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Abstract

A few reports suggest a potentially serious interaction between some macrolide
antibiotics and calcium channel blocker, verapamil, resulting in symptoms of verapamil
or macrolide toxicity. The mechanism of this interaction is unknown and was speculated
to be at the level of pharmacokinetics because both of these drugs can inhibit the
metabolism and transport of various drugs. We investigated the interaction between
erythromycin and verapamil in the rat. Intravenous erythromyvcin and verapamil were
given alone to rats and their ECG’s were recorded. We observed that erythromycin given
alone prolongs QT but not PR interval. On the other hand, prolongs PR interval with no
effect on QT interval. The coadministration of erythromycin and verapamil did not alter
erythromycin-induced prolongation of QT interval but caused a significant increase in the
effect of verapamil on PR interval. Indeed. AV node block, a side effect of verapamil,
was evident following the combination therapy. This indicates that the undesired effect of
the observed interaction stems from an enhanced potency of verapamil not erythromycin.
We measured the plasma concentrations of both erythromycin and verapamil when
administered alone or together. Neither drug influenced the pharmacokinetics of the
other. Drug-free plasma was spiked with erythromycin and verapamil, incubated. and
separated by ultrafiltration. The plasma free fractions of the drugs were not influenced by
the other. The mechanism behind this interaction remains to be understood. However. an
interaction at the pharmacokinetic level can be ruled out in our model since neither drug
influenced the concentration-time course of the other, nor did either influence protein

binding of the other.
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Conclusion: The life-threatening interaction of macrolides and certain cardiovascular

drugs appear to be at the pharmacodynamic and not a pharmacokinetic level.
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CHAPTER ONE

BACKGROUND
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1.1 Introduction

Adverse drug events affect millions of patients each year and are responsible for
more than 1 million hospital admissions per year in the US (1, 2). The estimated costs to
treat disorders caused by drug related problems in the US increased from $76.6 billion in
1994 to $177.4 billion in 2000 (3). There were more than 100,000 fatal adverse drug
reactions in hospitalized patients in 1994, making these reactions about one of the leading
causes of death in the US (4).

There are several reasons for adverse drug reactions. These include errors in drug
administration, noncompliance. overdose, drug abuse. and therapeutic failures (5). Two
important factors contributing to the incidence of adverse drug reactions are the age of
patients and the number of medications they take (5, 6). The number of events per patient
increases by approximately 10% for each additional medication (2). In Europe, the
elderly population uses on average 7.0 drugs per person: 46% had at least one drug
combination leading to a drug-drug interaction (3).

Fifty to eighty four percent of adverse drug events are preventable with proper
identification and surveillance (7). Drug-drug interactions are a particularly important
type of adverse drug events because they are often predictable based on previous reports.
clinical studies, and understanding of pharmacological principles (1).

Drugs may interact with each other by pharmacodynamic and/or pharmacokinetic
interactions. The pharmacodynamic interactions occur when the pharmacological effects
of the object drug are stimulated or inhibited by the precipitant drug. Pharmacokinetic
interactions can result from the interference of drug absorption, distribution, metabolism.

or elimination of the object drug by the precipitant drug (8, 13).

(89
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1.2 Verapamil

Verapamil is a phenylalkylamine calcium channel antagonist that blocks L-type
calcium channels. It impedes the inward calcium channel current carried through slow
channels (13). Verapamil is also a potent blocker of the human ether-a go-go-related gene
(HERG) potassium channel in the heart and alveolar epithelial cells (14, 15). Cardiac
delayed rectifier K™ current is composed of two distinct currents, the rapidly and slowly
activating components (15). The rapidly activating channel protein is encoded by HERG.
Suppression of HERG channels causes action potential and QT interval prolongation.

The pharmacological effects of verapamil result from blocking calcium channels
in cardiac or peripheral tissues (10). Cardiac effects of verapamil include slowing cardiac
conduction time by depressing atrioventricular (AV) node and decreasing the rate of
sinus node discharge. and prolonging AV nodal refractoriness (10, 12). Its depression of
AV node results in PR interval prolongation and AV node block (11). The PR interval
prolongation is conveniently detectable even after small single doses (16). On the other
hand, heart rate is more variable and less reproducible because it is affected by some
other factors. Some studies also suggest that verapamil can shorten QT interval at low
heart rate, and therefore can be used as protection against torsades de pointes (18).
Peripheral effects of verapamil include vasodilation of blood vessels by inhibiting the
influx of calcium in vascular smooth muscle (10).

Cardiovascular side effects of approved doses of verapamil include hypotension,
bradycardia, and heart block (19). Verapamil is contraindicated in patients with heart
failure (17). Because of the short half-life of verapamil, it is administered every 6 to 8

hours. Therefore. immediate release verapamil is associated with wide swings in plasma

(V3]
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levels and consequently in blood pressure and heart rate (10, 17). Some studies have also
suggested a link between verapamil administration and increased risk of cardiovascular
events (17).

Verapamil is used in the treatment of hypertension, stable angina, migraine,
narrow QRS supraventricular arrhythmias, and for the potentiation of chemotherapeutic
drugs (11, 20). It is bound to plasma proteins including a-acid glycoprotein and is
extensively metabolized upon the first-pass through the liver.

Verapamil is a racemic drug with S- and R- enantiomers having significant
differences in their pharmacokinetic and pharmacodynamic properties (9). In terms of
pharmacodynamics, S- verapamil has been shown to have 5 to 11 times more
dromotropic potency than its antipode (13, 21). In terms of pharmacokinetics, there is a
difference in the protein binding, and consequently the hepatic metabolism of verapamil
enantiomers between humans and rats. In humans, the more potent S isomer is less bound
to plasma than its antipode, and is metabolized more efficiently (23, 24). Therefore,
lower concentrations of the more active S verapamil are observed in humans (22). On the
other hand, in Sprague Dawley rats S verapamil is more highly bound to plasma proteins
than its antipode and is metabolized less efficiently. Therefore. higher concentrations of
the more active enantiomer S- are observed in rats (25). This difference in protein
binding of verapamil between humans and rats is likely due to fact that a.1-acid
glycoprotein (AGP). the protein that verapamil extensively binds to in plasma, is different
between humans and rats. In fact, rat AGP shares only 59% amino acid sequence

homology with human AGP (82).
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The drug-drug interactions of verapamil are summarized in Table 1.1. Verapamil
interacts with other drugs by affecting their pharmacokinetics or pharmacodymics.
Verapamil competitively inhibits microsomal drug metabolism through the mixed
function oxidase enzyme system (31). In fact, its inhibition of cytochrome P-450 3A4
(CYP3A4) results in many drug interactions. For example, when cyclosporine, a drug
that is mainly metabolized by this isozyme, is coadministered with verapamil to humans,
up to 6-fold increase in the plasma concentrations of cyclosporin was observed, leading
to cases of renal toxicity (26).

Verapamil also inhibits the activity of P-glycoprotein, an ATP-dependent drug
transport protein that contributes to the transport of many xenobiotics across biological
membranes, in a competitive manner without interrupting the cyclic activity (ATP
hydrolysis) of P-glycoprotein (30, 35). Verapamil can increase the plasma concentration
of digoxin, a P-glycoprotein substrate, in a dose dependent manner up to 60-90% and
thus can cause digoxin intoxication (30).

Verapamil shares similar pharmacological effects with other calcium channel
blockers. B-blockers, antiarrhythmic drugs, and digoxin. Coadmininstration of these
drugs with verapamil may produce additive or synergistic effects on the prolongation of
PR interval, and the reduction of AV nodal conduction and myocardial contractility (26).
The coadministration of verapamil and amiodarone, for example, can cause additive

reduction in heart rate and myocardial contractility (26).
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Table 1.1. Drug-drug interactions of verapamil (26-33).

Class/Drug Consequences Mechanism
Simvastatin Potential for myopathy and Inhibition of CYP3A4
rhabdoomyolysis
Carbamazepine Carbamazepine toxicity Inhibition of CYP3A4
Ethanol Increased Ethanol Inhibition of ethanol
concentrations and enhanced metabolism

psychomotor effects

B-blockers (atenolol,

metoprolol. propranolol,

PR-interval prolongation,

shock, bradycardia, heart

Decreased intracellular

calcium concentrations in

pidolol) block, and hypertension myocardium
Digoxin Increased digoxin Inhibition of PGP and
concentrations, additive pharmacodynamic
reduction in heart rate and interaction.
myocardial contractility
Amiodarone Additive reduction in heart rate Pharmacodynamic
and myocardial contractility interaction
Cyclosporin Increased cyclosporin Inhibition of CYP3A4
concentrations, renal toxicity
Quinidine Increased quinidine Inhibition of CYP3A4

concentrations, AV block
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1.3 Erythromycin

Erythromycin is a macrolide antibiotic that is effective against Gram-positive
organisms and is used to treat numerous infections, especially those involving the
respiratory tract. Erythromycin remains an important alternative to penicillin and
tetracycline for a large array of infections (34.35).

In addition to its antimicrobial effects, ervthromycin has recently been shown to
play a role in the modulation of the immune response, both contributing to the treatment
of infective diseases and opening new opportunities for the therapy of other inflammatory
conditions (36, 37). Long-term administration of low doses of erythromycin has
dramatically increased survival in patients with diffuse panbronchiolitis, a disease with
many similarities to cystic fibrosis (38, 39).

Cardiac adverse effects of approved doses of ervthromycin include QT interval
prolongation and occasional cases of cardiac arrhythmias such as ventricular tachycardia
and torsade de pointes, especially after intravenous administration (47). Studies have
shown that erythromycin and other macrolides can prolong the QT interval by inhibiting
the rapid component of the delayed rectifier K™ current through the block of HERG
potassium channels (34, 40).

QT interval prolongation has become a surrogate marker of cardiotoxicity and has
received increasing regulatory attention (48). QT prolongation has recently gained
clinical importance; primarily because prolongation of this interval can predispose to a
potentially fatal ventricular arrhythmia know as rorsades de pointes. The term “torsades
de pointes™ is often translated as a “twisting of the points,” referring to the beat-to-beat

changes in QRS axis (41). The vast majority of patients in whom torsades de pointes
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developed in association with the use of noncardiac drugs had at least one risk factor
(41). These risk factors include female sex; cardiac, renal, or liver disease; hypokalemia;
a history of the long QT syndrome; and the prescription of a QT prolonging medication
in excessive doses or in combination with a second drug that impairs its metabolism or
further prolongs the QT interval (42,43). Drugs that prolong QT interval include
amiodarone, disopyramide, dofetilide, ibutilide, procainamide quinidine, sotalol, and
thioridazine (44). Medications such as cisapride, terfenadine and grepafloxacin have
recently been withdrawn from the market because of their risk of causing QT
prolongation and fatal arrhythmias such as rorsades de pointes (43.44). For cisapride and
terfenadine, the risk was heightened by the continued co-prescription of medications
known to inhibit the clearance of both drugs (44).

The drug-drug interactions of erythromycin are summarized in Table 1.2.
Erythromycin interacts with other drugs by affecting their pharmacokinetics or
pharmacodynamics. Pharmacokinetic interactions include its inhibition of hepatic and
intestinal drug-metabolizing enzymes, such as CYP3A4 and CYP1A2, and its inhibition
of P-glycoprotein (49, 50). Inhibition of CYP3A4 by ervthromycin is mechanism based:
When the drug is metabolized at the isozyme's active site, a reactive metabolite is formed
which binds irreversibly to the isozyme, disabling it and thereby reducing the amount of
available CYP3A4 (61).

Erythromycin is also a potent inhibitor of P-glycoprotein and some of its
interactions are due to the inhibition of the substrate transport. For example, the serum
concentrations of cyclosporine, digoxin, carbamazepine, and talinolol are elevated when

erythromyecin is coadministered (51-53).
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Erythromycin has been shown to have electrophysiological effects on the cardiac
conducting system similar to those of class A antiarrhythmic drugs resulting in QT
interval prolongation (47). Pharmacodynamic interactions can occur when erythromycin
1s coadministered with drugs that further delay ventricular repolarization such as
cisapride, disopyramide, terfenadine, and astemizole, causing additive or synergestic QT
interval prolongation and rorsade de pointes (48,56,57).

Erythromycin’s drug-drug interactions are particularly important in drugs with
narrow therapeutic range, such as, carbamazepine, theophylline, cyclosporine, digoxin,

and warfarin (52.55).
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Table 1.2. Drug-drug interactions of erythromycin (45-61).

Class/Drug Consequences Mechanism
Theophylline and Decreased clearance, Inhibition of CYP3A4
aminophylline increased half-life, toxicity
Carbamazepine 2- to 4-fold increase in serum | Inhibition of CYP3A4 and
concentration. toxXicity PGP
Cyclosporine 3- to 10-fold increase in Inhibition of PGP
serum concentration, renal
impairment
Digoxin 2-to 3-fold increase in serum | Inhibition of intestinal PGP

concentration. toxicity

Cisapride, disopyramide,

QT interval prolongation and

Additive QT prolongation

terfenadine, and torsades de pointes and inhibition of CYP3A4
astemizole
Ergot alkaloids Toxicity Inhibition of CYP3A4
Quinidine Cardiac arrhythmias Inhibition of CYP3A4
Oral anticoagulants Increased INR, bleeding Inhibition of CYP3A4
Midazolam and triazolam, Increased concentrations. Inhibition of CYP3A4

phenotoin, clozapine

toxicity

Atorvastatin, lovastatin,
cerivastatin, and

simvastatin

Increased concentrations

Inhibition of CYP3A4 first

pass metabolism

Talinolol

increased bioavailability

Inhibition of PGP

10
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1.4 Inflammation

An important factor that may contribute to drug interactions of erythromycin and
verapamil is inflammation. Erythromycin can modulate inflammatory responses and
dromotropic activity of verapamil is reduced during inflammation (16,36).

Oral and intravenous erythromycin can reduce the concentrations of interleukin
(IL-6) and tumor necrosis factor (TNF-at) induced by heat killed Streprococcus
pneumoniae in human whole blood ex-vivo (62). Erythromycin can also function as an
immunomodulator by suppressing the activity of matrix metalloproteinase-9 (MMP-9).
an enzyme that degrades various components of extracellular matrix (63, 64). The
suppressive effect of erythromycin on MMP-9 activity is one of the anti-inflammatory
mechanisms that inhibit the migration of inflammatory cells into the inflammatory site.

Pro-inflammatory mediators have been shown to cause increased plasma
concentrations of verapamil and some other cardiac drugs in humans and rats by
inhibiting their metabolism. Interestingly. these elevated plasma levels are associated
with decreased potency of these drugs in patients and rats (16. 65-67). The mechanism by
which inflammation reduces the activity of calcium channel antagonists is by causing a
significant reduction in the number of binding sites of the L-type calcium channel

acceptor (68).

1.5 Case Reports

There are a few case reports in the literature describing an interaction between
macrolides and verapamil (19, 70, 71). One case report suggests that coadministration of

verapamil and erythromycin can result in bradycardia (40 beats/min), hypotension (80/40

11
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mm Hg). complete atrioventricular (AV) block, and QTc-interval prolongation (19).
These symptoms resolved after the discontinuation of erythromycin. Figure 1.1 shows the
ECG of the patient upon admission and two days after admission. Another case report
mentions symptoms of severe verapamil overdosage including severe hypotension and
bradycardia associated with coadministration of verapamil and clarithromycin, another
macrolide that has similar pharmacokinetic and pharmacodynamic properties as
erythromycin (70). In a third case report, a patient taking verapamil developed signs of
verapamil toxicity 48 hours after the initiation of clarithromycin (71). In the first case
report, it was speculated that concomitant administration of verapamil has increased
erythromycin absorption as a result of P-glycoprotein and CYP3A4 inhibition. Since both
drugs are potent inhibitors of CYP3A4 and P-glycoprotein, pharmacokinetic interaction
was assumed to be contributors to this interaction. In the second and third case reports, it
was speculated that erythromycin inhibited CYP3A4 metabolism causing increased
plasma concentrations of verapamil, leading to symptoms of verapamil toxicity. Since
plasma concentrations of verapamil and erythromycin were not measured in these case

reports, these hypotheses could not be confirmed.
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Figure 1.1 A: Electrocardiogram (ECG) performed on admission, demonstrating

complete atrioventricular block, escape rhythm of 50 beats/min, QTc prolongation
of 583 msec, and pattern of left bundle-branch block. B: ECG performed two days
following admission demonstrating normal sinus rhythm. with normal PR interval

and QTc of 518 msec (Ref 19).
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1.6 Rationale

According to a recent study, calcium channel blockers and macrolide antibiotics
were among the six most medications prescribed in the emergency department that
accounted for most drug interactions (69). Both verapamil and erythromycin have
pharmacokinetic interactions resulting from their inhibition of CYP3A4 metabolism and
P-glycoprotein transport. Furthermore, their electrophysiological effects on cardiac
conducting system give them more potential for drug-drug interactions.

Erythromycin can modulate inflammatory responses (36). Studies suggest that
erythromycin can reduce the concentrations of IL-6 and TNF-a. and suppress the activity
of matrix metalloproteinase-9 (MMP-9) (62-64).

The interaction between erythromycin and verapamil can be a result of altered
pharmacokinetics, pharmacodynamics, or both. Two possible pharmacokinetic
interactions are:

o Inhibition of the metabolism or the transport of one of the drugs by the other. causing
elevated plasma concentrations of one or both drugs.

e One of the drugs displaces the other from its protein binding positions, resulting in
increased plasma free fractions.

There are also three possible pharmacodynamic mechanisms:

e Both erythromycin and verapamil can block HERG potassium channels, so their
combination can result in additive or synergistic effect on this acceptor.
e Erythromycin may inhibit cardiac P-glycoprotein. causing increased accumulation of

erythromycin in cardiac tissue.

14
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e Erythromycin may reduce pro-inflammatory mediators; hence potentiate the actions

of verapamil.

1.6 Hypothesis

The interaction between erythromycin and verapamil is a result of altered

pharmacodynamics of one or both drugs.

1.7 Objective

Using the rat as an animal model we set out to study the potential drug interaction
between verapamil and erythromycin in order to shed more light on the mechanism of
this interaction and to determine if it is at the level of pharmacokinetics or

pharmacodynamics.
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CHAPTER TWO

METHODS
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2.1 Chemicals

Verapamil Hydrochloride (Sigma Chemical Co. St. Louis, MO, USA).

- Erythromycin lactobionate injectable powder (Novopharm Ltd, Toronto, Canada).

- Sodium Pentobarbital Injection (MTC Pharmaceuticals, Cambridge. Ontario,
Canada).

- Heparin sodium injectable 1,000 i.u./mL (Leo Pharma Inc. Thorhill, Ontario,
Canada).

- Sodium Chloride 0.9%, injection USP (Astra).

- (+)-Glaucine and Hepatoflurobutanol. (Aldrich, Milwaukee. WI).

- HPLC grade hexane, 2-propanol, and acetonitrile-190. (Caledon Laboratories,

Georgetown, Canada).
- Heptane. (Mallinckrodt, Paris, KT).
- 98% Anhydrous ethyl alcohol. (Stanley. Vancouver, Canada).

- Triethylamine (TEA) (Sigma Chemical Co, St. Louis, MO).

2.2 Animals

This investigation was approved by the Animal Ethics Committee of the
University of Alberta. Rats were used as an animal model because the verapamil shows
similar dromatropic effects in humans and rats. Adult male Sprague-Dawley rats (280-

320 g) were housed in standard rodent cages, kept on a 12 h light/dark cycle, and fed a

standard diet of Purina rat chow. The procedure of cannulation and insertion of electrodes

was performed according to a previously described method (66). Rats were anesthetized

using sodium pentobarbital (65 mg/kg 1.p.) and a silastic catheter was inserted into the
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right jugular vein. Three stainless steel Teflon coated electrodes (Cooner wire,
Chatsworth, CA, U.S.A.) were attached to the rats for Lead I monitoring (two electrodes
near the right and left axilla regions, and the third at the xiphoid cartilage) and were
brought around to each animal's back. Animals were allowed to recover for 24 h before

dosing.

2.3 Dosing

Rats were randomly divided into three groups: erythromycin, verapamil, and

erythromycin plus verapamil and were dosed as follows:

- Group I (n= 6, weight =296 =25 g ) received 1 mg/kg i.v. verapamil.
- Group II (n = 6, weight = 299 £ 20 g) received 100 mg/kg i.v. ervthromycin.
- Group III (n = 6, weight =294 £ 22 g) received 100 mg/kg i.v. eryvthromycin, and

10 minutes later 1 mg/kg i.v. verapamil.

Verapamil solutions were prepared by dissolving verapamil in normal saline
(verapamil hydrochloride in sodium chloride 0.9% USP). Erythromycin solutions were
prepared by dissolving erythromycin lactobionate injectable powder in injectable water
USP. The appropriate volumes of drug solutions were given to rats via the jugular vein
over approximately 10 seconds. The total injection volume was approximately 500 ul for
animal receiving one drug and 1000 pl for animals receiving two drugs. After the
administration of the drug. the cannula was flushed with approximately the same volume

of normal saline.
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2.4 Electrocardiogram Recording

Electrocardiogram (ECG) recording was performed according to a previously
published procedure (72). ECG parameters were continually monitored using a Honywell
ECG amplifier (Honywell Electronics for Medicine, Edmonton, Canada) and recorded
using Acknowledge 3.0 Data Acquisition software (Biopac Systems, Inc., Goleta, CA,
U.S.A.). Dosing animals started after establishing a stable baseline of ECG parameters
for at least 10 minutes. ECG parameters were recorded at baseline and 1, 3, 5, 10, 15, 30,
60, 90, 120, 180, 300 minutes post verapamil injection.

Figure 2.1 demonstrates a typical rat electrocardiogram. The PR interval
represents the time required for an impulse to conduct through the tissues located above
the ventricles (i.e., atria, AV node and His bundle). The QT interval, conduction through
Purkinjie fibres and ventricular muscle represents drug effect on ventricular
depolarization and repolarization, is used asa measure of cardiac potassium channel
blocking activity (66). Measurement of PR and QT intervals was blinded. The PR
interval was measured as the distance from the crest of the P wave to the crest of the R
wave. In the rat, the ST segment of the electrocardiogram cycle forms a plateau that is not
seen in a human electrocardiogram. Therefore, in order to quantifv the QT interval the
distance from the Q dip to the bottom of the ST segment is measured. There are three
kinds of atrioventricular (AV) node block. First-degree AV block is when PR-interval is
prolonged without missing any QRS complexes. Second-degree AV block is when some
P-waves are not followed by QRS complexes. Third degree (complete heart block) AV

block is when there is no relationship between P waves and QRS complexes (73).

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.1. Typical rat ECG illustrating P-wave. QRS complex, and T-wave.
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2.5 Blood Samples

Pharmacokinetic studies were performed in animals different from those used in
the pharmacodynamic experiments in order to avoid any influence of blood sampling on
ECG. A 250 ul aliquot (a 500 pl aliquot from animals that received two drugs) of blood
was collected from the jugular vein of each rat just prior to drug injection, and at 2, 5, 10,
30, 60, 180, and 300 min in heparinized tubes. After each blood sample collection, a
volume of normal saline equal to the volume of blood collected was administered via
jugular vein cannula as fluid replacement. and the cannula was heparinized (10 i.u./ml).
Blood samples were centrifuged at 2000 x g for 10 minutes immediately and a 100 ul
aliquot of plasma sample (two 100 pl aliquots from animals that received two drugs) was

stored in a -20 °C freezer until HPLC analysis.

2.6 In Vitro Protein Binding

The protein binding study was performed according to previously published
methods (74, 75). The plasma free fraction of both enantiomers of verapamil and as well
as erythromycin was determined in vitro in the presence and absence of each other by an
ultrafiltration method. Drug-free blood was collected through the jugular vein,
heparinized, and centrifuged for 10 minutes at 2000 x g to separate plasma. Plasma was
divided into three groups:

- Group I (n=6), 1 ml plasma each, was spiked with verapamil.
- Group II (n=6), 1 ml plasma each, was spiked with erythromycin.
- Group III (n=6), 1 ml plasma each, was spiked with both verapamil and

erythromyecin.
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In addition, drug solutions were added to 3 tubes containing phosphate buffer (pH
= 7.4) to determine the presence of any nonspecific binding or adsorption to the
micropartition system. In order to approximate the enantiomeric ratio of verapamil
observed in rats in vivo. drug free plasma was spiked with 300 ng/ml of R-verapamil and
600 ng/ml of S-verapamil. Plasma was also spiked with 14,000 ng/ml erythromycin
solutions in order to approximate the in vivo plasma concentration of erythromycin. R
and S-verapamil hydrochlorides were dissolved in saline to make a final concentration of
300 and 600 ng/ml, respectively. Ervthromycin lactobionate was dissolved in injectable
water USP to make a final concentration of 14,000 ng/ml.

The samples were then incubated at 37 °C for one hour, in order to allow the
drugs to reach equilibrium with the plasma proteins. A 500-ul aliquot of the sample was
put into a microparition chamber (Amicon Division of W.R. Grace & Co, Danvers MA).
Thereafter, it was centrifuged at 2000 x g for 1 hour to obtain ultrafiltrate. The volumes
of both the filtrate and the retained liquid were measured and they were keptina-20 °C
freezer until HPLC analysis. The concentration of R and S verapamil as well as
erythromycin in each fraction was determined by HPLC. The fraction unbound f; was
determined as the concentration of the drug in the filtrate divided by total concentration.
To ensure concentrations were above the minimum quantifiable limit for verapamil
HPLC assay. two micropartitions of the six chambers were pooled allowing for a total of

three measurements per group.
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2.7 HPLC Analysis

2.7.1 Verapamil HPLC

A previously published stereospecific assay of verapamil was used with one
modification (68). The ratio of the components of the mobile (hexane -isopropanol-
ethanol-TEA) phase were changed from 85: 7.5: 7.5: 0.1 to 90: 5: 5: 0.1 in order to get
better separation of the peaks of S verapamil, R verapamil, and glaucine.

To 100 pl of plasma in a glass test tube were added 75 pl of 400 ng/ml (+)-
glaucine (internal standard). Extraction was performed by adding 100 pl 2 M sodium
hydroxide, 0.4 ml sodium phosphate buffer (pH 7.0, ionic strength 0.1), and 6 ml
heptane: hepatoflurobutanol (99:1). The sample was vortexed for 1 min and then
centrifuged at 2000 x g for 10 min. The organic layer was transferred to a glass tube and
evaporated to dryness in a vacuum centrifuge (Savant Speed Vac. Global Medical
Instrumentation Inc., Albertville, Minnesota, USA) at 60° C. The resulting residue was
reconstituted in 200 pl of mobile phase. and 100 or 150 ul was injected into the
chromatograph.

A Waters (Millipore-Waters. Missassuaga, Canada) chromatograph was used
consisting of a twin piston pump, a WISP 710B autosampler, a column oven (31° C) and
a 470 fluorescence detector set at excitation of 272, emission of 317 nm and bandwidth at
18 nm. The integrator was a Hewlett-Packard (Avondale, PA) 3390 A model. An achiral
column (30 mm x 4.6 mm ID Supelcosil LCSi column, Supelco Inc., Bellefonte PA) was
serially attached to a chiral column (250 mm x 4.6 mm i1.d. 10 pm Chiralpak AD, Daicel

Chemical Ind., Tokyo, Japan). The mobile phase was hexane -isopropanol-ethanol-TEA,

[}
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90: 5: 5: 0.1, v/v at 0.5 ml/min. The areas of the chromatographic peaks were used to
quantify R and S verapamil.

To construct the calibration curves and check the linearity of the method, seven
concentrations (0, 20, 50, 100, 500, 1000, and 2000 ng/ml) of racemic verapamil were
prepared by adding 200 pul of the appropriate aqueous solutions of verapamil
hvdrochloride to drug free plasma. The samples were then extracted and injected into the
chromatograph as described above. The calibration curve for plasma was constructed so
as to cover a range of S and R verapamil content from 20 to 2000 ng/ml. Standard curves
were linear over this range (R?2>0.98). The minimum quantifiable concentration was 20
ng/ml with coefficient of variability (CV) of 7.2% for R and 5.4% for S verapamil.

The HPLC assay of veapamil can also be used to measure the concentrations of
norverapamil, a major metabolite of verapamil. Although there was no pure norverapamil
to use as a reference in our assay. we campared the peaks of norverapamil in the presence

and absence of erythromyecin.

2.7.2 Erythromycin HPLC

A previously published erythromycin assay was used (76). To 100 pl of plasma in
a glass tube were added 100-pl clarithromycin in acetonitrile (internal standard) to give a
final concentration of clarithromycin 20 pg/ml plasma. Extraction was performed by
adding 100 pl saturated solution of sodium carbonate, 1 ml distilled water and 5 ml
chloroform. Samples were vortexed for 5 min then centrifuged at 2000 x g for 10 min.
4.5 ml of the organic solvent was transferred to a clean tube and evaporated to dryness in

a vacuum centrifuge at 60 °C.
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Erythromycin has a low molecular absorptivity as it lacks a suitable chromophore.
(76). Alkali treatment of erythromycin produces an «,B-unsaturated ketone with an
absorption peak at 236 nm and a molar extinction coefficient sufficiently high to ensure a
good response in the UV band. In order to form a chromophore, the extraction residue
was made up with 200 pul of 2 1 M aqueous solution of sodium hydroxide and kept at 40
°Cfor 1 h. 200 pl of a 1 M solution of acetic acid was then added to the tubes to obtain a
final pH between 4 and 5. After filtration on 0.45 um cellulose nitrate filters, the sample
was injected into the chromatograph.

A Waters (Millipore-Waters, Missassuaga, Canada) chromatograph was used
consisting of a twin piston pump, a WISP 712 autosampler, and a reverse phase column.
The detector was Shimadzu (Kyoto, Japan) SPD-6A UV spectrophotometric detector set
at wavelength of 236 nm. The integrator was a Shimadzu CR601 model. The mobile
phase was acetonitrile~ammonium acetate buffer 0.05 M (16: 84, v/v) at 1.2 ml/min. The
heights of the chromatographic peaks were used to quantify ervthromycin.

To construct the calibration curves and check the linearity of the method, seven
concentrations (0, 100, 500, 1000, 5000, 10,000, 20,000 ng/ml) of ervthromycin were
prepared by adding 200 pl of the appropriate acetonitrile solutions of erythromycin to
drug free plasma. The samples were then extracted and injected into the chromatograph
as described above. The calibration curves were constructed so as to cover a range of
erythromycin content from 100 to 20,000 ng/ml. Standard curves were linear over this
range (R?> 0.98). The minimum quantifiable concentration was 100 ng/ml with

coefficient variability (CV) of 4.3%.
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2.8 Data Analysis

The variability in the observed values of PR and QT intervals was high. In order
to minimize the variability from the baseline values of PR and QT intervals. the percent
of change in the intervals were calculated and plotted vs. time.

For ECG analysis, the interval measurements were conducted by averaging three
cycles. The percent of change of PR and QT intervals was calculated from the differences
observed between the baseline and post treatment values. The percent change of PR and
QT intervals was plotted vs. time and the area under the percent effect-time curve

(AUEC) was calculated using the trapezoidal rule.

AUECo-tv =) AUECi-u-1= Y. (E:+ Ei ~;)(I: “1=1)

Where E; is effect at time i, t; is time 7

2.8.1 Pharmacokinetic analysis

Standard methods were used to calculate pharmacokinetic parameters such as the
area under the plasma concentration curve, the total body clearance and terminal half-life
(77).

The terminal half-life in each animal was obtained from the slope of the terminal

phase (B):

2=

The total area under the plasma concentration-time curve from time zero up to the

last measured time (AUCy.150) in plasma was calculated in each animal by the trapezoidal
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rule extrapolation method, which employs the logarithmic trapezoidal rule for the

calculation of the area during the declining plasma level phase.

AUCO"‘“’:Z AUCu -4 ..:Z (C'+C’*;)(Il?l—[1)

Where C; is concentration at time i, t; is time {

The area from the last data point to time infinity (AUC\,+) Was estimated by
dividing the last measured plasma concentration by the terminal rate constant.

A U Claxl = Clmr

The total body clearance was calculated in each animal from this equation:

Dose
AUC

CLlmi =

2.8.2 Statistical Analysis

A P value of less than 0.05 was considered to be statistically significant using the
Student s-test for unpaired data when comparing two means. and the Analysis of Variance
(ANOVA) when comparing more than two means. All results are expressed as mean =

standard deviation (SD).
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CHAPTER THREE

RESULTS
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3.1 Pharmacodynamic Study

The baseline values for ECG parameters in rats were 69.2 = 5.8 rr;s (milliseconds)
for PR interval and 52.5 = 11.4 ms for QT interval. There was no significant difference
between the three groups in their baseline values of PR and QT intervals and no
arrhythmia recorded during the baseline measurement. The ECG parameters obtained in
our experiments are presented in three different ways:
e Observed values in milliseconds.
e Percent of change from baseline.

e The area under percentage effect-time curve.

3.1.1 Observed Values

The observed values of PR and QT intervals were plotted vs. time. Figures 3.1

and 3.2 show the time-course of PR and QT intervals, respectively.
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Figure 3.1. The PR interval vs. time in three groups of rats: group I was given 100 mg/kg
erythromycin i.v., group II was given 1 mg/kg verapamil i.v., and group III was given 100

mg/kg erythromycin i.v. and 10 minutes later 1 mg/kg verapamil i.v. Values are means *

SD.
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Figure 3.2. QT interval vs. time in three groups of rats: group I was given 100 mg/kg
ervthromycin iv., group II was given 1 mg/kg verapamil i.v., and group III was given 100
mg/kg erythromycin i.v. and 10 minutes later 1 mg/kg verapamil i.v. Values are means *

SD.
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3.1.2 Percent of Change from Baseline

The time course of the percent of change in PR and QT intervals from baseline is
shown in Figures 3.3 and 3.4, respectively. Erythromycin alone (100 mg/kg
intravenously) resulted in a significant (P < 0.05) prolongation of QT interval from
baseline at times 1. 3. 3, 10, 15, 30, 60, 90, and 120 minutes but had no significant effect
on PR interval at any time point . Verapamil alone (1 mg/kg intravenously) resulted in a
significant (P < 0.05) prolongation PR interval from baseline at times 1, 3, 3, 10, 15, 30,
60. 90, and 120 minutes but had no significant effect on QT interval at any time point.
However, the combination of these two drugs caused a significant (P < 0.05) increase in
PR interval prolongation at times 1, 3. 3, 10, 15, and 30 minutes compared to when
verapamil was given alone. This combination had no significant effect on erythromycin

induced prolongation of QT interval.

(93]
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Figure 3.3. The percent of change in PR interval from baseline vs. time in three groups of
rats: group I was given 100 mg/kg erythromycin i.v., group II was given 1 mg/kg
verapamil i.v., and group III was given 100 mg/kg erythromycin i.v. and 10 minutes later

1 mg/kg verapamil i.v. Values are means * SD.
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Figure 3.4. The percent of change in QT-interval from baseline vs. time in three groups
of rats: group I was given 100 mg/kg erythromycin iv.. group II was given 1 mg/kg
verapamil i.v., and group III was given 100 mg/kg erythromycin i.v. and 10 minutes later

1 mg/kg verapamil i.v. Values are means + SD.
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The maximum changes from baseline in cardiovascular indices were also
calculated for each treatment group (Table 3.1). Erythromycin alone resulted in a
maximum prolongation of 96.2 = 12.8 percent in QT interval from baseline but had no
significant effect on PR interval. Verapamil alone resulted in a maximum prolongation of
18.3 = 7.4 percent in PR interval from baseline but had no significant effect on QT
interval. The concomitant administration of erythromycin and verapamil to caused a 38.4
x 19.1 percent increase in PR interval prolongation compared to 18.3 = 7.4 when
verapamil was administered alone and 3.3 = 4.6 percent when erythromycin was
administered alone. This is about a 2-fold synergetic increase in the prolongation of PR

interval when both drugs are combined.

W)
w
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Table 3.1. Changes in cardiovascular indices in 3 groups of rats: group I received 100

mg/kg erythromycin i.v., group II received 1 mg/kg verapamil i.v., and group III received

100 mg/kg erythromycin i.v. and 10 minutes later 1 mg/kg verapamil i.v. PR and QT

interval values represent the percent of maximum change from baseline (Mean + SD).

Verapamil Eryvthromycin | Erythromycin and
Cardiovascular Indices (n=6) (n=6) Verapamil (n=6)
Maximum percentage PR 183+ 7.4° 3.3x46 38.4 +19.1*°
prolongation
Maximum percentage QT 3.8+72 96.2 + 12.8° 98.4 + 14.5°
prolongation
AV node block Nil Nil 5 out of 6*°

* Significantly different from baseline; ° Significantly different from other groups (a = 0.03).
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In addition to the synergistic increase of PR interval, the combination of
verapamil and erythromycin caused an 83% incidence of second-degree atrioventricular
(AV) node block. This AV block was not observed when either of these drugs was

administered alone. Figure 3.5 shows an example of rat ECG with AV block.
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Figure 3.5. Rat Electrocardiogram (ECG): Top: Normal ECG, showing P, Q. R, S,and T

waves. Bottom: AV block, showing some P-waves that were not followed by QRS

complexes.
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3.1.3 The Area Under percentage-Effect-time Curve (AUEC)

The area under percentage PR and QT prolongation-time curve were calculated
for each group. Figure 3.6 compares the area under percentage effect-time curve from
time zero to time 300 minutes (AUEC.300) for PR and QT interval prolongation in the
three rat groups. The administration of verapamil caused a significant (21.6 = 5.8 hours)
increase in AUEC.300 for PR interval but had no significant effect on AUECy.300 for QT
interval. Erythromycin, on the other hand, caused a significant (60.7 = 15.9 hours)
increase in AUECg.300 for QT interval but had no effect on AUEC_;00 for PR interval.
The combination of ervthromycin and verapamil caused a synergetic increase (38.3 = 9.2

hours) in AUEC.30 for PR interval.
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Figure 3.6. The area under percentage PR and QT prolongation-time curve from time
zero to 300 min indices in 3 groups of rats: group I received 100 mg/kg erythromycin i.v.,
group II received 1 mg/kg verapamil i.v., and group III received 100 mg/kg erythromycin
i.v. and 10 minutes later 1 mg/kg verapamil i.v.

? Significantly different from baseline; ® Significantly different from other groups.
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3.2 Pharmacokinetic and Protein Binding Studies.

The mean plasma concentration-time profile of R and S verapamil after the i.v.
administration of 1 mg/kg racemic verapamil alone or with 100 mg/kg i.v. erythromycin
are shown in Figures 3.7 and 3.8. There was no significant difference in R or S verapamil
concentrations between these two groups at any time point. The plasma concentrations of
R and S verapamil at time 300 minute were below the minimum quantifiable
concentration of our assay (20 ng/ml). Therefore. these values were not shown in our
results.

The mean plasma concentration-time profile of erythromycin after i.v.
administration of erythromycin alone or erythromycin plus verapamil is shown in Figure
3.9. There was no significant difference in ervthromycin concentrations between these
two groups at any time point.

The pharmacokinetic parameters of both enantiomers of verapamil after the i.v.
administration of racemic verapamil alone, or with erythromycin are displayed in Table
3.2. Because there were only two concentrations in the final phase. parameters like half-
life and total body clearance could not be calculated for verapamil. There was no
significant difference in the area under the curve (AUC ¢.130) and the fraction unbound
(f.) between the verapamil groups.

For norverapamil, there was no change in the area of its peak between the two
groups of rats.

The pharmacokinetic parameters of erythromycin after the i.v. administration of
erythromycin alone, or with verapamil are displayed in Table 3.3. There was no

significant difference in the elimination half-life (t;), total body clearance (CL1g). the

4]
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area under the curve (AUCy.»), or fraction unbound (f;,) between the two erythromycin

groups.
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Figure 3.7. The plasma concentration-time profile for S-verapamil in two groups of rats:
one received 1 mg/kg verapamil i.v. (0), and the other received 100 mg/kg erythromycin

i.v. and 10 minutes later received 1 mg/kg verapamil i.v. (e). Each point is the group

mean = SD.
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Figure 3.8. The plasma concentration-time profile for R-verapamil in two groups of rats:
one received 1 mg/kg verapamil iv. (0), and the other received 100 mg/kg erythromycin

i.v. and 10 minutes later received 1 mg/kg verapamil i.v. (®). Each point is the group

mean = SD.
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Figure 3.9. The plasma concentration-time profile for ervthromyvcin in two groups of
rats: one received 100 mg/kg erythromycin iv. (0), and the other received 100 mg/kg

erythromycin i.v. and 10 minutes later received 1 mg/kg verapamil iv. (®). Each point is

the group means = SD.
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Table 3.2. Pharmacokinetic parameters (mean = SD) of verapamil enantiomers in two

groups of rats: one received 1 mg/kg verapamil i.v., and the other received 100 mg/kg

ervthromycin 7.v. and 10 minutes later received 1 mg/kg verapamil i.v.

S Verapamil R Verapamil
Pharmacokinetic
With With
Parameters Control Control
Erythromycin Erythromycin
AUCy.180 (ng.h/ml) 255 £ 87 280 £92 158 £ 65 166 =73
Ju 0.095+0.052 | 0.087+£0.039 | 0.201+0.076 | 0.215+0.091

AUC g.150: the area under the plasma concentration-time curve from time zero to 180 min;

fu: the fraction unbound in plasma.
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Table 3.3. Pharmacokinetic parameters (mean = SD) of ervthromvcin in two groups of

rats: one received 100 mg/kg erythromycin i.v., and the other received 100 mg/kg

erythromycin i.v. and 10 minutes later 1 mg/kg verapamil i.v.

Pharmacokinetic Parameters Control With verapamil
t12 (min) 154 +41 149 + 48
CLrs (ml/min) 79.6 = 18.1 782225
AUC ¢« (ng.h/ml) 6220 =490 6410 =570
Ju 0.513 £0.161 0.481 +0.184

t12: Terminal half-life.; CLtg: Total body clearance; AUC ¢.,: the area under the plasma

concentration-time curve from time zero to infinity: £,: the fraction unbound in plasma.
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CHAPTER FOUR

DISCUSSION
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4.1 Discussion

There are a few case reports in the literature describing an interaction between
macrolide antibiotics and calcium channel blocker, verapamil (1, 70, 71). In two of these
cases, a patient taking verapamil for long term developed symptoms of erythromycin or
verapamil toxicity 2 to 7 days after the initiation of a macrolide antibiotic (19, 70). In the
third report, a patient developed hypotension and bradycardia 48 hours after starting a
daily regimen of clarithromycin and verapamil (71). Since verapamil and macrolides are
potent inhibitors of CYP3A4 and P-glycoprotein, pharmacokinetic interaction was
assumed to be a contributor to this interaction. It was speculated that concomitant
administration of these drugs has increased the absorption and reduced the metabolism as
a result of P-glvcoprotein and CYP3A4 inhibition, leading to elevated plasma
concentrations and toxicity. Since plasma concentrations of verapamil and erythromycin
were not measured in these case reports, these hypotheses could not be confirmed.

Using the rat as a model. we studied the effect of concomitant administration of
verapamil and ervthromycin on cardiovascular indices such as PR and QT intervals.
While case reports were in patients who received multiple doses of these drugs before
developing symptoms of interaction, our study investigated the acute model of the
interaction by giving single doses of erythromycin and verapamil. In order to rule out the
effect of pre-systemic metabolism and transport, erythromycin and verapamil were
administered intravenously.

In the rat, we have observed that a single dose of intravenous erythromycin can
prolong QT interval but does not affect PR interval. This was shown by the significant

increase in the maximum change in QT interval (Table 3.1) and the AUEC of QT interval
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(Figure 3.6). This observation in rats was in accordance of human studies showing that
the electrophysiological effects of erythromycin are caused by the blockade of HERG
potassium channels, causing prolongation in QT interval and forsade de pointes.
especially after its intravenous administration (47).

On the other hand. a single dose of intravenous verapamil prolonged PR
interval with no significant effect on QT interval in rats. This was shown by the
significant increase in the maximum change in PR interval (Table 3.1) and the AUEC of
PR interval (Figure 3.6). This is in agreement with human studies showing that the
electrophysiological effects of verapamil are caused by the blockade of L-type calcium
channels, resulting in slowing cardiac conduction time by depressing atrioventricular
(AV) node. which is manifested by PR interval prolongation and, in high dose, AV block
(11).

The above studies show that the electrophysiological effects of verapamil and
ervthromycin in rats are consistent with human data. They also show that verapamil and
erythromycin cause different electrophysiological effects in this rat model. Verapamil
blocks L-type calcium channels and erythromycin can block HERG potassium channels
(10, 34, 40). Therefore, ECG changes caused by ervthromycin and verapamil do not
interfere with each other. This renders the rat as a suitable model to investigate the
interaction of these two drugs.

In the pharmacodynamic study, single doses of intravenous erythromycin and
verapamil were administered alone or together to different groups of rats and their ECGs
were monitored at baseline and up to 5 hours post drug injection. The combination of

these two drugs did not alter erythromycin-induced prolongation of QT interval (Figure
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3.4 and Table 3.1). On the other hand, this combination caused a significant increase in
the effect of verapamil on PR interval, as shown by the percent of maximum change in
PR interval (Table 3.1) and the AUEC.3p of PR interval (Figure 3.6). In fact, AV node
block (Figure 3.5), a side effect of verapamil, was evident following the combination
therapy. This indicates that the undesired effect of the observed interaction stems from an
enhanced potency of verapamil and not erythromycin.

There are several possible mechanisms to explain the way erythromycin
enhances the actions of verapamil. The interaction can be a result of altered
pharmacokinetics, pharmacodynamics, or both.

One possible pharmacokinetic mechanism is that eryvthromycin inhibits the
metabolism and/or transport of verapamil, leading to increased plasma concentrations of
the later, which results in verapamil toxicity, shown by PR prolongation and AV block.
Elevated plasma concentrations of verapamil or erythromycin were proposed in the
literature 10 explain the previous case reports of interaction (19, 70, 71). Erythromycin
and verapamil are potent inhibitors of cytochrome P-450 3A4 (CYP3A4) and P-
glvcoprotein (26). In fact, many drug-drug interactions caused by erythromycin and
verapamil are due to increased plasma concentration of drugs that are P-glvcoprotein or
CYP3A4 substrates (52.59). However, the speculations that the interaction between
verapamil and erythromycin were due to a pharmacokinetic alteration were not
substantiated with measured plasma concentrations of these drugs.

In our pharmacokinetic study, plasma concentrations of verapamil and
erythromycin were measured after they were given alone or concomitantly in rats. The

time courses of neither verapamil nor erythromycin were altered when they were
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coadministered (Figures 3.7, 3.8, and 3.9). Accordingly, no pharmacokinetic parameter of
either drug was affected (Tables 3.2 and 3.3).

An important metabolite of verapamil is norverapamil, which has less
dromotropic effect compared to verapamil. So in order for norverapamil to cause such an
increase in the dromotropic effect, its concentration must increase dramatically. We used
our HPLC assay of veapamil to detect if there are any changes in the concentrations of
norverapamil. Norverapamil appeared as very small to negligible in all our samples. This
was expected since verapamil was administered intravenously when there is less
formation of norverapamil is expected. There was no change in areas of the peaks of
norverapamil in the presence and absence of erythromycin. Therefore, norverapamil did
not play a role in this interaction.

Another possible mechanism at the level of pharmacokinetics in that
erythromycin might displace verapamil from its protein binding positions, causing
increased plasma free fraction, and therefore verapamil toxicity. In order to test the
possibility of protein binding interaction between verapamil and erythromycin, we
performed an in vitro protein binding experiment using an ultrafiltration method. Drug-
free plasma was spiked with drug concentrations similar to those observed in vivo. After
incubation, the concentrations of these drugs in the filtrate were measured the free
fraction was calculated for each drug. We found no significant difference in the plasma
free fraction of verapamil and erythromycin due to their combination (Tables 3.2 and
3.3). Studies have shown that, in humans, verapamil binds extensively to al-acid-
glycoprotein (11). Erythromycin also binds to the same protein but to a lesser extent (74).

The fact that the plasma free fraction of both of these drugs did not change as a result of

(9]
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their combination shows that either these two drugs bind to different positions of a.1-
acid-glycoprotein or that the concentrations of these drugs was not enough to cause
binding saturation and therefore displacement of one of the drugs at the expense of the
other.

Verapamil is a drug with high extraction ratio, therefore, its hepatic metabolism
1s depends mainly on hepatic blood flow. Changes in intrinsic clearance such as
inhibition of hepatic metabolizing enzymes are not expected to have significant impact on
the clearance of verapamil. This may partially explain the absence of changes in plasma
concentrations of verapamil after the coadministration of enzyme inhibitor, erythromycin.
However, when verapamil is given orally, its oral bioavailability can be affected by
enzyme inhibitors, such as erythromycin. Therefore, it is possible that there were some
changes in plasma concentrations in human case reports, because patients were taking
verapamil orally.

The route of drug administration in our model was in the intravenous, which
might have minimized the effect on drug transport and metabolism by eliminating the
first-pass effects. Furthermore, giving a single dose of ervthromycin. a drug that inhibits
the CYP3A metabolism in a mechanism based manner, might not be enough to cause
significant inhibition of the metabolism of verapamil. Since there was a significant
interaction after giving single doses of erythromycin and verapamil intravenously, this
interaction might have been more severe if these drugs were given in multiple oral doses.

The reported interactions in the literature were in patients receiving multiple

oral doses of macrolides and verapamil (19, 70, 71). Therefore, it is possible that in these

wn
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case reports there was an inhibition of cytochrome P-450 metabolism and/or P-
glycoprotein transport resulting in elevated plasma concentrations of one or both drugs.

The enhanced activity of verapamil in the presence of erythromycin can be
explained at the pharmacodynamic level. Both erythromycin and verapamil can block
human ether-a-go-go-related gene (HERG) potassium channels. Suppression of HERG
channels causes action potential and QT interval prolongation. Erythromycin and other
macrolides can block HERG K-channel, resulting in QT prolongation (34.40). Verapamil
is also a potent blocker of HERG K-channel in the heart and alveolar epithelial cells (14,
15). However, the in vitro inhibition of HERG K-channels by verapamil was at
concentrations much higher than those observed in vivo. This mechanism cannot explain
the interaction in our model because the combination of verapamil and ervthromycin did
not alter the prolongation of QT interval that is caused by HERG K-channel blockage but
it rather potentiated the calcium channel blockage resulting in synergetic PR interval
prolongation and AV block. The blockage of HERG K-channels can be used to explain
the case report in the literature where QT interval prolongation was observed after
concomitant administration of erythromycin and verapamil (19).

A potential role of P-glvcoprotein at calcium channel site may explain the
enhanced potency of verapamil in the presence of erythromycin. Erythromycin can
inhibit P-glycoprotein at the site of the calcium channel protein targets, causing increased
accumulation of verapamil in cardiac tissue, resulting in a pharmacodynamic interaction
between erythromycin and verapamil. Studies indicate that the phenylalkylamine protein
target 1s located on the intracellular surface of the membrane (21, 75). This implies that a

typical phenylalkylamine such as verapamil must enter the transmembrane pore of the
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calcium channel in order to bind to the intracellular site occluding the pore. Studies have
also shown that P-glycoprotein is present in cardiac tissue and plays a role in limiting the
access of some P-glycoprotein substrates to inside the cardiac cells (78, 79).
Ervthromycin is a potent inhibitor of P-glycoprotein and some of the interactions of
ervthromycin are due to its inhibition of P-glycoprotein substrates, such as its interaction
with digoxin and carbamazepine (52, 53). The inhibition of cardiac P-glycoprotein has
been used in the literature to explain some other interactions. Lin used this mechanism to
explain the interaction between verapamil and digoxin (46). He suggested that verapamil,
a P-glycoprotein inhibitor, might inhibit the cardiac P-glycoprotein. causing increased
accumulation of digoxin in cardiac tissue resulting in a pharmacodynamic interaction
between verapamil and digoxin (46). However, our current data cannot confirm this
theory.

Another possible explanation to the way erythromycin enhances the activity of
verapamil at the level of pharmacodynamics is by suppressing inflammation. Giving
erythromycin. an inflammatory modulator, to cannulated rats may potentiate the
electrophysiological effects of verapamil. Cannulation of jugular veins can increase the
levels of pro-inflammatory cytokines. Studies have shown that plasma samples obtained
from an intravenous catheter contained increased levels of interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF-a) compared to samples obtained by a simple needle stick
(80). In another study, the levels of IL-6 were elevated when blood samples were taken
via an intravenous catheter starting at 3 hrs after cannulation and reaching a 10-fold high

after 24 hours (81).

|94}
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Erythromycin can modulate inflammatory responses (36). Oral and intravenous
erythromycin can reduce the concentrations of IL-6 and TNF-« induced by heat killed
Streptococcus pneumoniae in human whole blood ex-vivo (62). Erythromycin can also
function as an immunomodulator by suppressing the activity of matrix metalloproteinase-
9 (MMP-9), an enzyme that degrades various components of extracellular matrix (63,
64). The suppressive effect of erythromycin on MMP-9 activity is one of the anti-
inflammatory mechanisms that inhibit the migration of inflammatory cells into the
inflammatory site.

The dromotropic effect of verapamil, measured by PR interval prolongation,
can be reduced during inflammation in humans and rats (16, 68). So, if cannulated rats
are treated with erythromycin, they might have reduced levels of pro-inflammtory
cytokines, such as IL-6 and TNF-a. Therefore. when these rats are given verapamil, they
may show more dromotropic activity than rats not treated with ervthromycin. This can
explain why giving erythromycin, an inflammatory modulator, to cannulated rats can
potentiate the pharmacodynamic effects of verapamil.

In order to extrapolate the above to humans, we observed that patients who have
experienced an interaction between verapamil and a macrolide antibiotic had multiple
cardiac and other diseases, making them more prone to elevated levels of pro-
inflammatory mediators. Therefore, an inflammatory suppressor like erythromycin or
clarithromycin may have potentiated the activity of verapamil and resulted in these

interactions.
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4.2 Conclusions

e The rat is a suitable model to study the interaction between erythromycin and
verapamil.

e The undesired effect of the observed interaction stems from an enhanced potency of
verapamil and not erythromycin, which is similar to reported human data.

¢ The interaction of erythromycin and verapamil appears to be a pharmacodynamic not
a pharmacokinetics interaction.

e Patients receiving both verapamil and macrolide antibiotics should be monitored.

especially those who have multiple conditions.
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