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Aims

 

Previous studies have shown that the antimalarial drug ar temisinin is a potent inducer
of its own metabolism in both patients and healthy subjects. The aim of this study
was to characterize the time-dependent pharmacokinetics of ar temisinin in healthy
subjects.

 

Methods

 

Twenty-four healthy males were randomized to receive either a daily single dose of
500 mg oral artemisinin for 5 days, or single oral doses of 100/100/250/250/
500 mg on each of the first 5 days. Two subjects from each group were administered
a new dose of 500 mg on one of the following days after the beginning of the study:
7, 10, 13, 16, 20, or 24. Artemisinin concentrations in saliva samples collected on
days 1, 3, 5, and on the final day were determined by HPLC. Data were analysed
using a semiphysiological model incorporating (a) autoinduction of a precursor to the
metabolizing enzymes, and (b) a two-compartment pharmacokinetic model with a
separate hepatic compartment to mimic the processes of autoinduction and high
hepatic extraction.

 

Results

 

Artemisinin was found to induce its own metabolism with a mean induction time
of 1.9 h, whereas the enzyme elimination half-life was estimated to 37.9 h. The
hepatic extraction ratio of artemisinin was estimated to be 0.93, increasing to
about 0.99 after autoinduction of metabolism. The model indicated that autoinduc-
tion mainly affected bioavailability, but not systemic clearance. Non-linear increases
in AUC with dose were explained by saturable hepatic elimination affecting the
first-pass extraction.

 

Conclusion

 

Artemisinin produces a rapid onset of enzyme induction, resulting in a decrease in
its own bioavailability over time. The proposed model successfully described the time-
course of the onset and normalization of the autoinduction of metabolism in healthy
subjects receiving two different dosage regimens of the compound.
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Introduction

 

Artemisinin, a sesquiterpene peroxide extracted from

 

Artemisia annua

 

 L., is the parent compound of a novel
family of antimalarial drugs that clear parasites rapidly
[1]. The compound is effective against strains of falci-
parum malaria otherwise resistant to conventional anti-
malarials. Plasma artemisinin concentrations reach a
peak within 2–3 h after oral intake and decline with a
short half-life of 1.5–2 h [2]. Owing to the lack of
parenteral formulations, no information is available on
the absolute bioavailability of the compound. Artemisi-
nin is believed to pass through the gut membrane rela-
tively easily [3, 4], although high oral clearance values
are indicative of high first-pass metabolism of the com-
pound, resulting in low bioavailability [5].

Artemisinin is a potent inducer of the enzymes
responsible for its own metabolism in both healthy sub-
jects [6, 7] and malaria patients [5, 8–10]. Autoinduction
results in a 5–7-fold decrease in plasma artemisinin con-
centrations at the end of a 5-day treatment period in
patients with uncomplicated falciparum malaria. The
elimination half-life, and thus the system clearance of
artemisinin, remains unchanged during the induction
phase [5, 7–10]. Thus, it was suggested that artemisinin
is highly extracted by the liver, with the elevated enzyme
activity primarily affecting its bioavailability. It has been
shown that a single oral dose of 500 mg or higher is
enough to initiate the autoinduction, which may last for
5–7 days [11, 12]. Decreasing plasma concentrations
during multiple dosing have also been reported for the
analogues artemether [13, 14] and, less convincingly,
artesunate [15]. Artemisinin metabolism in human liver
microsomes is mediated primarily by CYP2B6 with
probable secondary contribution from CYP3A4 and
possibly CYP2A6 in individuals with low CYP2B6
expression [16]. Artemisinin has also been reported to
induce CYP2C19 but not CYP3A4 [7]. However, it has
not been established which enzyme(s) are affected in the
autoinduction of artemisinin metabolism.

Artemisinin is a lipophilic, neutral compound and has
been shown to distribute into saliva [17, 18]. Salivary
concentrations of the drug are correlated with unbound
plasma concentrations (correlation coefficient of 0.77)
[18], making saliva an attractive alternative to blood in
pharmacokinetic studies of this drug [10, 17, 18].

The aim of the present study was to characterize and
model the pharmacokinetics of the autoinduction of
artemisinin, both during the phase of falling artemisinin
concentrations, and the phase when drug concentrations
return to the same values as those observed after the first
dose. The possibility of dose-dependency in the autoin-
duction of artemisinin metabolism was also examined.

 

Methods

 

Study subjects and materials

 

Twenty-four healthy, male, Vietnamese adults with an
average (

 

±

 

SD) age of 34 (

 

±

 

12) years and a bodyweight
of 51 (

 

±

 

5) kg were included in this randomized, parallel
group study, which took place at the Clinical Study Unit
of the National Institute of Malariology, Parasitology
and Entomology, Hanoi, Vietnam. Written, informed
consent was obtained from each subject prior to inclu-
sion. The study was approved by the Ministry of Health,
Hanoi, Vietnam, the ethics committee of the Medical
Faculty of Uppsala University, Uppsala, Sweden, and
the Medical Products Agency, Uppsala, Sweden.

All subjects underwent a routine health screen. The
following were inclusion criteria: male adults between
18 and 55 years of age, declared healthy after physical
examination, with no history of antimalarial drug use
within 3 weeks before the study, and written consent to
participate in the study. Subjects taking any current
medication with other drug(s), including vitamins, were
excluded.

Artemisinin hard gelatin capsules (250 mg, contain-
ing no bulk material) were purchased from the Institute
of Materia Medica (Hanoi, Vietnam). The manufacturer
performed the batch quality control analysis of the cap-
sules. According to the Vietnamese Medical Branch, the
batch acceptance limits for the 250 mg capsules were a
content of 237.5–262.5 mg artemisinin in each capsule.
The 100-mg artemisinin hard gelatin capsules were pre-
pared by the Pharmaceutical Unit at the National Insti-
tute of Malariology, Parasitology and Entomology,
Hanoi, Vietnam. Artemisinin from the same batch as the
250 mg capsules was used. Empty capsules (containing
no bulk material) were filled with 100 mg artemisinin
with acceptance limits of 95–105 mg.

 

Study design

 

Subjects who enrolled in the standard-dose group
(

 

n

 

 

 

=

 

 12) received single doses of 500 mg artemisinin per
day for 5 consecutive days (Figure 1), the recommended
monotherapy regimen for treatment of uncomplicated
malaria at the time of the study. Those enrolled in
the escalating-dose group (

 

n

 

 

 

=

 

 12) were administered
100 mg artemisinin for the first 2 days, increased to
250 mg on days 3 and 4, and given a final dose of
500 mg on day 5 (Figure 1). Two subjects from each
group were randomized to return for intake of an addi-
tional dose of 500 mg artemisinin on one of the follow-
ing days: 7, 10, 13, 16, 20, or 24 after the beginning of
the study. Thus, each subject was administered a total
of 6 doses of artemisinin, including 5 consecutive dos-
ings and a single dose on a return day. All subjects
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received a total number of two capsules on each occa-
sion under the supervision of the study team; each inges-
tion was followed by intake of 100 ml water and the
mouth was rinsed with another 100 ml water. Subjects
ate no solid food for 2 h before and 2 h after drug intake
on drug administration and blood sampling days.

 

Saliva sampling

 

Two millilitres of unstimulated saliva was collected
from each subject and transferred to 3.6-ml plastic cryo
tubes (Nunc, Hereford, UK) at 5 min before and at 30,
60, 90, 120, 150, 180, 240, 300, 360, 420, and 480 min
after drug administration on days 1, 3, 5, and on the
returning day. All samples were immediately frozen and
kept at 

 

-

 

20 

 

∞

 

C prior to transport to Sweden, where they
were kept at 

 

-

 

80 

 

∞

 

C prior to artemisinin analysis.

 

Determination of artemisinin

 

All samples from each subject were analysed in the
same run. Saliva artemisinin concentrations were deter-
mined using HPLC with a column switching system
allowing direct injection of samples [19]. The limit of
determination of the assay was 2 ng ml

 

-

 

1

 

 and the intra-
day coefficient variation was 11%.

 

Pharmacokinetic analysis

 

Different structural models were fitted to the log-trans-
formed saliva concentration-time data from all individ-
uals simultaneously, using the first-order method (FO)
without centring in the nonlinear mixed effects model-
ling program NONMEM, version VI [20]. Discrimina-
tions between hierarchical models were based on the
objective function value (OFV) provided by NONMEM
at a significance level of 0.05, equal to a decrease of
3.84 in the OFV, graphical analysis of residuals, and
predictions in model diagnostics using Xpose, version
3.0 [21].

The induction model for artemisinin consisted of a
PK component and an enzyme component, with the
former influencing the concentrations of the enzyme and

the latter influencing the concentration of artemisinin.
During the early model-building phase several structural
models were tested. With respect to the enzyme model,
one-compartment models with hepatic drug concentra-
tions stimulating the synthesis rate, or inhibiting the rate
of elimination were tried, with stimulation/inhibition
described by linear or nonlinear (Emax) functions. In
addition, a model with hepatic drug concentrations stim-
ulating the synthesis of a precursor to the enzyme was
tried. The absorption of artemisinin from gut to hepatic
compartment was assumed to be first-order, with or
without a lag-time. Distribution between the hepatic and
the sampling compartment was assumed to be first-
order. Elimination was also assumed to take place from
the hepatic compartment as linear, nonlinear (Michaelis-
Menten) or mixed linear and nonlinear processes.
Intrinsic CL was assumed to be proportional to the con-
centration of enzymes, and hepatic elimination was
alternatively described by a well-stirred or parallel tube
model taking into account hepatic plasma/blood flow
and artemisinin plasma protein binding. The final
model, which incorporated a nonlinear hepatic elimina-
tion with a linear stimulating effect of hepatic artemisi-
nin concentrations on the production of enzyme
precursors, is depicted in Figure 2 and described in
further detail below.

The final model, applied to log-transformed concen-
tration 

 

vs.

 

 time data from all subjects and all sampling
days, consisted of one part describing the pharmacoki-
netics of artemisinin and another the time-variant con-
centrations of inducible enzyme(s), with the two
compartments being linked in a circular fashion. In this
model, artemisinin is introduced to the system in a gut
compartment with subsequent absorption into a liver
compartment, where elimination is described by a well-
stirred model. The compound is further distributed into
a sampling compartment, which constitutes the entire
body, except for the liver. In this case sampling is from
saliva, thus it is assumed that saliva concentrations are
in instantaneous equilibrium with plasma as well as all

 

Figure 1

 

Artemisinin dosing schedules in the two study arms. 

Subjects in group A (denoted A1 to A12) received 

single daily doses of 500 mg for five days, whereas 

group B subjects (denoted B1-B12) received 

escalating doses of 100 
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+

 

250 

 

+

 

250 

 

+
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artemisinin on the first 5 days. Two subjects from each 

group received an additional single dose of 500 mg 
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other tissues except liver, to which distribution occurs.
The rate of change of the amount of artemisinin in the
liver compartment was described as follows:

dA

 

H

 

/dt  

 

=

 

  k

 

a

 

 * A

 

G

 

  

 

-

 

  Q

 

H

 

 * C

 

H

 

  

 

+

 

  k

 

SH

 

 * A

 

S

 

(1)

Where A

 

H

 

 and C

 

H

 

 are the amounts and concentrations
of the compound in the liver compartment, k

 

a

 

 is the
absorption rate constant, and A

 

G

 

 is the amount of the
compound in the gut compartment (equal to dose at time
zero). Q

 

H

 

 was set to 0.63 

 

¥

 

 body weight (in kg) as a
default to mimic hepatic plasma flow, but higher values
of Q

 

H

 

 were also used to assess the influence of this value
on the goodness-of-fit and on other parameter estimates.
The transfer rate constant k

 

SH

 

 of artemisinin from the

sampling compartment to the hepatic compartment was
estimated as Q

 

H

 

/V

 

S

 

, V

 

S

 

 being the volume of distribution
of the sampling compartment, and A

 

S

 

 the amount of the
artemisinin in the sampling compartment. The hepatic
volume (V

 

H

 

) was fixed to a default value of 1 l, but this
parameter was also given other values as part of a sen-
sitivity analysis. The hepatic extraction ratio (E

 

H

 

), the
hepatic CL (CL

 

H

 

), and the fraction of absorbed drug
escaping hepatic first-pass extraction (F

 

H

 

) were defined
according to a well-stirred model:
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=
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 E

 

H

 

(5)

where CL

 

int,0

 

 and CL

 

int,

 

t

 

 represent the preinduced and
time-variable intrinsic clearance, respectively. f

 

u

 

 is the
unbound plasma fraction of artemisinin, which was
given the value 0.14, based on previous findings [18].
A

 

ENZ

 

 is the amount of the enzyme(s) in the enzyme
pool compartment relative to the amounts in the
preinduced state and K

 

m

 

 is the parameter governing
saturable hepatic elimination and represents the
hepatic artemisinin concentration at which CL

 

int

 

 is
half-maximal.

The rate of drug change in the sampling compartment
was described by:

dA

 

S

 

/dt  

 

=

 

  Q

 

H

 

 * F

 

H

 

 * C

 

H

 

 

 

-

 

 k

 

SH * AS (6)

Total body volume of distribution at steady state
(Vss) and clearance (CL) of artemisinin are described
by Equations 7 and 8. In the two-compartment
model, the distribution phase will be rapid and of
insignificant quantitative importance. The expression
for the two rate constants is given by Equation 9 and
can be approximated to CL/VH and CL/Vss for the
distribution (l1)and the elimination (l2) rate constant,
respectively.

Vss  =  VS  +  VH (7)

CL  =  CLH  =  QH * EH (8)

(9)

The enzyme part of the model consisted of two com-
partments: the precursor and the enzyme pool. The
amount of enzyme was set to 1 for the preinduced state.
The change in the precursor pool with time was mod-
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Figure 2
Schematic diagram of the induction model applied to saliva artemisinin 

concentration data. kENZ: zero-order production rate constants for the 

enzyme precursor or first order elimination rate of the metabolizing 

enzymes, kPRE: first-order production rate constant for the metabolizing 

enzymes, CLint: intrinsic clearance, fu: plasma unbound fraction, QH: hepatic 

plasma flow, EH: extraction ratio, FH: bioavailability from the liver 

compartment to the sampling compartment, ka: absorption constant rate, 

kSH: transfer rate constant of artemisinin from the sampling compartment 

to the hepatic compartment (set equal to QH/Vs, VS being the volume of 

distribution of the sampling compartment), CLH: hepatic clearance, VH: 

volume of the liver compartment (set equal to 1), SIND: slope of the 

inducing effect of artemisinin hepatic concentration on the production rate 

of enzyme precursor
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elled by letting the amount of drug in the liver to
increase the precursor formation rate linearly:

dAPRE/dt  =  kENZ * (1 + SIND * AH) - kPRE * APRE (10)

where APRE is the amount in the precursor compartment,
kENZ is the first-order enzyme elimination rate constant,
which, through the normalization of AENZ to 1 in the
preinduced state, is also equal to the zero-order precur-
sor production rate constant. SIND is a slope describing
the linear effect of artemisinin concentrations in the liver
on the rate of production of enzyme precursor with units
of l ng-1, and kPRE is the first-order rate constant of the
transformation of precursor to enzyme, the reciprocal of
which was defined as mean induction time (MIT). The
amount of precursor in the preinduced state was set to
kENZ/kPRE. Incorporation of the precursor compartment
into the model enabled capture of the time delay
between artemisinin administration and elevated
amounts of enzyme. Changes in the enzyme pool were
defined as follows:

dAENZ/dt  =  kPRE * APRE - kENZ * AENZ (11)

The model was parameterized such that the elimination
half-life of the enzymes, t1/2,ENZ, rather than kENZ, was
estimated.

The absorption lag-time for artemisinin was esti-
mated using log-transformed concentration data from
the standard-dose group (group A) on day 1, described
by a one-compartment model with oral absorption. The
population estimate of the absorption lag-time was used
as fixed parameter in the final model.

An exponential variance model was used to describe
the interindividual variability (IIV) in the intrinsic clear-
ance and the volume of distribution. Inter-occasional
variability (IOV) in the absorption rate and lag-time of
artemisinin, expressed in exponential terms, was also
incorporated into the model. A residual error model with
a proportional component was applied in the final model
with the log-transformed data.

The effects of the covariates age, body weight, and
smoking habits on different parameters were analysed
using general additive models (GAM) [22], imple-
mented in Xpose.

Results
Artemisinin was well tolerated by all subjects with no
reported adverse effects. Every subject completed the
protocol. Owing to mechanical problems during the
HPLC analysis of the samples, data from one subject
from the standard dosing group could not be included
in the final analysis. This subject had received the final
dose on day 24 after the beginning of study. Further-

more, artemisinin concentrations in several samples col-
lected at 30 min after drug intake were abnormally high
in several subjects. Similar observations have been
reported in other studies involving saliva sampling [10,
18] and are believed to be due to residual contamination
of the drug after oral intake. All concentration data
obtained at this time point were considered unreliable
and were not used in the data analysis.

Saliva artemisinin concentrations in the first period of
the study (including 5 consecutive days of dosing)
decreased with each new dose (Figure 3). Consequently,
dose-normalized artemisinin AUCs decreased with time
during the continuous administration of the compound
(Figure 4). A large variability in the pharmacokinetics
was observed between the different occasions that arte-
misinin was administered.

The concentration-time profiles of artemisinin were
best described by the proposed final model (Figures 2
and 5) with both the nonlinear elimination and the
enzyme precursor compartments contributing signifi-
cantly to improving the goodness-of-fit. A model with
drug influencing the elimination, rather than production
of enzymes did not describe the data accurately. Further-
more, models with mixed linear and nonlinear elimina-
tion did not further improve the fit to the data and neither
did a model, where the influence of hepatic drug con-
centration on the rate of synthesis of the precursor was
described by an Emax, rather than a linear function. The
population estimates of mean time of enzyme induction
and enzyme half-life were 1.85 and 37.9 h, respectively
(Table 1). The intrinsic clearance of artemisinin at
low concentrations (CH < < Km) was estimated to be
2880 l h-1 before the onset of induction, resulting in a
preinduced hepatic extraction rate of 0.93. The volume
of distribution, based on saliva sampling, was estimated
to be 48.8 l. The contribution of the drug in the liver
compartment to Vss is negligible (about 2%) and there-
fore Vss is almost equal to Vs. The model-predicted
saliva elimination half-life for artemisinin was 1.0 h in
the uninduced state. High interoccasional variability
was found for both the absorption lag times and absorp-
tion rate constants.

Sensitivity analyses were performed with respect to
the parameters VH, QH and fu, where each was varied one
at a time and changes in OFV and parameter estimates
were noted. Changing fu from 0.14 to 0.10 or 0.20 only
resulted in marginal changes in OFV (about 1 unit) and
small changes in the parameter values. The default
value of QH (0.63 l h-1 kg-1) corresponds approximately
to hepatic plasma flow. Changing QH to 1.2 l h-1 kg-1,
corresponding approximately to hepatic blood flow,
which is the other possible extreme value QH could
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reasonably take, resulted in a nonsignificant change in
OFV but an approximate doubling of the values for SIND

and VS. Increasing VH from 1 l to values of 5 and 10 l,
increased the OFV by 10 and 12 units and was associ-
ated with a decrease in Vs. None of the tested covariates
had any significant effect on any of the parameters of
the pharmacokinetic or enzyme part of the model.

The typical values for the estimated model parameters
(Table 1) were used to simulate the artemisinin concen-
tration-time profile for two typical subjects (body
weight = 51 kg), one receiving 500 mg artemisinin for 5

consecutive days, and the other receiving the alternative
daily doses of 100 +100 +250 +250 +500 mg for 5
consecutive days. Both subjects received a further dose
of 500 mg on day 20 (Figure 6). Model-estimated
relative changes in the amounts of enzyme for all indi-
vidual subjects are depicted. The approximately 10-fold
increase in enzyme that occurs in the high dose group
is predicted to lead to an increase in EH from 0.93 to
almost 0.99.

Since NONMEM VI is a beta version, the final model
was re-run using NONMEM V. The two versions gave

Figure 3
Individual artemisinin saliva concentrations vs. time in the two study arms (Group A: upper figure, Group B: lower figure)
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the same objective function values, and the parameter
estimates differed only on the third significant figure.

Discussion
In the present study we monitored artemisinin concen-
trations in saliva samples collected from healthy sub-
jects during 5 consecutive days of administration of two
different regimens of the compound followed by a fur-
ther single dose given after various washout periods.
The ease of collecting and handling saliva samples

enabled us to obtain frequent measurements during 4 out
of the 6 days of administration. This allowed for the
characterization of the pharmacokinetics of artemisinin
during both the induction period and the period of the
return of the enzyme activity to its preinduced values.

In accordance with previous studies, a decrease in
dose-normalized saliva artemisinin concentrations dur-
ing the 5 days of drug administration was observed,
indicating auto-induction of metabolism [10]. An
increase in the rate of enzyme synthesis is the most
common mechanism for many inducing agents [23, 24].
In the present study, a model assuming an increase in
the amount of the enzymes in an enzyme pool was
applied to describe the autoinduction of artemisinin
metabolism. In our model the intrinsic clearance of arte-
misinin was proportional to the amount of enzymes in
the enzyme pool compartment. The increase in the
amount of enzyme resulted from an increase in the rate
of production of precursor, driven by the amount of
artemisinin in the liver. Thus, elevated amounts of
enzyme due to induction resulted in increased hepatic
extraction of artemisinin, accelerating its elimination
from the liver. This model described the data better than
the other models tested (see Methods).

In our model we have separated the sampling com-
partment from the liver compartment. Multiple compart-
ments are normally used to explain multiexponential
disposition. However, in this case the division into
two compartments was not made for describing bi-
exponential decay but to account for the effect of arte-
misinin on hepatic enzymes during its absorption phase.

Figure 4
Dose-normalized salivary artemisinin AUCs in the two study arms (Group 

A: thick lines, Group B: thin lines)
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Parameter (unit) Estimate (RSE%) IOV (RSE%) IIV (RSE%)

t1/2,ENZ (h) 37.9 (22) NE NE
SIND (l ng-1) 0.018 (27) NE NE
CLint,0 (L h-1) 2880 (27) NE 0.32 (44)
Vs (L) 48.8 (20) NE NE
Lag-time (h) 0.50 (FIXED) 2.5 (39) NE
ka (h-1) 0.18 (30) 0.55 (32) NE
fu 0.14 (FIXED) NE NE
Km (ng ml-1) 1370 (70) NE NE
MIT (h) 1.85 (40) NE NE
Residual error 0.5 (13) NE NE

t1/2,ENZ: enzyme elimination half-life; SIND: slope of the inducing effect of artemisinin
hepatic concentration on the production rate of enzyme precursor; CLint: intrinsic
clearance; Vs: volume of sampling compartment; Lag-time: absorption lag-time; ka:
absorption constant rate; fu: plasma unbound fraction; Km: hepatic artemisinin
concentration resulting in 50% of maximum intrinsic clearance; MIT: Mean induc-
tion time; RSE%: Relative standard error in per cent.

Table 1
Typical pharmacokinetic parameter values 
for artemisinin and associated 
interoccasional (IOV) and interindividual 
(IIV) variability in 23 healthy Vietnamese 
subjects
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Our model assumes that hepatic enzymes are affected
by the hepatic concentration of drug and that a signifi-
cant contribution derives from presystemic exposure.
Thus, each consecutive oral dose of artemisinin will
affect the enzymes to a similar degree, in contrast to a
successively diminished systemic exposure, driven by
the autoinduction. Furthermore, the model allows the
effects of enzyme induction on clearance and bioavail-
ability to be accounted for in a way that would not be
possible in a one-compartment disposition model. The
use of two disposition compartments, despite a mono-
exponential elimination phase, was made possible by
the introduction of physiologically based information
into the model. It was assumed that VH was considerably
smaller than VS, as larger values of VH gave rise to
poorer prediction of the observed data. The intercom-
partmental clearance was selected based on knowledge
about the hepatic plasma/blood flow. Under normal cir-
cumstances the most appropriate assumption would be
to equate QH with hepatic blood flow. However, for
artemisinin, little drug can be expected to be released
from erythrocytes to be available for hepatic elimina-
tion, and thus hepatic plasma flow is probably more
appropriate. There was no noticeable difference in the
goodness-of-fit between QH fixed to hepatic plasma flow
compared with hepatic blood flow.

According to the well-stirred model, the preinduced
intrinsic hepatic clearance of artemisinin was estimated
to be 2880 l h-1 at hepatic concentrations below the Km

value (1370 ng ml-1). The hepatic extraction ratio of the
compound was 93%, resulting in a bioavailability of 7%.
The high extraction ratio of artemisinin is in accordance

Figure 5
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with previous reports [5, 6, 8]. Thus, increased intrinsic
clearance due to auto-induction would not result in any
major change in the systemic clearance of artemisinin,
but would decrease its bioavailability.

Artemisinin exhibited a 2-fold higher oral clearance
values in malaria patients receiving a first dose of
100 mg of the compound compared with those admin-
istered 500 mg [10]. Our final model incorporated a
concentration-dependent intrinsic clearance term for
artemisinin to account for this observation as well as the
dose-dependency of the data from the present study.

Our model estimated a mean induction time of 1.9 h,
indicating the phenomenon to be occurring after the first
dose. However, this rapid initiation of induction would
not have an effect on the first dose, since the induction
is mostly manifested as an increased first pass metabo-
lism of the compound and most of the dose will have
been absorbed prior to its onset. In a previous report a
single oral dose of artemisinin was found sufficient to
affect the pharmacokinetics of a second dose adminis-
tered 1 week later [11]. In another study, induction of
artemisinin metabolism in healthy subjects during a 7-
day period was investigated. Artemisinin AUCs on days
4 and 7 were observed to decrease to 43% and 25% of
those on the first day [6].

The model estimated an enzyme elimination half-life
of 37.9 h. Thus, after a last dose of artemisinin, it would
take 6–8 days for the enzyme activity to return to its
preinduction values. This is in accordance with pub-
lished studies, where 2–3 weeks of wash-out period
were found to result in normal enzyme activities com-
pared with day 1 [6,7]. There is not much known about
the metabolizing enzymes responsible for the elimina-
tion of artemisinin that are induced upon its administra-
tion. Therefore, the model-estimated half-life could
account for a mix of several enzymes. Since the infor-
mation on the kinetics of the enzyme induction is based
on artemisinin concentrations, there is a theoretical risk
that a long half-life of artemisinin would mask a shorter
enzyme half-life. However, artemisinin's short half-life
of 1 h for artemisinin, does not rate-limit the degrada-
tion kinetics of the induced enzyme(s) whereas the
enzyme half-life is estimated to be 37.9 h. A less likely
scenario would be the presence of artemisinin metabo-
lite(s) with longer half-lives, affecting the elimination
half-life of the enzymes.

Induction of drug metabolism has been modelled
in several ways. Carbamazepine autoinduction was
explained by a model assuming an exponential increase
in its metabolic clearance [25], whereas cyclophospha-
mide elimination was described by a noninducible and
an inducible route, the latter being mediated by a hypo-

thetical enzyme compartment [26]. A third approach has
been to model the changes in clearance over the induc-
tion period, as applied to methadone [27] and isofosfa-
mide [28]. Our model offers two advantages over
these models for enzyme induction. Whereas previous
approaches predict a change in the clearance of the drug,
our model describes the induction in terms of an
increase in the intrinsic clearance of the compound,
theoretically allowing for the prediction of the time
course of drugs with various degrees of extraction. A
second feature of our model is the incorporation of the
mean induction time, which allows the capture of the
lag-time of the induction process, which is often
observed experimentally.

Use of saliva sampling in pharmacokinetic studies of
artemisinin offers a simple and convenient way of mon-
itoring the time course of artemisinin. Saliva samples
are easier to handle and their collection is more accept-
able to study subjects than blood sampling. Moreover,
changes in saliva concentrations reflect those in plasma.
However, care must be taken to rinse the mouth thor-
oughly after oral intake of the drug. In this study, a few
samples at 30 min after the dose were found to be con-
taminated by artemisinin present in the mouth. One dis-
advantage is that saliva artemisinin concentrations are
generally low and thus require more powerful analytical
methods for their measurement.

In conclusion, a semiphysiological model has been
developed to describe the autoinduction of metabolism,
through increased production of an enzyme precursor
for a compound with high hepatic extraction. The pro-
posed model was successfully applied to saliva concen-
tration-time data from healthy subjects, receiving two
different dosage regimens of artemisinin. Our model
provides estimates of the parameters describing the
kinetics of both drug and inducible enzymes.

This work was supported in part by the Swedish Inter-
national Development Cooperation Agency.
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