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In order to evaluate the arrhythmogenic potency of macrolide antibiotics in a quantitative manner, we
analyzed the influence of clarithromycin (CAM), roxithromycin (RXM), and azithromycin (AZM) on Q-T
intervals from pharmacokinetic and pharmacodynamic points of view and in comparison with the potency of
erythromycin (EM) previously reported by us for rats. Male Sprague-Dawley rats were anesthetized, and CAM
(6.6, 21.6, and 43.2 mg/kg of body weight/h), RXM (20 and 40 mg/kg/h), and AZM (40 and 100 mg/kg/h) were
intravenously injected for 90 min to obtain the time courses of drug concentrations in plasma and the changes
in the Q-T intervals during and after the drug injections. Distinct Q-T interval prolongation of up to 10 ms was
observed with CAM at its clinical concentrations. RXM and AZM evoked Q-T interval prolongation at
concentrations higher than their clinical ranges. The potencies for Q-T interval prolongation, assessed as the
slope of the concentration-response relationship, were 6.09, 0.536, and 0.989 ms ‘- ml/pg for CAM, RXM, and
AZM, respectively. There was hysteresis between the change in the Q-T intervals and the time course of the
plasma concentration of each drug. The rank order of clinical arrhythmogenicity was estimated to be EM >
CAM > RXM > AZM, as assessed from the present results and our previous report for EM. In conclusion,
RXM and AZM were estimated to be less potent at provoking arrhythmia than EM and CAM. These results
should be useful for making a safer choice of an appropriate agent for patients with electrocardiographic risk

factors.

Macrolide antibiotics have been widely used for the treat-
ment of infections caused by gram-positive organisms. Many
macrolide antibiotics inhibit the metabolic activity of cyto-
chrome P450 3A4 in the liver and intestine in an irreversible
manner (8, 22). With concomitant administration of macrolide
antibiotics and potentially arrhythmogenic agents, such as ter-
fenadine or astemizole, fatal ventricular arrhythmias, including
torsades de pointes (TdP), were reported to occur as a result of
an increase in the concentrations of the unchanged drugs in
plasma (3, 12). Besides the metabolic inhibition, erythromycin
(EM) and clarithromycin (CAM) themselves possess arrhyth-
mogenic activities and induce Q-T interval prolongation, re-
sulting in ventricular arrhythmia, such as TdP (14, 15, 17, 23).
In isolated heart preparations from guinea pigs and dogs, EM
was also shown to prolong the Q-T interval and action poten-
tial duration (1, 5). We have proved by a pharmacokinetic-
pharmacodynamic analysis with rats that EM at its clinical
range induces Q-T interval prolongation in a concentration-
dependent manner (9). Taking these facts into consideration,
extra care should be taken for erythromycin-treated patients
with cardiographic risk factors.
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For making the choice of macrolide antibiotics, it is impor-
tant to quantitatively estimate and compare the arrhythmo-
genic potencies of macrolide antibiotics. However, few studies
have been conducted to quantitatively evaluate the arrhythmo-
genicities of CAM, roxithromycin (RXM), or azithromycin

100 msec

FIG. 1. Typical change in ECG shapes evoked by a constant intravenous
infusion of CAM (21.6 mg/kg/h). The ECG shapes before and 30 and 90 min
after the beginning of CAM infusion are shown in a superimposed manner.
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FIG. 2. Changes in Q-T intervals before and after intravenous infusion of CAM (m, 6.6 mg/kg/h [n = 5]; A, 21.6 mg/kg/h [n = 6]; @, 43.2 mg/kg/h [n = 6]) (A),
RXM (A, 20 mg/kg/h [n = 5]; @, 40 mg/kg/h [n = 5]) (B), and AZM (A, 40 mg/kg/h [n = 5]; @, 100 mg/kg/h [n = 5]) (C) compared with data previously reported by
us (9) for EM (O, vehicle [n = 5]; A, 4.0 mg/kg/h [n = 5]; @, 8.0 mg/kg/h [n = 4]) (D). Data are reported as mean and standard error of the mean.

(AZM) or to compare their arrhythmogenic risks with those of
EM.

In the present study, we aimed to evaluate the arrhythmo-
genic risks of CAM, RXM, and AZM from pharmacokinetic
and pharmacodynamic points of view and in comparison with
the potency of EM using rat electrocardiograms (ECG). Data
for EM are from our previous study (9), which was conducted
with the same methods and the same model.

MATERIALS AND METHODS

Chemicals. CAM, RXM, and AZM were kind gifts from Taisho Pharmaceu-
ticals Co., Ltd. (Tokyo, Japan), Hoechst Marion Roussel Co., Ltd. (Tokyo,
Japan), and Pfizer Pharmaceuticals Inc. (Tokyo, Japan), respectively. All other
chemicals used were of reagent grade and were commercially available.

Pharmacodynamic experiments. Male Sprague-Dawley rats weighing 250 to
350 g were purchased from Nihon Ikagaku Zairyou Co., Ltd. (Tokyo, Japan), and
anesthetized with an intraperitoneal injection of urethane and a-chloralose (1.2
and 30 mg/kg of body weight, respectively). The precordial and limb hair was
removed with hair-removing cream (Kanebo, Tokyo, Japan). With the animals

restrained in a supine position, the trachea, right jugular vein, and right carotid
artery were cannulated with polyethylene tubing. The body temperature was
maintained at 37.5 = 0.5°C throughout the experiments by a hot water-circulat-
ing heat pad placed beneath the animals. The ECG from the bipolar limb lead
(lead IT) was recorded and analyzed by the method of Ohtani et al. (18). The Q-T
intervals were derived from the average shape of the ECG recording over 10 s.
The Q-T intervals were not corrected for heart rate, since the Q-T intervals in
rats have been reported not to be affected by heart rate, contrary to the situation
for rabbits, guinea pigs, or humans (10, 19).

After stabilization of the ECG and body temperature, a physiological salt
solution (135 mM NaCl, 11.9 mM NaHCOs3, 5.4 mM KCl, 1.8 mM CaCl,, 1.0 mM
MgCl,) was infused into the jugular vein at rates of 0.80 to 2.08 ml/h for 90 min
by an infusion pump (model 22; Harvard Apparatus, Cambridge, Mass.). CAM
(6.6, 21.6, or 43.2 mg/kg/h), RXM (20 or 40 mg/kg/h), or AZM (40 or 100
mg/kg/h) was then infused for 90 min in the same manner. Each drug was
dissolved in physiological salt solution by use of a stoichiometrically equivalent
amount of phosphoric acid neutralized with 1 N NaOH. The doses were selected
by the following method. As the clinical range of CAM evoked Q-T interval
prolongation, we attempted to investigate the saturable concentration-response
relationship as shown for EM and increased the dose to 43.2 mg/kg/h. For RXM
or AZM, since significant Q-T interval prolongation was not observed with the
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FIG. 3. Time courses of the concentrations in plasma of CAM (m, 6.6 mg/kg/h [n = 3]; A, 21.6 mg/kg/h [n = 3]; @, 43.2 mg/kg/h [n = 3]) (A), RXM (A, 20 mg/kg/h
[n = 4]; @, 40 mg/kg/h [n = 3]) (B), and AZM (A, 40 mg/kg/h [n = 3]; @, 100 mg/kg/h [n = 3]) (C) compared with data previously reported by us (9) for EM (A, 4.0
mg/kg/h [n = 4]; @, 8.0 mg/kg/h [n = 4]) (D). Data are reported as mean and standard error of the mean.

clinical range, we increased the dose to evoke significant Q-T interval prolon-
gation up to 10 ms; this increase might enable a pharmacodynamic comparison.

The Q-T intervals were measured at —10, 0, 1, 2, 3, 4, 5, 6, 7, 10, 15, 20, 30, 45,
60, 75, 91, 92, 93, 94, 95, 96, 97, 100, 105, 110, 120, 135, 150, 165, and 180 min
after the start of infusion.

Pharmacokinetic experiments. Pharmacokinetic experiments were performed
with animals other than those used in the pharmacodynamic experiments to
avoid possible effects of blood sampling on pharmacodynamic parameters. All
conditions were identical to those used in the pharmacodynamic experiments
mentioned above, with the exception of blood sampling from the carotid artery
at 2,5, 15, 45, 90, 92, 95, 105, 135, and 180 min after drug administration. Blood
samples (200 to 400 wl) were centrifuged at 1,500 X g for 10 min to collect

plasma. The concentrations of CAM, RXM, and AZM in plasma were deter-
mined by a high-performance liquid chromatographic procedure reported pre-
viously by Taninaka et al. (26).

Model analysis. Pharmacokinetic parameters, i.e., V;, k,;, o, and B, were
calculated by simultaneous fitting of all the time profiles of plasma concentration
to a conventional two-compartment open model with a first-order elimination
process using a nonlinear least-squares regression program, MULTI (29), where
V, is the volume of distribution of the central compartment, k,; is the rate
constant for transfer from the peripheral compartment to the central one, and a
and B represent the exponential rate constants. Statistical comparisons for the
discrimination of the pharmacokinetic model were carried out based on F sta-
tistics by the method described by Endrenyi and Patel (7).
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TABLE 1. Pharmacokinetic parameters for CAM, RXM, and AZM, along with those for EM previously reported by us (9)

Drug a (min~!)“ B (min~1)* V, (ml/kg)” ke (min~1)? t12¢py (min) Vs (liters/kg) CL (ml/min/kg)
CAM 0.421 = 0.087 0.00467 = 0.00097 418 = 61 0.0606 = 0.0134 149 4.70 253
RXM 0.872 +0.323 0.00457 = 0.00106 111 £ 35 0.113 = 0.043 152 2.41 12.5
AZM 0.846 = 0.191 0.0188 = 0.0020 285 £ 56 0.461 = 0.094 36.8 3.34 131

EM 0.476 += 0.079 0.0141 = 0.0021 192 =24 0.229 + 0.031 49.1 1.71 44.4

“ Parameters were estimated by a nonlinear least-squares method. Values are reported as estimates and standard deviations.

Parameters such as the rate constant for elimination from the central com-
partment (ky,), half-life of the elimination phase [¢;5g,], volume of distribution
at steady state (V,), and total plasma clearance (CL) were calculated from the
above parameters.

The effect compartment model introduced by Sheiner et al. (24) was applied
for the analysis of Q-T interval prolongation. The pharmacological effect (E), the
increase in the Q-T intervals in this study, was assumed to be related to the drug
concentration in the effect compartment (C,) by equation 1 or 2, depending upon
the nature of the observed relationship:

g EnaC.
T ECs + C, 1
E=K-C, ()

In these equations, E,,,,, ECsy, and K denote the maximum effect, the concen-
tration at which the half-maximal effect was evoked, and the slope of the con-
centration-response relationship (i.e., potency), respectively. C, was calculated
with a conventional two-compartment model with a zero-order infusion as fol-
lows (11):

with ¢ = 90,
Com L explakgny + BTl a 3)
¢ Vicky P < ko= a—p xp “
— exp(—k, -t)] + ko  Hw-e [ex (—B-1)
P ko—B a-B P

— (exp(—ke* t):l }

with ¢ > 90,
1 (ky — o) [exp(=900) — 1] ky
C, = Via (o« B) m {exp[—tx-(t—90):|—exp|:—kd)-(t—90):|}
1-(B —ky) - [exp(=90B) — 1] ky
: V,~B~C<Tf B)B ko B {e’(p[fﬁ'“*%)] 76Xp[7k"°'”790)]}
+ Co00) * €XP |: —ke (t = 90)] (4)

In these equations, k., 1, and C, ), indicate the rate constant for elimination
from the effect compartment, the rate of infusion of the drug, and the C, at the
end of the infusion (90 min), respectively.

Pharmacodynamic parameters, E .., ECs, k.o, and K, were derived by simul-
taneous fitting of the ECG effects (E) at all infusion rates to equation 1 or 2 and
equation 3 or 4 with naive averaging of data using nonlinear least-squares
regression analysis (29).

Pharmacokinetic and pharmacodynamic data for EM. All the pharmacoki-
netic and pharmacodynamic data for EM used for comparison in this study are
from our previous study (9), which was conducted with the same experimental
methods and the same model analysis.

RESULTS

Effects of macrolides on rat ECG. All the macrolides inves-
tigated induced Q-T interval prolongation in an infusion rate-
dependent manner after the onset of infusion. Figure 1 shows
a typical change in ECG shapes induced by CAM at an infu-
sion rate of 21.6 mg/kg/h. The time courses of Q-T interval
prolongation during and after the constant intravenous infu-
sion of each drug are presented in Fig. 2. Macrolide-induced
Q-T interval prolongation resumed after the cessation of infu-
sion but with a lag time. The saturated nature of Q-T interval

prolongation relative to the infusion rate was shown for CAM,
while RXM and AZM did not show such a characteristic under
the current experimental conditions. No macrolide affected the
P-R interval or the QRS interval (data not shown).

Pharmacokinetics of macrolides. Figure 3 represents the
time courses of plasma drug concentrations during and after
the infusion of drugs. The two-compartment open model could
successfully explain the pharmacokinetics of CAM, RXM, and
AZM, and nonlinear kinetics were not observed for any mac-
rolide examined. Table 1 shows the pharmacokinetic parame-
ters of each macrolide.

Pharmacokinetic-pharmacodynamic analysis of Q-T inter-
val prolongation induced by macrolides. The effect compart-
ment model introduced by Sheiner et al. (24) was applied to
explain the counterclockwise hysteresis observed between
plasma drug concentrations and Q-T interval prolongation
(Fig. 4). For CAM, the E,,, model described by equation 1
was applied to relate the drug concentration to the extent of
Q-T interval prolongation, since saturation of the Q-T interval
prolongation was observed. On the other hand, the linear
model described by equation 2 was applied for RXM and
AZM. Incorporating the time profiles of the drug concentra-
tions estimated from the pharmacokinetic parameters (Table
1) as input functions, the time courses of Q-T interval prolon-
gation at all the infusion rates were simultaneously fitted to
equation 1 or 2 and to equation 3 or 4 to estimate the phar-
macodynamic parameters. Figure 5 shows the relationship be-
tween the drug concentrations in the effect compartment and
the extent of Q-T interval prolongation, together with the
relationship for EM previously reported by us (9).

DISCUSSION

Among macrolide antibiotics, EM, CAM, and spiramycin
have been reported to induce Q-T interval prolongation (14,
15, 17, 23, 25). Moreover, EM was found to prolong the action
potential duration in an electrophysiological study with an iso-
lated guinea pig heart preparation (5). On the other hand,
neither RXM nor AZM has been reported to be arrhythmo-
genic or implicated as having electrocardiographic activity. To
make safer choices of macrolide antibiotics for patients with
cardiac risk factors, the differences in the arrhythmogenic po-
tencies of the drugs should be carefully taken into consider-
ation. This study is the first to quantitatively compare the
arrhythmogenic risks of macrolide antibiotics under the same
conditions.

To relate the extent of Q-T interval prolongation to the drug
concentration, the E, .. model successfully explained the rela-
tionship for CAM as well as for EM (9). On the contrary, a
linear model was used for RXM and AZM, since saturation of
the Q-T interval prolongation was not observed with these
agents. A plausible explanation for this finding is that these
agents have a weak potency for Q-T interval prolongation at
the concentration ranges used in this study. Although a con-
centration far exceeding the clinical range might provide a
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FIG. 4. Relationships between drug concentrations in plasma and changes in Q-T interval (n = 5 or 6) for CAM (A), RXM (B), AZM (C), and EM (9) (D). Each
arrow indicates the ECG recording time. Data are reported as mean and standard error of the mean. Symbols are the same as for Fig. 2 and 3.

saturable relationship for RXM and AZM, higher infusion
rates were experimentally nonfeasible due to the limited solu-
bility of these drugs, since the rate of infusion of each drug was
determined not by the flow rate of the solution but by the
concentration of the drug. As the pharmacokinetics of all the
agents showed linear properties with the current infusion rates
(Fig. 3), the pharmacokinetic parameters based on the two-
compartment model (Table 1) should be suitable as input
functions for subsequent pharmacodynamic analyses.

The arrhythmogenic potency of a drug could be defined as
the steepness of the concentration-response relationship, i.e.,
K in the linear model and E,,,/ECs, in the E, ,, model, de-
scribed by equations 2 and 1, respectively. The calculated po-
tencies for Q-T interval prolongation were 6.09, 0.536, and
0.989 msec - ml/pg for CAM, RXM, and AZM, respectively
(Table 2). In comparison with the potency of EM (63.5 msec -
ml/pg), which we previously reported using the same experi-
mental conditions (9), the extent of arrhythmogenicity of the
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3

four macrolides in rats was ranked as EM > CAM > AZM >
RXM (Table 2).

However, the clinical levels achieved in humans after the
administration of regular doses must be considered. The ther-
apeutic area under the curve, instead of the therapeutic plasma

2 are superimposed. (A) CAM. (B) RXM. (C) AZM. (D) EM. (9). Data are reported as mean and standard error of the mean. Symbols are the same as for Fig. 2 and

drug concentration, should be used as an index of the antimi-
crobial efficacy of macrolides. On the other hand, Q-T interval
prolongation was indicated to be concentration dependent. We
used the clinical plasma drug concentrations, which were at-
tained after ordinary oral doses, instead of the therapeutic area
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TABLE 2. Pharmacodynamic parameters for CAM, RXM, and
AZM, along with those for EM previously reported by us (9)

E o EC. ” KorE,,,/EC:
Drug (rsee) (ngiml) (min 1) (ms - milug)
CAM 457+ 1.8 7.51 =0.53 0.244 *= 0.022 6.09
RXM 0.220 = 0.045 0.536 = 0.012
AZM 0.0644 = 0.0095 0.989 = 0.034
EM 36.9 2.0 0.581 = 0.089 0.158 = 0.023 63.5

“ Values are reported as estimates and standard deviations.

under the curve. We applied these clinical concentrations to
the pharmacodynamic model described by equation 1 or 2 to
derive the estimated ranges for Q-T interval prolongation
shown in Fig. 6. As the clinical concentrations of EM, CAM,
RXM, and AZM in plasma were reported to be 0.2 to 2.0 (9),
0.2t03.0,2.0to 7.5, and 0.04 to 0.4 ng/ml, the estimated ranges
for Q-T interval prolongation were 9.4 to 29.9, 1.2 to 13.0, 1.1
to 3.8, and 0.04 to 0.4 ms, respectively. These results suggested
that the arrhythmogenic risk of the four macrolides should be
ranked as EM > CAM > RXM > AZM.

The above rank order is consistent with previous findings.
Honig et al. reported that after oral administration of a regular
dose of macrolides to healthy volunteers, EM evoked 15 ms of
Q-T interval prolongation on average, while CAM and AZM
did not elicit obvious Q-T interval prolongation (13). Other
studies reported the maximum effect of CAM for corrected
Q-T interval prolongation in healthy volunteers as being 7 to
11 ms (4, 28). Clinical cases of TdP have been much more
frequently associated with the use of EM and reached 49 cases
in the MedWatch database of the Food and Drug Administra-
tion (6), while only a few such cases have been reported for
CAM and no cases have been reported for RXM or AZM, to
the best of our knowledge. Thus, our findings are also consis-
tent with the difference in the incidence of TdP, although
relative use of each macrolide may also affect the above dif-
ference in arrhythmogenicity.

The effect compartment was assumed to relate Q-T interval
prolongation to plasma drug concentration because of the ex-
istence of a lag time, i.e., counterclockwise hysteresis, between
the effect and the plasma drug concentration (Fig. 4). A pos-
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o
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FIG. 6. Estimated ranges for Q-T interval prolongation evoked in rats by
macrolides at clinical plasma drug concentration ranges.
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sible explanation for this hysteresis is the delayed distribution
into the effect site. Drug-induced Q-T interval prolongation is
generally attributed to the inhibition of potassium channels on
ventricular myocytes (31). Assuming that macrolide-induced
Q-T interval prolongation is attributed to the inhibition of the
potassium channels from the cytosolic side of the membrane,
the rate-limiting permeability of the drugs may cause the de-
layed distribution. This assumption appears feasible, because it
has been suggested that the immunosuppressants FK506 and
rapamycin induce Q-T interval prolongation through FK506
binding protein-mediated potassium current inhibition (27).

Another explanation for the hysteresis is the generation of
metabolites possessing Q-T interval-prolonging activity. Al-
though several metabolites for macrolides, some of which are
common to rats and humans, have been reported (21, 30),
there are possibly several interspecies differences in the for-
mation of metabolites. However, these metabolites are not
detectable by electrochemical detection. In any case, unfortu-
nately, we were unable to obtain them and could not conduct
any investigation for metabolites. However, unchanged EM
was reported to prolong action potential duration in vitro (1,
5). Moreover, we also found that the inhibitory action of un-
changed EM on cardiac potassium current in isolated rat ven-
tricular myocytes became stable 5 min after the onset of per-
fusion (unpublished observations). Taken together, these data
indicate that the generation of metabolites may be less likely to
have provided a significant contribution to the observed hys-
teresis.

We developed a rat model in which arrhythmogenicities of
drugs can be successfully analyzed (18), since clinical studies of
life-threatening adverse reactions, such as arrhythmia, may not
be ethically feasible with humans. Potassium channels are be-
lieved to play an important role in the repolarization process of
cardiac myocytes, and several differences between rats and
humans have been found (2). However, the significance of the
results of the present study with rats may not be dismissed
because the pharmacokinetic-pharmacodynamic evaluations of
Q-T interval prolongation based on rat ECG data have been in
good accordance with the clinical findings for humans (9, 18,
20); however, the results should be carefully interpreted since
there may be differences between rats and humans. Therefore,
the present findings provide clinically significant information
for making safer choices of macrolide antibiotics with regard to
cardiographic adverse effects.

In conclusion, the clinical arrhythmogenic risks of the four
macrolides examined were ranked as EM > CAM > RXM >
AZM. This ranking was determined on the basis of Q-T inter-
val prolongation from the pharmacokinetic and pharmacody-
namic points of view, since the Q-T interval is widely agreed to
be a valuable index of arrhythmogenicity in clinical settings

(16).
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