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Clarithromycin decreases CYP3A4 activity and thus gradually inhibits its own metabolism as well as that of
coadministered drugs. The aim of this study was to obtain an understanding of the time course of these
changes. The plasma concentration-time profiles of clarithromycin and its active metabolite, 14(R)-hydroxy-
clarithromycin, in 12 young healthy volunteers after oral administration of a clarithromycin suspension (500
mg twice a day [b.i.d.] for seven doses) were modeled by population pharmacokinetic analysis in the
NONMEM program. The nonlinearity of clarithromycin metabolism was considered during model develop-
ment, and the metabolite disposition kinetics were assumed to be linear. The absorption kinetics of clarithro-
mycin were best described by a Weibull function model. The pharmacokinetics of clarithromycin and its
14(R)-hydroxyl metabolite were adequately described by a one-compartment model each for clarithromycin and
its metabolite as well as an inhibition compartment that reflects the autoinhibition of clarithromycin metab-
olism. Up to 90% of the apparent total clarithromycin clearance (60 liters/h) was susceptible to reversible
autoinhibition, depending on the concentration in the inhibition compartment. The proposed semimechanistic
population pharmacokinetic model successfully described the autoinhibition of clarithromycin metabolism and
may be used to adjust the doses of other drugs that are metabolized by CYP3A4 and that are coadministered
with clarithromycin. Simulations showed that for the standard dose of 500 mg b.i.d., no further increase in the
level of exposure occurs after approximately 48 h of treatment. For a 1,000-mg b.i.d. dose, the achievement of
steady state is expected to take several days and to achieve a 3.6-fold higher level of clarithromycin exposure
than the 500-mg b.i.d. dose. This evaluation provides a rationale for safer and more effective therapy with
clarithromycin.

Clarithromycin is a broad-spectrum macrolide antibiotic and
is widely used for the treatment of upper and lower respiratory
tract and other infections (11, 19, 30). Clarithromycin interacts
with many drugs on the level of CYP3A intestinal and hepatic
metabolizing enzymes (15, 29). This may change the efficacy
and tolerability of other CYP3A substrates that are coadmin-
istered with clarithromycin.

Clarithromycin is rapidly and nearly complete absorbed from
the gastrointestinal tract (17). Due to notable first-pass metabo-
lism, approximately 50% to 55% of an oral dose is bioavailable as
clarithromycin in the systemic circulation (6, 13, 15). The free
fraction of clarithromycin in plasma is about 0.3 in healthy vol-
unteers (7, 33). Clarithromycin is widely distributed throughout
the body and has an apparent volume of distribution that ranges
from 126 to 306 liters (5, 29, 33). Approximately 22% of an oral
dose is recovered as the parent compound, with 18% being re-
covered in the urine and 4% being recovered in the feces (10).

The elimination half-life of clarithromycin is dose and time de-
pendent and ranges from 2.7 to 4.8 h (5, 8, 12, 33). In healthy
subjects, the average total body clearance ranges from 29 to 58
liters/h and the average renal clearance ranges from 6.7 to 12.8
liters/h, depending on the amount and the number of doses ad-
ministered (5, 29). After the administration of single and multiple
(seven) doses of 500-mg clarithromycin tablets, the apparent total
body clearance of clarithromycin (CLp) was reported to decrease
from 42.1 to 18.7 liters/h (5, 33). As the renal clearance does not
change under these conditions, the nonlinearity is attributed to
nonrenal elimination mediated by cytochrome P450 metabolism
(5). Clarithromycin is extensively metabolized into at least eight
metabolites via three metabolic pathways; i.e., hydroxylation at
the 14 position, N-demethylation, and hydrolysis of the cladinose
sugar. Secondary biotransformation was also evident (10, 12, 35).

Clarithromycin hydroxylation at position 14 is stereospecific,
yielding the 14-hydroxy-(R)-epimer as the main metabolite,
which accounts for 20% of the metabolites from the parent
drug (10, 12, 19). Indeed, this metabolite contributes signifi-
cantly to the overall antimicrobial effect of clarithromycin (20,
35). The formation of this main metabolite is predominantly
mediated by CYP3A4 (2, 28, 31, 35) and was suggested to be
capacity limited, which may in part account for the nonlinearity
of clarithromycin pharmacokinetics that has been observed (5).

Clarithromycin is also a potent inhibitor of intestinal and
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hepatic CYP3A4 activity (15) in a dose-dependent manner
(34). It has been classified as a mechanism-based inhibitor
(36). Clarithromycin inhibits the activity (15, 26) but not the
level of expression (26) of intestinal wall CYP3A. On the basis
of in vitro models, clarithromycin was predicted to cause a
reduction in the steady-state concentration of liver CYP3A4 to
approximately 39% of the initial level (21). The mechanism of
this autoinhibition was reported to be reversible (16, 26), irre-
versible (2, 15, 25), and mediated by suicide inhibition by the
formation of a metabolic intermediate complex (21).

For clarithromycin, the ratio of the area under the free
plasma concentration-time curve (fAUC) to the MIC is con-
sidered to be the most predictive pharmacokinetic-pharmaco-
dynamic index (9, 32) and is used to link the pharmacokinetic
parameters to the most important antimicrobial pharmacody-
namic parameter, i.e., the MIC. On the basis of the findings
with animal models of infection, a derived target value of the
ratio of the fAUC from 0 to 24 h (fAUC0–24) for plasma/MIC
was assumed to be 35 for clarithromycin (9, 32). Actually, the
clarithromycin dosage regimen for adults of 500 mg twice daily
(b.i.d.) achieves an average fAUC0–24 of about 5.85 � 1.79
mg � h/liter in plasma (33), which may provide sufficient effi-
cacy, as long as the MIC does not exceed 0.25 to 1.0 �g/ml (29).
However, this dosing regimen may be ineffective for the treat-
ment of infections caused by pathogens for which the MIC of
the drug is greater than 1 �g/ml in plasma or greater than 0.125
�g/ml in tissues, where the fAUC is lower, suggesting the need
for the administration of a higher dose (22, 33). Because of the
nonlinear kinetics, it is difficult to predict the changes in fAUC
achieved by the use of higher doses.

The aim of this study was to quantitatively describe the non-
linearity in the pharmacokinetics of clarithromycin in the pres-
ence of its active metabolite, 14(R)-hydroxy-clarithromycin, and
to better understand the time course of inhibition by population
pharmacokinetic modeling. These data are important for obtain-
ing a better understanding of the underlying processes and as-
sessing the dose adjustments that may be needed for clarithro-
mycin and coadministered CYP3A4 substrates.

MATERIALS AND METHODS

Subjects and treatments. A total of 12 healthy Caucasian volunteers (7 men,
5 women) were enrolled in a single-center, open, randomized steady-state clin-
ical study which had been approved by the Ethics Committee of the Ministry of
Health Clinic Hospital of the Republic of Moldavia, Chisinau, Republic of
Moldavia. The study was conducted according to the revised version of the
Declaration of Helsinki. All participants gave their written informed consent.
The volunteers were nonsmokers or former smokers between the ages of 19 and
41 years (mean � standard deviation, 28 � 8 years), their weights ranged from
45.1 to 86.1 kg (mean � standard deviation, 66.5 � 11.8 kg), and their body
heights ranged from 150.0 to 186.0 cm (mean � standard deviation, 168.4 � 9.7 cm).

The participants were judged to be healthy on the basis of their medical
histories; vital signs; the findings of a complete physical examination, neurolog-
ical assessment, and 12-lead electrocardiography; and the results of clinical
chemistry, hematologic, urine, and virological tests.

Each subject took an oral dose of 500 mg clarithromycin every 12 h for four
consecutive days (a total of seven doses; each dose was 500 mg per 10 ml of
clarithromycin suspension equivalent to 500 mg clarithromycin [Klacid; Abbott
B.V., Hoofddorp, The Netherlands]). Subjects took the drug in the fasting state
with 240 ml low-carbonation calcium-poor mineral water. After each study drug
administration, the subjects lay in bed for at least 3 h. The consumption of
alcohol was prohibited starting at 2 days predosing, the consumption of bever-
ages or foods containing methylxanthines was prohibited starting at 2 days
predosing, and the consumption of grapefruit products was prohibited starting at
7 days predosing. No food was allowed from approximately 8 h before until

approximately 4 h after each morning dosing and from approximately 2.5 h
before until approximately 3 h after each evening dosing. Identical food was
given on all study days. No fatty food was given during the entire study. No fluid
intake from 1 h before until 2 h after dosing (with the exception of the fluid for
study drug administration) was allowed. Thereafter, 120 ml of low-carbonation
calcium-poor mineral water (room temperature) was given every hour until 11 h
after the morning administration. No extensive fluid intakes (�120 ml/h) were
allowed during the nights.

Sampling and assay. Blood samples were collected for the quantification of
clarithromycin and its 14(R)-hydroxyl metabolite immediately before adminis-
tration and 0.33, 0.67, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 8, and 12 h after the
administration of the first, third, and seventh doses. Additionally, one sample
each was taken immediately prior to the administration of the fifth and the sixth
doses. Plasma samples were analyzed by a validated liquid chromatography-
tandem mass spectrometry assay.

Briefly, plasma samples (0.1 ml) were precipitated by addition of 200 �l of
acetonitrile containing the internal standard. After the samples were thoroughly
mixed, the samples were centrifuged at 3,280 � g for 5 min at approximately
�4°C and the supernatant was diluted (1:1) with buffer. Fifteen microliters of
each sample was chromatographed on a reversed-phase column (Waters Sym-
metry C8 column), eluted with an isocratic solvent system consisting of ammo-
nium acetate buffer and acetonitrile (65/35, vol/vol, pH 4), and monitored by
liquid chromatography-tandem mass spectrometry by a selected reaction moni-
toring method, as follows: precursor 3 product ion m/z 749 3 m/z 158 for
clarithromycin, m/z 765 3 m/z 158 for 14(R)-hydroxy-clarithromycin, and m/z
838 3 m/z 679 for the internal standard. All analyses were performed in the
positive mode. Under these conditions, clarithromycin, 14(R)-hydroxy-clarithro-
mycin, and the internal standard were eluted after approximately 1.8, 0.8, and 2.0
min, respectively. MacQuan software (version 1.6, 1991 to 1998; PE Sciex,
Thornhill, Ontario, Canada) was used for evaluation of the chromatograms.

The results for the plasma samples were measured by comparison with the
results for plasma in a calibration row prepared by adding defined amounts of the
standard solution to drug-free human plasma. Spiked quality controls were
prepared for determination of interassay variation by the addition of defined
amounts of the stock solution or the control spiked with a higher concentration
to defined amounts of test drug-free human plasma. No interference was ob-
served in plasma for clarithromycin, 14(R)-hydroxy-clarithromycin, or the inter-
nal standard. Weighted linear regression (1/concentration2) was performed for
calibration. The linearity of the calibration curve in human plasma could be
shown between 0.00992 �g/ml and 3.98 �g/ml for clarithromycin and between
0.0101 and 4.04 �g/ml for 14(R)-hydroxy-clarithromycin. The lower limits of
quantification were identical to the lowest calibration levels.

The interday precision and the analytical recovery of the spiked quality control
standards of clarithromycin in human plasma ranged from 3.0 to 4.4% and were
99.9% for 3.07 �g/ml, 100.4% for 1.02 �g/ml, 100.3% for 0.0941 �g/ml, and
100.9% for 0.0267 �g/ml. The interday precision and the analytical recovery of
the spiked quality control standards of 14(R)-hydroxy-clarithromycin in human
plasma ranged from 6.3 to 6.8% and were 100.1% for 3.04 �g/ml, 97.2% for 1.01
�g/ml, 95.5% for 0.0930 �g/ml, and 96.8% for 0.0264 �g/ml.

Population pharmacokinetic analysis. (i) Model development. A total of 624
samples with clarithromycin and 624 samples with its 14-(R)-hydroxyl metabolite
from 12 subjects were comodeled by using the nonlinear mixed-effects approach
implemented in the NONMEM program (version V, level 1.1; NONMEM
Project Group, University of California at San Francisco, 1998). First-order
conditional estimation with the interaction estimation option was used. The
model was specified as a set of differential equations by use of the ADVAN6
subroutine and was parameterized by use of the clearance and volume of distri-
bution parameters.

A one-compartment open model with first-order absorption with or without a
lag time was tested to describe the clarithromycin plasma concentration profiles
after the first dose with first-order elimination. A compartment for the hydroxyl
metabolite was included. The absorption behavior could not be described prop-
erly by first-order absorption; therefore, a single-phase Weibull function (WB)
was tested. This function was coded as WB � 1 � exp[�(kw � Tw)�], where kw is
the absorption rate constant, Tw is the time after the administration of the
previous dose, and � is the shape parameter (24). This model appropriately
described the absorption phase, and the use of more complicated input models
was not successful.

The process of distribution of the parent and its metabolite was assumed to
follow linear pharmacokinetics. This model was selected as a base structural
model. CLp was modeled by the use of linear and/or nonlinear kinetics, including
the use of a Michaelis-Menten model. Elimination of the metabolite was as-
sumed to follow linear pharmacokinetics.
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Individual body weights were related to a standard weight, i.e., 70 kg, and used as
the covariate for the apparent volume of distribution and total clearance parameters
of clarithromycin and its metabolite as CLi � C� L� � (BW/70 kg)0.75 and Vi �
V� � (BW/70 kg), respectively, where CLi and Vi stand for the individual apparent
total clearance and the volume of distribution, respectively; BW is the individual
body weight (expressed in kg); and C� L� and V� represent the mean clearance and the
mean volume of distribution, respectively, for typical subjects weighing 70 kg (1).

(ii) Statistical model. An exponential-variability model was included to de-
scribe between-subject variability for all pharmacokinetic parameters, and step-
wise cumulative inclusion of the respective error terms was used. The model was
	j � 	p � exp(
	j), where 	j is the estimate for a pharmacokinetic parameter in the
jth individual, 	p is the population mean of the pharmacokinetic parameter, and

	j represents the random deviation of a random variable with zero mean and

variance �2 that distinguishes the jth individual pharmacokinetic parameter from
the population mean.

Two separate residual variability terms, one for clarithromycin and the second
for its hydroxyl metabolite, were modeled by using proportional and/or additive
error models.

(iii) Model selection. A visual inspection of individual curve fits, NONMEM’s
objective function, and standard diagnostic plots were used to determine the
best model. Additionally, the precisions of the pharmacokinetic parameter
estimates and the variability estimates were considered during model devel-
opment. The predictive performance was evaluated by the use of visual
predictive checks to assess whether a model adequately described the central
tendency and variability of the observations. The medians and the 5th and
95th percentiles of the concentration-time curves were calculated by the use

FIG. 1. Geometric mean plasma concentration-time profile of clarithromycin after administration of the first dose: Weibull versus first-order
absorption by use of the linear elimination pathway.

FIG. 2. Outline and differential equations for the first model. WB, Weibull absorption function from the gastrointestinal tract; Aabs, amount
of drug in the absorption compartment; t, time; kw, absorption rate constant; Tw, time after administration of the previous dose; �, shape parameter
of the Weibull function; Vp and Vmet, apparent volumes of distribution of clarithromycin and its hydroxy metabolite, respectively; Cp and Cmet,
plasma concentrations of clarithromycin and its hydroxy metabolite, respectively; ki, transfer rate constant between parent and inhibition
compartments. CLp is inhibited on the basis of Cinhibt, and IC50 is the concentration in the inhibition compartment yielding 50% of maximum
inhibition of clearance of clarithromycin. INH, overall inhibition parameter; FCLp, fraction of the clearance not subject to inhibition; Cinhibt,
concentration of clarithromycin effective in the inhibition compartment; CLmet, apparent total clearance of 14(R)-hydroxy-clarithromycin.
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of validated Perl scripts (Active Perl, version 5.10.0; ActiveState, Vancouver,
British Columbia, Canada) (4).

(iv) Simulation. On the basis of the final parameter estimates of the selected
population model, simulations were performed with the NONMEM (version V)
program to predict the concentration profiles for multiple doses of 250, 500, 750,
or 1,000 mg b.i.d. The simulation was done for periods of time sufficient to
achieve theoretical steady state. For these doses, fAUC0–24, the fAUC0–24/MIC
ratio, and the probability of attainment of the pharmacodynamic target of an
fAUC0–24/MIC ratio of �35 (9, 32) across various MICs were calculated at
steady state and by assuming no significant change in the level of protein binding
(23, 33).

RESULTS

The absorption profiles of clarithromycin were best de-
scribed by a Weibull absorption model that resulted in a
marked improvement in the objective function value (OFV;
change in OFV [�OFV], �86) compared with that achieved
with the first-order absorption model. A plot of the mean
plasma concentrations of clarithromycin versus time after ad-
ministration of the first dose is shown in Fig. 1. Figure 1 shows
how the Weibull model best described the absorption phase in
comparison with how a standard first-order absorption model
described the absorption phase.

On the basis of the administration of multiple doses of 500
mg, CLp was found to decrease with time in a nonlinear fash-
ion, as shown by noncompartmental methods (3). As expected,
a linear two-compartment model could not describe this non-
linearity. Addition of a nonlinear elimination pathway with
Michaelis-Menten kinetics considerably improved the model
fit (�OFV, �252); however, the overall nonlinearity was still
not properly explained, as this model was not able to capture
the maximum plasma clarithromycin concentrations. Finally,
the inhibitory effect of clarithromycin on its CLp was modeled
mechanistically by addition of a hypothetical inhibition com-
partment. The concentration of the parent drug was used to
derive the extent of (reversible) inhibition in this compart-
ment. Here, CLp was split into two components. The first
component was inhibited by the hypothetical clarithromycin
concentration in the inhibition compartment (Cinhibt), whereas
the second component was not affected by Cinhibt. The fraction
of CLp that was not inhibited by Cinhibt was described as the
fraction of the clearance not subject to inhibition, and its es-
timate was allowed to range from zero (i.e., 100% inhibition of
clearance) to unity (i.e., no inhibition of clearance) (27). A
transfer rate constant between the parent and the inhibition
compartments (ki), in addition to the concentration in this
compartment that yielded 50% inhibition of CLp, was included
to explain the inhibition of clearance over time. This model is
outlined in Fig. 2. Inclusion of the inhibition compartment side
by side with the drug model adequately described the nonlin-
ear time-dependent autoinhibition pharmacokinetics of cla-
rithromycin. This model led to a significant improvement in the
objective function compared to that achieved with the Michae-
lis-Menten elimination model (�OFV, �752).

In the final model and for the available data, four between-
subject variability terms were identified. In addition, residual
additive error models resulted in the best model convergence
compared with that achieved with the proportional and the
combined-error models. The pharmacokinetic parameter esti-
mates of the final model are shown in Table 1. Standard good-
ness-of-fit plots of the final model of clarithromycin and its

14-(R)-hydroxy metabolite are given in Fig. 3. These plots
suggest that the autoinhibition model selected adequately de-
scribed the plasma concentration-time profiles of both cla-
rithromycin and its 14-(R)-hydroxy metabolite simultaneously.

The visual predictive check of clarithromycin and its metab-
olite indicated that the final model could predict the observa-
tions, including the maximum concentrations in plasma (Fig.
4). The simulated 90% prediction interval closely reflected the
observed plasma concentrations of clarithromycin and 14-(R)-
hydroxy-clarithromycin.

The concentrations of clarithromycin in the theoretical in-
hibition compartment as well as the extent of inhibition over
time are shown in Fig. 5. The plot suggests that inhibition
started rapidly and that the 500-mg b.i.d. dose inhibited en-
zyme activity by approximately 50% to 70% of the initial values
during steady state.

On the basis of the pharmacokinetic parameter estimates
of the final model, the simulated medians for four dose
levels, i.e., 250, 500, 750, and 1,000 mg b.i.d. (Fig. 6), sug-
gested that the extent of autoinhibition and the emerging
changes in pharmacokinetics with time were much more

TABLE 1. Estimates of population pharmacokinetic parameters of
clarithromycin and 14(R)-hydroxy-clarithromycin

Parameter (abbreviation, units) Point
estimate

95%
confidence

interval

% Relative
standard
error of

estimated
variance

Weibull absorption rate constant
(kw, h�1)

0.56 0.42–0.69

Weibull shape parameter (�) 2.23 1.67–2.77
Apparent vol of distribution of

clarithromycin (Vp, liters)
172 145–198

Apparent total clearance of
clarithromycin (CLp, liters/h)

60 40–80

Noninhibited fraction of
clarithromycin clearance
(FCLp)

0.10 0.02–0.17

Transfer rate constant into and
from inhibition compartment
(ki, h�1)

2.01 0.09–3.93

Concn in inhibition compartment
yielding 50% inhibition
of maximum clearance
(IC50, �g/ml)

0.77 0.23–1.28

Apparent total clearance
of 14-OH-clarithromycin
(CLmet, liters/h)

50.2 42.3–58.1

Apparent vol of distribution
of 14-OH-clarithromycin
(Vmet, liters)

34 12–56

Between-subject variability
(%) in:

kw 45.3 7.93
Vp 25.3 2.83
CLp 17.4 1.15
CLmet 27.9 2.11

Residual variability
Additive error of clarithromycin

(�g/ml)
0.12 2.40

Additive error of 14-OH-
clarithromycin (�g/ml)

0.01 0.18
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FIG. 3. Goodness-of-fit plots for the final model. Unity and zero lines for clarithromycin and for its hydroxyl metabolite are shown in the left
and right panels, respectively.
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pronounced for the higher doses. For the 500-mg b.i.d. stan-
dard dose, no further increase in the level of exposure oc-
curred after the second day of treatment, because it is ex-
pected to take several days for a 1,000-mg b.i.d. dose to
reach steady state. The AUCs at steady state for the
1,000-mg b.i.d. dose would exceed those for the 500-mg
b.i.d. dose by 3.6-fold (Table 2). For the parent drug at
steady state, the probabilities that the target concentrations
for pathogens for which the MIC is 0.5 mg/liter would be
achieved are 0%, 43%, 94%, and 100% for the 250-, 500-,
750-, and 1,000-mg doses, respectively (Table 2 and Fig. 7).

DISCUSSION

This study proposes a population pharmacokinetic model in
which the nonlinearity in the clarithromycin pharmacokinetic

profile was quantitatively described in terms of an inhibitable
fraction of the total clearance. This was modeled by addition of
an inhibition compartment to the model, in which the change
in CLp over time in the drug compartment is dependent on the
concentration in the inhibition compartment. This study sup-
ports the idea of explaining the autoinhibition effect of a drug
on its metabolizing enzyme by inclusion of the inhibition com-
partment side by side with the drug compartment. This model
was successively used to describe the inhibitory effect of lin-
ezolid on its own metabolizing enzyme and the nonlinear in-
crease in the extent of bioavailability, which leads to the ap-
pearance of side effects with time (27). The new features of our
model were the incorporation of a Weibull function input, the
allometric scaling approach for the covariate body weight on
clearance and the volume of distribution, the ability to describe
parent and metabolite plasma concentration profiles, as well as

FIG. 4. Visual predictive check of the final model for original plasma clarithromycin concentrations and hydroxy-clarithromycin after the
administration of multiple doses.

VOL. 53, 2009 AUTOINHIBITION OF CLARITHROMYCIN METABOLISM 2897



the autoinhibition process of elimination of the parent com-
pound over time.

A single Weibull function successfully described the cla-
rithromycin absorption process. The adequacy of the Weibull
function emerges in its ability to reflect the change in the
absorption process from linearity with time, probably as a
consequence of intestinal CYP inactivation. Thus, an adequate
empirical description of the absorption phase greatly contrib-
uted to the successful modeling of nonlinear elimination.

In the final model, the distribution of clarithromycin
throughout the body was assumed to follow linear kinetics and
a one-compartment model was sufficient. This is in accordance
with the findings of a previous study (5) and with data on
pharmacokinetics in tissue obtained by microdialysis that
showed that the elimination process rather than the distribu-
tion process governs the concentration-versus-time profiles
(33). Clarithromycin was estimated to enter the inhibition

compartment rapidly and had an average half-life of approxi-
mately 0.35 h (Table 1). A component of CLp was subjected to
inhibition by its concentration in the inhibition compartment.
The inhibitable component expresses the function of the activ-
ity of clarithromycin-metabolizing enzymes, mainly CYP3A4,
which is assumed to be inhibited with time by clarithromycin
itself. This inhibition was quantified by incorporating an inhi-
bition compartment into the drug model. The fraction of cla-
rithromycin clearance that was inhibited over time was a func-
tion of the clarithromycin concentration in this compartment.
As shown by the individual prediction-versus-observation plot
for clarithromycin (Fig. 3), the observed peak concentrations
were slightly higher than the fitted concentrations. This might
have been caused by the presence of a second disposition
compartment. Attempts to estimate a model with two disposi-
tion compartments for clarithromycin, however, were unsuc-
cessful.

FIG. 5. Simulated clarithromycin concentration in the inhibition compartment (A) for the 500-mg b.i.d. dose and its autoinhibition effect with
time (B). The value of the overall inhibition parameter is 100% if there is no inhibition, whereas maximal potential inhibition at high clarithromycin
concentrations in the effect compartment would yield a value of 10% and would represent the noninhibitable fraction of CLp.
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The active metabolite of clarithromycin, 14-(R)-hydroxy-cla-
rithromycin, may be formed in part in the enterocytes as a
result of first-pass metabolism. This process could not be mod-
eled separately here because the metabolite was not adminis-
tered separately and data for clarithromycin after intravenous
administration were not available for this study. Thus, the final
model assumption was that all clarithromycin molecules are
converted to the metabolite. The modeling of additional elim-
ination pathways was not possible because the metabolite for-
mation fraction was not known and the metabolite was not
administered intravenously. This assumption should not affect
the quality of the model fits or the predictive performance of
the model. The modeling of the elimination process for the
hydroxyl metabolite with a saturable kinetic model did not

improve the model fit; however, circumstantial evidence for
nonlinearity has been reported (5, 12), as this metabolite un-
dergoes further biotransformation (12, 35).

For the final model, the apparent volume of distribution of
clarithromycin was 172 liters (95% confidence interval, 145 to
198), which is in agreement with the previously reported range
of 126 to 306 liters (5, 33). The CLp was 60 liters/h, and it could
be inhibited to 10% of its original value (Table 1). This point
estimate of clearance after oral administration is the basic
clearance value and decreases over time with the subsequent
doses until steady state is achieved. Hence, it should not be
compared directly with the previously reported range for ap-
parent total clearances at steady state of 19 to 105 liters/h
obtained with similar regimens (5, 15, 33). This decrease in the

FIG. 6. Simulated median plasma concentrations of clarithromycin after the administration of 12 doses of clarithromycin b.i.d. at 250, 500, 750,
and 1,000 mg.

TABLE 2. Simulation of main pharmacokinetic-pharmacodynamic parameters of clarithromycin and 14-(R)-hydroxy-clarithomycin after
administration of multiple ascending doses by use of population model estimatesa

Compound Dose (mg) fAUCinitial, 0–24
(�g � h/ml)

fAUCss, 24
(�g � h/ml)

Probability (%) of target attainment (%) at steady
state at MIC (mg/liter) ofb:

0.03 0.06 0.125 0.25 0.5 1 2 4

Clarithromycin 250 4.64 (1.06–9.20)c 5.1 (1.19–10.18) 100 99 56 3 0 0 0 0
500 11.11 (5.10–20.0) 15.10 (6.9–31.9) 100 100 100 91 43 3 0 0
750 19.74 (10.9–34.7) 33.4 (17.4–62) 100 100 100 100 92 49 2 0

1,000 28.71 (18.2–51.2) 54.3 (30.4–95.0) 100 100 100 100 100 83 24 0

14-OH-Clarithromycin 250 2.83 (1.16–5.07) 3.17 (1.29–5.57) NAd NA NA NA NA NA NA NA
500 5.0 (2.45–8.39) 6.29 (3.29–10.25) NA NA NA NA NA NA NA NA
750 6.81 (3.75–11.14) 9.42 (5.34–15.10) NA NA NA NA NA NA NA NA

1,000 8.29 (4.46–13.63) 12.48 (7.24–19.19) NA NA NA NA NA NA NA NA

a Values were calculated on the basis of oral dosing b.i.d. and represent medians and 90% nonparametric prediction intervals. fAUCinitial, 0–24 and fAUCss, 24, fAUCs
over 24 h on the first day and at steady state at 24 h, respectively. The fAUC was calculated by correcting the total AUC for the free fraction (f), which was 0.3 if a
nonsignificant change in the level of protein binding was assumed (23, 33).

b It is assumed that a fAUC24 at steady state for plasma/MIC ratio target of at least 35 is desirable in humans for pathogen eradication (32).
c Values in parentheses are 90% confidence intervals.
d NA, not applicable.
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CLp reflects the increasing inhibition of the metabolizing en-
zyme, CYP3A, during long-term clarithromycin intake, which
is important for the optimization of dosage regimens when
other CYP3A substrates are coadministered with clarithromy-
cin. However, more complex inhibition models are probably
required if other compounds that modify CYP3A4 activities or
expression are present. Nevertheless, the model may still be
considered, as long as no specific data for these substrates are
available. Furthermore, an approximately 60% decrease in
CYP3A activity was observed at steady state with a dose of 500
mg clarithromycin b.i.d. (Fig. 5B). Therefore, the concentra-
tions of CYP3A substrates coadministered with clarithromycin
may be more than doubled, which may reach clinical relevance
(14). For higher doses, a further pronounced decrease in the
level of CYP3A activity is to be expected (Fig. 6; Table 2).

The application of the fAUC/MIC concept for the current
study assumes that the model adequately describes the phar-
macokinetics of clarithromycin, including its metabolism, and
that clarithromycin mediates the main part of the antimicrobial
activity, while the metabolite makes only a minor contribution.
The appropriateness of the former assumption was confirmed
by the use of visual predictive checks. Given that the AUC of
clarithromycin is approximately three times as high as that for
its metabolite, the latter assumption seems reasonable (18, 20).
The calculated fAUC24 values for plasma at steady state after
the administration of different doses indicated that the usual
adult dose of 500 mg b.i.d. is sufficient to produce effective
antibacterial activity (fAUC/MIC � 35 [33]), as long as the
desired MIC for the pathogen is approximately 0.25 mg/liter or
lower (Table 2), and a probability for target attainment of 91%
(Fig. 7). The model presented here suggests that increasing the
dose twofold from 500 mg b.i.d. to 1,000 mg b.i.d. would in-
crease the level of exposure to clarithromycin at steady state by
almost fourfold, suggesting that infections with pathogens with
MICs of up to 1 mg/liter could successfully be treated. How-
ever, further clinical studies are required to support this con-
clusion.

Because of both the rapid elimination and the rapid ex-

change with tissues, including the inhibition compartment de-
fined here, in subjects without hepatic or renal failure, no
further increase in exposure upon chronic administration of
the standard 500-mg dose is expected after the second day of
treatment (Fig. 6). Accordingly, both the therapeutic action
and inhibitory effects on coadministered drugs should have
reached the maximum on the second day. This provides some
reassurance that no late augmentation of any drug interactions
would occur, although depending on the drug coadministered,
it may take longer than 2 days to subsequently reach its new
steady state. Also, the hope that concentrations may subse-
quently be increased to support the continuation of an unsuc-
cessful antimicrobial therapy beyond a few days of treatment
does not seem to be justified for the 500-mg dose. In contrast,
it may take several days until steady state is reached with the
1,000-mg b.i.d. dose (Fig. 6); thus, changes in the extent of
inhibition and in bacterial susceptibility, e.g., due to the emer-
gence of resistance, need to be taken into account during this
period. The theoretical benefit of a large increase in plasma
concentrations with an increase in the dose to obtain better
clinical outcomes remains to be assessed in clinical trials. Be-
cause it will take some time for the autoinhibition of clearance
to result in notably higher AUCs and clinical success probably
depends on antimicrobial exposure during the first day(s) of
therapy, the clinical benefit of autoinhibition might be less
pronounced than that predicted by the steady-state AUCs. For
the same reasons, it might be reasonable to consider the ad-
ministration of a clarithromycin loading dose.

Thus, the semimechanistic population pharmacokinetic
model developed in the present study has the advantage of the
ability to describe both the concentration-time course of vari-
ous clarithromycin concentrations, the inhibitory action of cla-
rithromycin on CYP3A, and especially, the change in the level
of CLp over time. The model does not incorporate all under-
lying mechanisms, such as clarithromycin first-pass metabolism
and a separate time course for the inhibition of intestinal and
hepatic CYP3A enzymes. However, the model was still useful
for the assessment of a possible dose adjustment, as well as for
the purpose of guiding further pharmacokinetic-pharmacody-
namic considerations and model development activities.

In conclusion, this study identified and quantified a time-
dependent decrease in the level of CLp in a nonlinear fashion,
which was completed on the second day of treatment for the
500-mg b.i.d. dose. The achievement of steady state was pre-
dicted to take several days for a 1,000-mg b.i.d. dose. A semi-
mechanistic population pharmacokinetic model for clarithro-
mycin and its 14-(R)-hydroxy metabolite was developed and
provides an adequate description of the time course of clear-
ance inhibition with the regimen used. The seemingly atypical
absorption process could be the result of saturable or inhibited
first-pass metabolism and may contribute to the overall non-
linear profiles of clarithromycin. The model presented here
serves as a useful tool for prediction of plasma clarithromycin
concentrations and provides a rationale that may be used to
improve its safety with regard to drug-drug interactions and its
efficacy on the basis of pharmacokinetic-pharmacodynamic
considerations. The applicability of the model in the presence
of additional CYP3A ligands (inhibitors or substrates) and the
potential clinical benefit of the pronounced increase in plasma

FIG. 7. Probability of target attainment for free clarithromycin
(i.e., fAUC24/MIC, �35) at steady state for various MICs upon b.i.d.
administration of the respective clarithromycin doses.
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concentrations with an increase in the clarithromycin dose
remain to be assessed further in clinical trials.
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