and then 12.5 mg atenolol (A) orally once
daily, or vice versa. Atenolol, and the methylcellulose that served as placebo, were administered
in identical gelatin capsules with a small volume of commercial dog food in the morning at
approximately the same time every day. Heart rate data were acquired after 5-7 days of repeated
oral administration of atenolol. The washout period between treatment periods was 7 days. The
investigation was approved by the Institutional Animal Care and Use Committee (IACUC) of

Virginia-Maryland College of Veterinary Medicine.
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All dogs were acclimated to electrocardiographic examination before collection of heart rate
data. On the day of data acquisition, a resting ECG was recorded at time 0. Then, a 20G, 1.25”
intravenous catheter was placed in a cephalic vein of each dog, and atenolol or placebo was
orally administered. For each subsequent recording, 30 seconds of electrocardiographic data
were collected after which isoproterenol was intravenously infused at a constant rate of 0.2
pg/kg/min for 5-7 minutes before a 90 second electrocardiographic recording. The assessment of
heart rate response to isoproterenol was at 15 minutes, and then at 3, 6, 12, 18, and 24 hours after

oral administration of atenolol or placebo.
ECG Analysis

ECGs were recorded and digitally stored for later analysis®. Individual recordings were
randomly selected from the dataset and the investigator who evaluated the ECG was unaware of
dog identity, time of recording, and treatment group assignment. ECG variables consisted of
resting heart rate and maximum heart rate after isoproterenol. The software” detects successive
peaks or nadirs of the ECG signal to determine rate, but each interval was confirmed by visual
inspection. Resting heart rate (HR,) was the average heart rate per minute calculated from a 20-
30 second interval. Maximum HR after isoproterenol (HR;) was the greatest average heart rate

from any successive 6 second interval during isoproterenol infusion.
Statistical Analysis

Data were analyzed using a linear mixed model that included the fixed effects of time (t),
treatment (Tr), period, and sequence as well as the random effects of dog on the response
variable, heart rate (HR; or HR;). The interaction between time and treatment were further

analyzed to compare treatment groups at each time point and to compare time points within each
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treatment group. P-values from two-way comparisons were adjusted for multiple comparisons
using Tukey’s procedure. Least squares mean (LSM) and standard error (SE) are reported for all
data except where noted. A p < 0.05 was considered significant. Analysis of residuals confirmed
that the assumptions of the analyses were met. Analyses of data were performed using

commercially available computer software®.

D. Results

None of the dogs developed clinical signs of illness during the study. Isoproterenol
administration was associated with the occurrence of occasional premature ventricular and
supraventricular complexes, but sustained pathologic tachyarrhythmia was not recorded. Neither

the effects of sequence nor period were significant (Table 1).

response

variable sequence | period | time treatment | time*period | time*treatment
HR; 0.734 0.6321 | <0.0001 | <0.0001 0.2691 <0.0001

HR, 0.9995 0.3309 | <0.0001 | <0.0001 0.0672 0.1324

Table 1: A mixed model ANOVA was used to evaluate the effects of fixed explanatory variables on response
variables recorded after oral administration of atenolol. HR, = resting heart rate, HR; = heart rate during
isoproterenol infusion, sequence = sequence of atenolol or placebo administration, period = periods of drug or
placebo administration, time = time after oral administration of atenolol, treatment = assignment to atenolol or
placebo, time*period = interaction of time and period, time*treatment = interaction of time and treatment
assignment

The relationships between time and HR; and between time and HR, are graphically

demonstrated in Figures 1 and 2.
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Figure 1 — This figure demonstrates the relationship between heart rate during isoproterenol infusion and time in
healthy dogs. Data points are least square means (maximum heart rate) with standard error bars. Atenolol treatment
resulted in significant heart rate attenuation compared to placebo at all time points.
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Figure 2 — This figure demonstrates the relationship between resting heart rate and time in healthy dogs. Data
points are least square means (resting heart rate) with standard error bars. Atenolol treatment significantly attenuated
resting heart rate only at 3 and 6 hours after administration.
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There was a significant interactive effect of treatment and time on HR; (Pr <0.0001). Atenolol
significantly attenuated heart rate response to isoproterenol at all time points (0.25, 3, 6, 12, 18,
and 24 hours after atenolol administration). The magnitude of heart rate attenuation was greatest
at 3 hours. For dogs that received atenolol, HR; at 3, 6, and 12 hours differed significantly from
heart rates at all other times (p<0.0001, except for the comparison of HR; at 3 and 6 hours, for
which P = 0.3395). Heart rate during isoproterenol challenge did not significantly vary with
time for dogs that received placebo (Table 2). There were statistically significant effects of time
(p<0.0001) and treatment (p<<0.0001) on HR,, but treatment and time did not have a significant
interactive effect (p=0.1324). Atenolol treatment resulted in lower HR,, but only at hours 3

(p<0.0001) and 6 (p=0.0008) were statistically significant differences from placebo detected

(Table 3).
Time atenolol placebo
(h) HR; (bpm) | HR; (bpm) | p-value
0.25 191 +£4.7 207 £4.7 0.0023
3 146 £5.2 208 +£5.2 | <0.0001
6 155 +4.8 208 £4.8 | <0.0001
12 170 £4.3 204+4.3 | <0.0001
18 188 +4.4 205+4.4 0.0002
24 193 £4.6 206 +4.6 0.0061

Table 2: Heart rate during isoproterenol (HR;) infusion expressed as least square means + SE. Time = time from
last oral administration of atenolol or placebo. HR; = heart rate during isoproterenol infusion, p-values relate to the
difference between HR; for atenolol and placebo at each time point from a mixed model ANOVA.
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atenolol placebo
time HR, (bpm) HR, (bpm) | p-value
0 110+ 3.7 115+3.7 0.17
0.25 97+4.0 105+4.0 0.1
3 92 +£3.8 111 +3.8 <0.0001*
6 90 +4.2 108 +4.2 0.0008*
12 99+34 105+3.4 0.0757
18 104 +4.2 108 +4.2 0.3469
24 93 +£4.1 100 + 4.1 0.146

Table 3: Resting heart rate expressed as least square means + SE. HR, = resting heart rate, time = time from last
oral administration of atenolol or placebo. p-values relate to the difference between HR, for atenolol and placebo at
each time point from a mixed model ANOVA.

E. Discussion

Relative to placebo, repeated once-daily administration of atenolol significantly
attenuates heart rate response to isoproterenol for 24 hours. The magnitude of heart rate
attenuation varies over the 24 hours period with peak effect at 3 hours. Although the magnitude
of heart rate attenuation that is associated with beneficial effects of B—blockade has not been
determined, the effect of atenolol 24 hours after dosing is small. Atenolol also had a small, but
statistically significant effect relative to placebo, on resting heart rate obtained 3 and 6 hours

after oral administration.

Atenolol is a competitive antagonist of B-adrenergic receptors.' The antagonist effect is
selective, in that ;-receptors, which are expressed to the greatest extent in cardiac tissue, are

affected to a greater degree than are j3,-receptors. Predictably, pharmacodynamic effects of -
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blockade include bradycardia, slowing of atrioventricular conduction and negative inotropism
although of course, these effects are indirect. In fact, B-blockade prevents the positively
chronotropic, dromotropic and inotropic effects that would otherwise result from -adrenergic
agonism.' Atenolol in the dog has moderate bioavailability and is excreted largely unchanged in

. 112
the urine. >

The elimination half-life after oral administration is 3.2- 6 hours in the dog and is
independent of dose.'"'? Atenolol is used as an anti-hypertensive agent in humans, although
anecdotal evidence suggests that it has limited efficacy in the management of canine
hypertension. In dogs, atenolol has been used in the medical management of subvalvular aortic
stenosis, pulmonic stenosis and ventricular tachyarrhythmias associated with arrythmogenic right
ventricular cardiomyopathy. In most clinical studies, a dosing interval of 12 hours was used but

once daily dosing has also been described.”*** A veterinary formulary provides 12 and 24 hour

dosing intervals.'’

Although resting heart rate was also determined, the effect of atenolol in this study
primarily was inferred from the heart rate response to isoproterenol infusion. This study was
designed as a placebo-controlled, blinded cross-over experiment. Relative to parallel studies,
cross-over designs increase statistical power, but are subject to period and sequence effects. The
former relate to within-subject changes that occur over time but independent of an intervention.
Sequence effects occur when the order of treatment has an effect on response variables and in
pharmacodynamics studies, generally reflect inadequate withdrawal times resulting in carryover
of drug effect into the subsequent treatment period. In this study, the two treatment periods were
separated by 7 days (28 half-lives). The effect of period and sequence were included in the

statistical model and significant effects were not detected.
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Heart rate response to isoproterenol is a practical way to quantify B;—blockade. Alternate
methods include administration of other sympathomimetic drugs and exercise testing.
Isoproterenol response was evaluated during a constant rate infusion to ensure a consistent heart
rate response and the infusion rate was selected based on previously published data. More
specifically, it has been determined that infusion of isoproterenol at rates between 0.13 and 0.28
ng/kg/min causes heart rates to exceed 180 bpm in healthy dogs.'® Other investigators have used
considerably higher infusion rates to evaluate B-blockade, but in these studies, isoproterenol was
administered only to dogs that had received -adrenergic antagonists and we were mindful of the
possible adverse effects of high doses of sympathomimetic drugs to subjects that had received
placebo.'”** At all time points, mean heart rate of subjects receiving placebo exceeded 200 bpm
during isoproterenol infusion, while mean resting heart rate was close to 110 bpm; these

observations provide indirect evidence of substantive B-adrenergic stimulation.

There are few published data that are directly comparable to our own. A canine model of
induced mitral valve regurgitation has been used to demonstrate beneficial effects of chronic oral
atenolol administration.”> Although the bodyweights of the dogs were not provided, it is likely
that atenolol dose of 50 mg/dog/day was higher than the one we used, because 100% attenuation
of heart rate increase in response to a 4 ug/kg/min isoproterenol infusion was observed. Based on
the reported left ventricular volumes at baseline, it is likely that the dogs included in this
investigation weighed approximately 27 kg and that the daily atenolol dose was therefore close

to 2mg/kg orally; we studied a dose of 1 mg/kg.

Relative to placebo, once daily doses of atenolol significantly decreased resting heart rate
only at 3 and 6 hours after administration. Relative activities of the sympathetic and

parasympathetic nervous systems modulate heart rate and because of this, the effect of -
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blockade on resting heart rate is dependent not only on pharmacodynamic effect, but also on
prevailing autonomic tone. Vagal effects predominate in resting dogs; the intrinsic sinus rate —
that is, sinus rate during complete autonomic blockade — is higher than resting heart rate, and the
magnitude of the heart rate effect of parasympatholysis exceeds that of sympatholysis.*® It is
therefore unsurprising that we observed only a small decrease in heart rate after administration of

atenolol. This finding is consistent with other investigations of f-blockade.'>'¢

Recently
published data provide evidence that heterogeneity of the canine genome may explain variable

responses to adrenergic stimulation and therefore, p- blockade.”” Genetic screening was not

performed during our study, but it is possible that this factor contributed to variation in our data.

The results of this study must be considered in the context of its limitations. Our study
sample consisted of healthy, mixed-breed dogs; the results may not be applicable to genetically
diverse population of older clinical patients that might concurrently receive medications or have
co-morbidities that interfere with the action, elimination or absorption of atenolol. Patients with
some forms of cardiac disease have adrenergic activation that is unopposed by vagal restraint,

while in contrast, parasympathetic activity dominates in healthy dogs.?****’

B-agonism resulting
from an infusion of isoproterenol might not replicate the endogenous adrenergic stimulation in
clinical cases. Furthermore, while attenuation of the effect of an exogenous agonist is a practical
method of quantifying B —blockade, there is no direct correspondence between this attenuation
and clinically relevant effects such as a decrease in resting heart rate that might be observed in
patients with heart disease. Ambulatory electrocardiographic monitoring might have better
reflected average resting heart rate, but it was impractical for our study. We also investigated

only effects on heart rate, not other cardiovascular functional variables. However, despite, these

limitation, based on what is known of the pharmacokinetics of atenolol, it seems unlikely that the
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duration of drug effect would differ markedly in patients with heart disease, except perhaps when
there is concurrent renal dysfunction.'®'"'>!*

In healthy, conscious beagle hounds, orally administered atenolol significantly attenuates
heart rate response to -adrenergic receptor stimulation for 24 hours, but the effect after 12 hours
is relatively small. Oral administration of atenolol causes a time-dependent decrease in resting
heart rate such heart rates at 3 and 6 hours after administration are significantly different when
compared to those after placebo administration. Based on knowledge that clinical endpoints for
therapy require more of a reduction in heart rate, our findings suggest that the dose interval of

atenolol should be less than 24 hours.

Footnotes:

a. MP150 Analogue to Digital Converter, BioPac Systems Inc., Goleta, CA
b. AcqgKnowledge Software, BioPac Systems Inc., Goleta, CA

c. SAS Ver.9.2; SAS Institute Inc. Cary, NC
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IV. CONCLUSION

Atenolol significantly attenuates heart rate response to -adrenergic stimulation for 24 hours.
The pharmacodynamic response parameter heart rate was assessed using isoproterenol CRI

administration because B-adrenergic blockade does not have a marked effect on resting heart

over time. This is just one step to aid practical prescribing of atenolol in veterinary medicine.

Many future studies need to be performed to determine the dose, administration interval, and
whether there is a beneficial effect for atenolol in different disease processes as well as

individual breeds of dogs.
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