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ABSTRACT

Malaria is still a major health problem, killing approximately 1,600 people
each day. The most vulnerable patient groups are children under the age of
five and pregnant women. Artemisinin-based combination therapy is
recommended by the World Health Organization as first-line treatment of
uncomplicated P. falciparum malaria. The aim of this thesis was to
investigate the pharmacokinetic properties of artemisinin derivatives with
particular focus on pregnancy. As part of the thesis, a sensitive and accurate
bioanalytical method for the quantification of artesunate and
dihydroartemisinin in plasma and saliva using tandem mass spectrometry was
developed. Furthermore, the population pharmacokinetic properties of
artemisinin, artesunate and dihydroartemisinin were characterized in pregnant
and non-pregnant rats, healthy volunteers and in pregnant and non-pregnant
patients, using nonlinear mixed-effects modelling. In conclusion, a
bioanalytical method has been developed for non-invasive saliva sampling in
order to support high-quality pharmacokinetic field studies and in
populations where invasive sampling is unethical or difficult, e.g. pediatric
and pregnant studies. Furthermore, this thesis advances our pharmacokinetic
understanding of antimalarial drugs. The pharmacokinetic effects of
pregnancy in rats were similar to those seen in humans which imply that this
animal model could be useful in translational studies in early pregnancy. The
developed pharmacokinetic model in healthy volunteers was validated and
could be of use in future drug development studies. A lower antimalarial drug
exposure was demonstrated in pregnant women with malaria indicating the
need for dose adjustment in this vulnerable patient group.

Keywords: malaria, artemisinin, artesunate, dihydroartemisinin, LC-MS/MS,
pharmacometrics, pregnancy
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SAMMANFATTNING PA SVENSKA

Malaria ar fortfarande ett stort hélsoproblem i tropiska ldnder, speciellt i
Afrika soder om Sahara. Malaria orsakas av parasiter av sléktet plasmodium
som overfors till ménniskan genom ett bett av anopheles-myggan. Enligt den
senaste rapporten frén Virldshélsoorganisationen intréiffade det 198 miljoner
fall av malaria och 584 000 dodsfall under 2013. Av dessa dodsfall var 90% 1
Afrika och 78% bland barn under 5 ar. Férutom unga barn &r gravida kvinnor
en sérskilt utsatt och kénslig grupp nér det géller att bli smittad av malaria
men dven att utveckla den allvarligare formen av sjukdomen. Den
rekommenderade behandlingen av malaria 4r en kombination av ett
artemisininderivat och ett likemedel med lidngre verkan, en sa kallad
artemisininbaserad kombinationsbehandling (ACT). Syftet med denna
avhandling var att utveckla en metod for att mita halten av
artemisininderivaten i kroppen. Vidare var syftet att, med hjidlp av
matematisk och statistisk modellering, beskriva farmakokinetiken (hur
lakemedlet ror sig i kroppen och hur det elimineras) for dessa likemedel i
gravida och icke-gravida rattor, och i gravida och icke-gravida kvinnliga
patienter. En grupp friska frivilliga méin undersktes dven med avseende pa
en ny likemedelsformulering (en mikroniserad formulering) storlek pd dos
och eventuell interaktion med ett annat mer 1&ngverkande malarialdkemedel,
piperakin. En analysmetod med hjilp av vitskekromatografi kopplad till
masspektrometri utvecklades for att bestimma halten av artesunat och dess
aktiva metabolit dihydroartemisinin i plasma och saliv. I djurmodellen
upptécktes skillnader mellan de gravida och icke-gravida djuren som kan
paverka exponeringen av ldkemedlet och dirmed péverka dess effekt.
Studien i friska frivilliga min visade att en 6kad dos paverkade hur lang tid
det tog for ldakemedlet att tas upp 1 kroppen. Den mikroniserade
formuleringen och interaktionen med piperakin paverkade inte
farmakokinetiken. Farmakokinetiken for patienterna visade att de gravida
kvinnorna hade en ldgre exponering av den aktiva metaboliten dn de icke-
gravida. Sammanfattningsvis har en analysmetod for haltbestimning av
artesunat och dihydroartemisinin utvecklats i plasma och saliv. En modell i
ratta har utvecklats som foljer resultat man tidigare sett i ménniska vilket
stodjer att detta skulle vara en bra djurmodell for translation till manniska. En
farmakokinetisk beskrivning av artesunat och dihydroartemisinin har gjorts i
gravida och icke-gravida kvinnor och visat att exponeringen minskar under
graviditet vilket kan krdva en dosokning. Farmakokinetiken for artemisinin i
friska frivilliga har for forsta gingen beskrivits i en populationsmodell.
Denna modell kan troligtvis anvéndas i framtida lidkemedelsstudier.
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DEFINITIONS IN SHORT

Pharmacokinetics
Pharmacodynamics

Bioanalysis

Pharmacometrics

Population
pharmacokinetics

What the body does to the drug [1].
What the drug does to the body [1].

Quantitative analysis of a drug and/or its metabolites in
a biological matrix [2].

Branch of science concerned with mathematical
models of biology, pharmacology, disease and
physiology used to describe and quantify interactions
between xenobiotics and patients [3].

The study of the wvariability in plasma drug
concentrations between individuals when standard
dosage regimens are administered [4].
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Pharmacokinetics of artemisinin derivatives in rats, healthy volunteers and patients

1 INTRODUCTION

Malaria is one of the world’s most deadly infectious diseases still claiming
nearly 2000 deaths every day [5]. This thesis focuses on the artemisinin
derivatives in treatment of malaria and the characterization of their
pharmacokinetic properties with a special focus on pregnancy effects.

The thesis consists of four different research papers. In the first paper, a
bioanalytical method for the quantification of artesunate and
dihydroartemisinin in plasma and saliva using liquid chromatography
coupled to a mass spectrometer was developed (Paper I).

To characterize the effects of pregnancy on the pharmacokinetic properties
during early and late pregnancy, a study of artesunate and the active
metabolite, dihydroartemisinin, in the rat was performed (Paper II).

The pharmacokinetic properties in healthy male volunteers were investigated
for artemisinin using a population modeling approach (Paper III).

In the last paper, the pharmacokinetic properties of artesunate and
dihydroartemisinin, with focus on pregnancy effect, were investigated (Paper
V).

The chapters in this thesis are organized as follow. Chapter 1 offers an
introduction to the field and familiarizes the reader with the theory behind the
methodology used. Chapter 2 presents the broad aim of the thesis. Chapter 3
presents the methodology in detail and chapter 4 and 5 describe the results
and discuss the impact of the findings in this thesis, respectively. Chapter 6
and 7 present the main conclusions of the thesis and future perspectives.

1.1 Malaria

Malaria is one of the most deadly diseases in the world, with the highest
burden in sub-Saharan Africa [5]. According to the World Health
Organization an estimated 3.2 billion people are at risk of being infected, and
in 2013 there were 198 million cases of malaria globally. The disease causes
an estimated 584 000 deaths yearly where 90% occurs in the African region
mostly in children under the age of five (78% of all deaths).
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Malaria is an infectious disease caused by the Plasmodium parasite. Five
species infect humans; Plasmodium vivax, Plasmodium ovale, Plasmodium
malariae, Plasmodium knowlesi and Plasmodium falciparum. P. falciparum
causes the most severe infection and the severity is related to the relatively
high parasite load during infection and a reduced microcirculatory flow [6],
[7]. The latter is related to a process called sequestration, where the parasite
infected erythrocytes adhere to the capillary endothelium lining. This results
in blockage of the transport of oxygen and nutrients, but it also makes the
parasite undetectable in peripheral blood samples and provides an escape
from spleen removal.

The parasites are transmitted to humans via the bite of the female anopheles
mosquito. This dual host parasite has different life-cycles in the human and in
the mosquito (Figure 1) [8], [9]. In humans, the cycle starts by the injection
of the parasite sporozoites during a blood meal (Figure 1. A). The sporozoites
then rapidly invade the liver and the hepatocytes (Figure 1. B), where they
grow, divide and mature into schizonts. After rupture of the hepatocyte,
merozoites are released into the blood stream (Figure 1. C) where they infect
the erythrocytes. Inside the erythrocyte an asexual replication takes place, in
which an early ring stage of malaria develops into trophozoites and blood
schizonts, which upon rupture of the erythrocyte, releases new merozoites
into the blood stream. For P. falciparum this asexual stage takes
approximately 48 hours and these cycles are responsible for the characteristic
fever symptoms of malaria [7].

The released merozoites either enter a new asexual cycle or enter a sexual
replication where the merozoite matures into male and female gametocytes.
Gametocytes are the sexual form spreading the disease after being consumed
by the biting mosquito (Figure 1. D) [8].

Inside the mosquito the parasite enters the sporogonic cycle. Already in the
mosquito stomach the male and female gametocytes generates zygotes that
becomes ookinetes and sequentially oocytes. From the oocytes sporozoites
are released into the salivary glands and the sporozoites can be transferred to
a human during a blood meal.

Early symptoms are fever, headache, chills and vomiting but if left untreated
the infection can progress to the severe form of malaria. Severe malaria
follows a multi-system disorder, with severe anemia, cerebral malaria, renal
failure, pulmonary edema, often leading to death [10].
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Figure 1. Life cycle of the malaria parasite.
Reprinted from The Lancet, with permission from Elsevier[9] .

1.1.1 Malaria in pregnancy

There are approximately 32 million women getting pregnant each year in
sub-Saharan malaria endemic countries [5]. In high-transmission areas of
malaria, adults have gradually been exposed to the disease for a long time,
causing a semi-immunity to malaria (acquired immunity) [11]. However,
during pregnancy the acquired immunity to malaria decreases and these
women have an increased risk of contracting malaria but also to progress to
the severe state of malaria [12]-[15]. Under the assumption that insecticide
treated bed nets are used and the mosquitos bite primarily at night-time, this
could partly be explained by behavior changes. These women generally use
the bathroom more often at night, which in turn increases the exposure to the
mosquitos. During pregnancy the physiology is altered resulting in an
increased body temperature and an increased volume of breath which attracts
the mosquitos. Pregnant women also have a new organ, the placenta, which
does not have the acquired immunity gained during several years of malaria
exposure. Thus, primigravida women are at higher risk of acquiring malaria
and develop severe malaria, compared to multigravida women [16]. The
immune system is also altered during pregnancy to prevent the body from
rejecting the fetus [14]. Infection of malaria during pregnancy increases the
risk of maternal anemia and the risk of delivering a baby with low birth
weight (LBW) which is strongly associated with infant mortality [17]. LBW
can be caused by even a single episode of malaria infection during pregnancy
and the mechanism can be either intrauterine growth retardation or preterm
birth or a combination of both [18].
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1.1.2 Resistance

Development of drug-resistance against antimalarial drugs has traditionally
started in Western Cambodia. This was previously seen for both chloroquine
and sulfadoxine/pyrimethamine [19]. Several reports indicate emerging
artemisinin-resistant parasites in Southeast Asia characterized by increased
parasite clearance times in patients with falciparum malaria [20]-[24].
Attempts have been made to identify a molecular marker for artemisinin
resistance, and several Kelch13-propeller gene mutations are suggested to be
causally associated with artemisinin resistance [25], [26]. In recent studies,
evidence for resistance also to the artemisinin partner drug, piperaquine, was
found [26], [27]. In the work by Leang et al, a significantly higher proportion
of patients with recrudescent malaria were found in the Western Cambodia
compared to the eastern parts. Despite this emerging resistance, artemisinin
and its derivatives are still effective in Africa and most regions of Southeast
Asia. Treatment failure is commonly less than 5% at day 28 when
administered in a combination with a longer acting antimalarial drug in
falciparum malaria but if the resistance would spread it would severely limit
our ability to combat malaria resulting in increasing number of severe malaria
and deaths [28], [29]. The recommendation by Leang ef al is to start using
triple combinations of artemisinin derivatives and longer acting compounds.

1.2 Treatment of malaria

Since, the year 2000, malaria mortality rate has decreased by 47% worldwide
and this is partly a result of the implementation of artemisinin-based
combination therapy (ACT) [5]. The WHO first-line recommendation for
treatment of uncomplicated falciparum malaria is three days of an ACT,
consisting of one artemisinin derivative and one long-acting partner drug
[30]. In 2013, a total of 392 million treatments of ACTs were delivered to
private and public health care. The artemisinins have a short half-life, they
are highly effective and eliminates the majority of the parasite biomass
during the first three days of treatment [31]. The partner drugs have a longer
elimination half-life and different mechanisms of action compared to the
artemisinins. These longer acting drugs eliminate the remaining parasites and
minimize the risk of recrudescent malaria. Administering two or more drugs
with different mechanisms of action also decreases the probability of
resistance development against the artemisinins substantially [32]. The
recommended treatment for severe malaria is intravenous artesunate for 24 h
or until the patient is able to take oral medication, and then oral ATC for
three days.
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The focus of this thesis was on artemisinin, artesunate and
dihydroartemisinin, and the possible interaction between artemisinin and the
partner drug, piperaquine, was also investigated in healthy male volunteers.

1.3 Artemisinins

Artemisinin was first isolated in 1972 from the plant artemisia annua L.
Since then, several derivatives including artesunate, dihydroartemisinin and
artemether have been synthesized [33], [34]. Artemisinin is a sesquiterpene
lactone (figure 2A) with poor solubility in both water and oil and with an
elimination half-life of 1.4-2.6 h [35]-[37]. Artemisinin has not been
commonly used in ACTs due to the pronounced auto-induction of the
metabolizing enzymes, cytochrome P450 (CYP) 2B6, 2A6 and 3A4, resulting
in a decrease of 70-80% of the exposure to the drug from the first day of
dosing to the seventh day of dosing [38]-[41]. Significantly increased
activities has also been seen in CYP2C19 and CYP1A2 [39]-[41].
Nevertheless, the efficacy of a short, two-day combination-treatment, have
shown to be comparable to first-line recommended ACTs [42]. Artesunate
(figure 2B) is a water-soluble hemisuccinate ester derivative of artemisinin
with a half-life of less than 15 min [43], [44]. Artesunate is rapidly converted
into the active metabolite, dihydroartemisinin by pre-systemic hydrolysis,
systemic esterases and by CYP2A6 [33], [45]. Dihydroartemisinin is a
reduced lactol (figure 2C) with an estimated half-life of 0.5-1.0 h [43], [44].
It is metabolized by glucuronidation in the gastrointestinal tract and in the
liver by UDP-glucuronosyltransferase (UGT) 1A9 and 2B7 [46]. Both
artesunate and dihydroartemisinin are highly efficient with a rapid parasite
clearance [47].

Several different mechanisms of action for the artemisinins have been
proposed. However, it is generally accepted that the endoperoxide bridge is
the essential core structure responsible for the mechanism of action [48].
Golenser et al, states, that the crucial mechanism is considered to be
artemisinin interference with the plasmodial sarcoplasmic/endoplasmic
calcium ATPase (SERCA). The drug thereby disturbs the calcium-mediated
signaling and the expression of an important protein, PFATP6. Artemisinin
radicals are thereupon derived and cause inactive plasmodium enzymes with
subsequent parasite death.

Susceptibility to antimalarial drugs changes as the parasite matures.
However, the late ring and the early trophozoite stages were found to be the
most sensitive, with the highest efficacy of the artemisinins [49].
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Figure 2. Chemical structures of artemisinin (4) and its semi-synthetic derivatives (dashed
arrows) artesunate (B) and dihydroartemisinin (C). Artesunate is rapidly metabolized (solid
arrow) to its active metabolite dihydroartemisinin.

1.4 Bioanalysis

Accurate and precise bioanalytical methods are crucial in order to perform
high standard pharmacokinetic studies. Traditionally, it has been difficult to
quantify the artemisinins due to the lack of a structure cromophore making
ultraviolet detection inadequate. Both post-column on-line derivatization
before ultraviolet detection and reductive mode electrochemical detection has
been employed to quantify the artemisinins. However, these assays suffer
from low sensitivity (limit of detection of 5-30 ng/mL) and large sample
volumes (up to 1.0 mL) [50]-[55]. Two methods wusing liquid
chromatography mass spectrometry has been described previously in the
literature [56], [57]. Naik et al developed a method for artesunate and
dihydroartemisinin with artemisinin as internal standard using a sample
volume of 500 pL and a linear calibration range from 1-600 and 600-3000
ng/mL, respectively. In the method by Hanpithakpong et al, only 50 pL of
plasma sample was used and the lower limit of quantification was 1.19 and
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1.96 for artesunate and dihydroartemisinin, respectively. The breakthrough of
liquid chromatography coupled to mass spectrometry and tandem mass
spectrometry has dramatically increased the sensitivity of these compounds.
However, up to date there has been no method for determining artesunate and
dihydroartemisinin in the non-invasive matrix of saliva.

1.5 Pharmacokinetic Data analysis

1.5.1 Non-compartmental analysis

In non-compartmental analysis, the area under the curve is calculated using
the linear trapezoidal method for ascending concentrations and the linear or
logarithmic trapezoidal method for descending concentrations. This
measurement of total exposure is used to determine the pharmacokinetic
parameters. The accuracy of this analysis is highly dependent on the
sampling schedule of the compound of interest and rich data is needed. The
non-compartmental analysis is a highly useful and rapid approach for
describing the pharmacokinetic properties of a drug. No assumptions
regarding the shape of the concentration-time profile are made and
consequently there is no risk of model misspecifications. However, there are
limitations, for example when a mechanistic understanding is needed, when
metabolite data are present, or when covariate relationships need to be
evaluated. It is also difficult to assess pharmacokinetic-pharmacodynamic
relationships with a model-independent approach and it is not possible to use
the generated results for clinical trial simulations.

1.5.2 Population pharmacokinetic and
pharmacodynamic modeling

The field of population pharmacokinetics was introduced in the 1970s and
has since had an increased importance in the drug development process.
When population pharmacokinetics was extended with pharmacodynamics
the discipline of pharmacometrics was introduced. The aim of
pharmacometrics is to describe and quantify interactions between a biological
system and one or more drugs. Mathematical and statistical models are used
to describe these processes of pharmacology, disease and physiology.
Pharmacometric data are usually analyzed with a non-linear mixed effects
modeling approach, containing both fixed effects and random effects [58].
The most commonly used software’s are NONMEM, Monolix and ADAPT
[59]. A general non-linear mixed effects model contains of three components:
a structural model, a statistical model and a covariate model (figure 3) [60].
The covariate model could be excluded dependent on the data available.
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Non-linear mixed-effects model
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Figure 3. Schematic figure of a nonlinear mixed-effects model components.

Structural model

The simplest representation of a structural model is a one-compartment
model after an intravenous bolus dose (equation 1).

Gy = e\ v Equation 1.

Where Cp is the plasma concentration predicted for the typical patient based
on the given dose, the volume of distribution (V) and the elimination
clearance (CL) over time (t).

Statistical model

The statistical model consists of the between-subject variability, the between-
occasion variability and the residual wvariability. The between-subject
variability describes the differences in exposure between one individual and
the population mean. The between-subject variability is most often described
as an exponential model (equation 2):

0; = Ory *x eMi Equation 2.
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Where 6; is the value of parameter 8 for individual i. 67y is the typical value
of the parameter and 1, is the between-subject variability for individual i. #;
is drawn from a normal distribution with zero mean and variance ®” (,~N(0,
®°)) and will result in an individual parameter which is log-normally
distributed.

The between-occasion variability explains the differences in the same patient
at different occasions, commonly implemented as variability between dosing
occasions. By ignoring these errors the parameter estimates can be biased
[61]. Between occasion variability is exemplified in equation 3.

Oi = Oy - etk Equation 3.
Where K is the between-occasion variability for occasion k. K; is drawn from
a normal distribution with mean 0 and variance n*.

The residual wvariability is the unexplained variability, including model
misspecification, error in sampling or error in the chemical analysis. The
residual variability can be implemented in different ways, e.g. additive error
(equation 4), proportional error (equation 5), or a combination of both
(equation 6).

Yij = IPRED;ji + &;; Equation 4.
Yij = IPRED;j, + IPRED - & Equation 5.
Yij = IPRED;j, + IPRED - & + &, Equation 6.

Where IPREDy; is the predicted value (e.g. concentration) for individual i at
observation j and occasion k. ¢; is the difference between the true observation
and the predicted value for individual i at observation j.

Model validation commonly includes biological plausibility, goodness-of-fit
diagnostics, (observed concentrations vs population predicted concentrations,
observed concentrations vs individually predicted concentrations,
conditionally weighted residuals vs predicted concentrations and
conditionally weighted residuals vs time), parameter precision and
confidence intervals from bootstrap methodology and visual predictive
checks (observed vs simulated concentrations from the final model).
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2 AIM

The overall aim of this thesis was to evaluate the pharmacokinetic properties
of artemisinin and its derivatives, with particular focus on pregnancy, using
population pharmacokinetic modeling and simulation.

Specific objectives

1. To develop and validate a sensitive and robust LC—
MS/MS method for the simultaneous determination of
artesunate and dihydroartemisinin in human plasma and
saliva to enable detailed pharmacokinetic studies (Paper
D).

2. To describe the pharmacokinetic properties of artesunate
and its active metabolite, dihydroartemisinin, in rats
after two different doses and routes of administration
during two periods of pregnancy with non-pregnant rats
as control (Paper II).

3. To describe the population pharmacokinetic properties
of artemisinin in healthy Vietnamese volunteers, and to
determine the effect of different formulations, doses and
interaction with piperaquine (Paper III).

4. To describe the population pharmacokinetic properties
of  artesunate and its active metabolite,
dihydroartemisinin, in pregnant and non-pregnant
women with uncomplicated P. falciparum malaria and
to determine potential pregnancy effect (Paper IV).
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3 MATERIALS AND METHODS

3.1 Bioanalytical method development
(Paper )

3.1.1 Instrumentation

The LC-system was a PE-200 LC-pump connected to a sample injector
equipped with temperature-controlled Peltier tray set at 8°C (Perkin Elmer,
Waltham, MA, USA). Artesunate, dihydroartemisinin and internal standard
(artemisinin) were analyzed on a BETASIL phenyl-hexyl 50x2.1mm, 5 um
ThermoHypersil column protected by a BETASIL phenyl-hexyl 150x2.1
mm, 5 pum ThermoHypersil guard cartridge (Thermo Scientific, Waltham,
USA). A mobile phase consisting of acetonitrile-ammonium acetate 10 mM
pH 4.0 (50:50, v/v) at a flow rate of 200 pL/min was used. An API 3000
triple quadrupole mass spectrometer (AB Sciex, MA, United States) with an
electrospray ionization source (ESI) operated in the positive ion mode was
used for the multiple reaction monitoring (MRM) LC-MS/MS analysis. Data
acquisition and quantification were performed using Analyst 1.4.2 (AB
Sciex, MA, United States).

3.1.2 Optimization

The composition of the mobile phase was evaluated in different degree of
acetonitrile, pH (acetic acid) and concentration of ammonium acetate.
Configurations for the mass spectrometer were tuned by infusing each
substance directly into the mass spectrometer. Further optimization was
performed by infusing the previous standard solution (10 pL/min) via a “T”
connector after the column into the mobile phase (flow 200 ml/min). The ESI
temperature was maintained at 225 °C and the ESI voltage was set to 5500V.
Declustering potential was optimized to 10, 9 and 15 V for artesunate,
dihydroartemisinin and internal standard, respectively, focusing potential to
60, 70 and 65 V, collision potential to 14, 12 and 15 V, and collision exit
potential to 6, 6 and 4 V, respectively. The entrance potential was set to 5 V
for all three compounds. High purity nitrogen was used as nebulizer (15 psi),
curtain (10 psi) and collision gas (4 psi). These potentials for ESI" were used
for detecting the ammonium adduct (M+NH,") ions of the analytes.
Quantification was performed using multiple reaction monitoring (MRM) at
transitions m/z 402.5-267.1, 302.4-267.3 and 300.4-209.2 for artesunate,
dihydroartemisinin and artemisinin as internal standard, respectively.
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3.1.3 Sample preparation

For the preparation of samples, 150 pL ice-cold internal standard working
solution (3 ug/mL) was added to 300 uL aliquots of thawed plasma or saliva,
standard or quality control sample (final internal standard concentration in
extracted samples, 1000 ng/mL) using a Brand HandyStep® pipette. To
extract artesunate, dihydroartemisinin and internal standard from the
biological matrix, solid phase extraction (SPE) was utilized using a HyperSep
Retain PEP 96-well plate (Thermo Scientific, PA, USA). The SPE plate was
initially activated and conditioned with methanol (1000 pL) followed by
water (1000 pL). Biological matrix samples, standard and quality control
samples (300 puL, reduced volume to minimize sample bench time) were
loaded onto the SPE plate and a low vacuum applied. The SPE wells were
washed with water (1000 pL), using a medium vacuum before full vacuum
was applied briefly and the SPE column tips wiped dry with tissue paper. The
analytes were finally eluted at low vacuum using methanol-acetonitrile
(90:10, v/v, 2x250 uL) followed by water (500 pL). Combined elution
volumes were thoroughly agitated before being transferred to glass
microvials, and injected (20 pL) onto the LC-MS/MS system. All biological
samples were processed within 30 minutes after thawing on ice.

3.1.4 Validation

Validation was carried out according to FDA guidelines for accuracy and
precision of the calibration curve and the lower limit of quantification,
selectivity, intra- and inter-day precision, recovery and matrix effects and
stability [62].

3.2 Animal study (Paper Il)

Non-pregnant and pregnant rats at gestation day 10 and 20 were administered
single doses of artesunate either intravenously or orally at either of the two
dose levels, 20 mg/kg and 100 mg/kg. The experimental procedures used in
this study were approved by the Ethics board for animal research,
Gothenburg Sweden (152/2008). The rats were anesthetized by inhalation of
isoflurane, and a catheter inserted to the left jugular vein. For rats receiving
intravenous dose, an additional catheterization of the right carotid artery was
performed. All catheters were tunneled subcutaneously to emerge at the back
of the neck. All animals were allowed to recover for at least 12 h after
surgery before dosing. Solutions for both oral and intravenous administration
were made fresh every day. An appropriate amount of artesunate was
dissolved in sodium bicarbonate to give a drug concentration of 25 and 100
mg/mL for low and high dosing, respectively. Pre-dose blood samples were
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drawn as control samples and an additional eight samples were obtained at 5,
15, 30, 45, 60, 90, 120 and 180 minutes after dose in each animal. Plasma
samples were analyzed with a validated LC-MS/MS method for both parent
compound and its active metabolite [57].

3.3 Ethics and study designs (Paper lll and
V)

In paper III, 15 healthy Vietnamese male volunteers received four different
dose regimens of a single dose of artemisinin as a conventional formulation
(160 mg and 500 mg) and as a micronized test formulation (160 mg alone
and in combination with piperaquine phosphate, 360 mg) with a washout
period of three weeks between each period (i.e. four-way cross-over).
Venous plasma samples were collected frequently up to twelve hours after
dose in each period. The clinical trial protocol was approved by the internal
Scientific and Ethical Committee of the Hospital for tropical diseases, Ho Chi
Minh City and the Oxford Tropical Research Ethics Committee (OXTREC
019-06), University of Oxford, Oxford, United Kingdom. Artemisinin was
quantified in plasma using liquid chromatography coupled with tandem mass
spectrometry [63].

In paper 1V, 24 women in their second (n=12) and third (n=12) trimesters of
pregnancy and 24 paired non-pregnant women were enrolled in the study, all
with uncomplicated P. falciparum malaria. Treatment was a standard fixed-
dose combination of oral artesunate and mefloquine once daily over three
days [30], [64]. Frequent blood samples were collected pre-dosing and at
scheduled time points. The study was approved by the National Health Ethics
Committee, Ministry of Health, Burkina Faso and by both the Institute of
Tropical Medicine and the Ethics Committee of the University Hospital,
Antwerp, Belgium. The study was registered at www.clinicaltrials.gov
(identifier:NCT00701961). Samples were extracted by solid phase extraction
and quantified for both artesunate and dihydroartemisinin using a validated
LC-MS/MS method [57].

3.4 Non-compartmental analysis (Paper IlI)

In paper II, individual plasma concentration-time data of artesunate and
dihydroartemisinin was first analyzed with a non-compartmental approach as
implemented in Phoenix WinNonlin version 5.0 (Pharsight, Certara, St.
Louis, USA). Complete in vivo conversion of artesunate into its active
metabolite dihydroartemisinin by the hydrolysis of the ester group was
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assumed, and the administered dose of dihydroartemisinin was calculated
using the relative difference in molecular weights. Total exposure up to the
last measured concentration (AUC,.,) was calculated using the linear
trapezoidal method for ascending concentrations and the logarithmic
trapezoidal method for descending concentrations. The terminal elimination
half-life was estimated by log-linear regression of at least six observed
concentrations in the terminal phase. Total exposure was extrapolated to
infinity by Cpast/Az for each individual to compute total drug exposure
(AUC,). Maximum concentration (Cyax) and time to Cyax (Tmax) were
extracted directly from the observed data. Differences between non-pregnant
animals and the two groups of pregnant animals were evaluated by
descriptive statistics and a nonparametric Kruskal-Wallis test, for all
pharmacokinetic parameters using SPSS version 20 (SPSS Inc., Chicago IL).
The impact of dose levels on pharmacokinetic parameters was also
investigated by the same statistical test.

3.5 Population pharmacokinetic modeling
(Paper II-1V)

A population pharmacokinetic modeling approach was used for data
evaluation in paper II-IV as described below. Plasma concentrations were
transformed into their natural logarithms and concentration-time data was
characterized using nonlinear mixed-effects modeling in NONMEM (version
7.1.2; ICON Development Solutions, MD) [65]. Post-processing and
diagnostics were performed using Pearl-speaks-NONMEM (PsN) (version
3.4.2) [66]; Pirana (version 2.4.0) [67] and Xpose (version 4.0) [68] package
in R (version 2.13.1; The R Foundation for Statistical Computing).

In paper 111, artemisinin concentration-time profiles were available. In paper
IT and 1V, artesunate and dihydroartemisinin concentration-time profiles were
available and modeled simultaneously (complete conversion of artesunate
into dihydroartemisinin was assumed). In paper II the model included both
intravenous and oral route of administration enabling an estimation of the
absolute oral bioavailability of artesunate. A pre-systemic conversion of
artesunate into dihydroartemisinin (i.e. an estimated fraction of
dihydroartemisinin was absorbed directly from the dosing compartment) was
also evaluated in this paper.

In paper 1V, a pre-systemic conversion of artesunate into dihydroartemisinin
was evaluated as first-order absorption of dihydroartemisinin from both the
dose compartment and the transit compartment into the central compartment
of the metabolite.
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The first-order conditional estimation (FOCE) method was applied in the
model building process. A Laplacian estimation method was used when
censored data, (below the lower limit of quantification), was implemented
with the M3-method (paper II and IV) [69]. Model discrimination was
performed using basic goodness-of-fit graphical evaluation and the objective
function value (OFV; computed by NONMEM as proportional to minus two
times the log likelihood of data) [70]. For nested models with one parameter
difference, AOFV of 3.84, 6.63 and 10.83 corresponds to a p-value of 0.05,
0.01 and 0.001, respectively. Structural models with one-, two- and three-
disposition compartments were fitted to the data, for parent compound and in
paper II and IV also for the active metabolite. The absorption phases were
evaluated with a first order absorption model with and without lag time, zero-
order absorption, sequential zero- and first-order absorption and with a
flexible transit compartment model with a fixed number of 1-10 transit
compartments [71].

Inter-individual variability was added exponentially as illustrated below (Eq.
7).

0; = 01y X exp(n;) Equation 7.

where 6; is the individually estimated parameter value for the i patient and
Orv is the typical value for the population. 1;is the inter-individual variability,
assumed to be normally distributed around zero and with a variance ®’. The
residual random variability was modeled as additive error models on log-
transformed concentrations being essentially equivalent to an exponential
residual error on an arithmetic scale. In paper II and IV, two additive error
models were implemented for artesunate and dihydroartemisinin,
respectively.

Different approaches to handle data below the lower limit of quantification
(LLOQ) were evaluated to avoid bias in parameter estimates. Initially, the
data were omitted (M 1-method) as in the case of paper III where only 5% of
the data were below the LLOQ (all within 30 minutes of dosing). In paper 11
and IV this data was modelled as categorical data (M3-method) and in paper
IV also as LLOQ/2 (MS5-method) [69], [72]. Simulation-based diagnostics
were used to discriminate between the M1 and M3-method (i.e. fraction of
simulated and observed data below the limit of quantification).

3.5.1 Covariate analysis

Covariates were investigated with a stepwise covariate methodology.
Stepwise forward inclusion (p<0.05) were used for both continuous and
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categorical covariates followed by a stepwise backward exclusion (p<0.01).
The covariates were tested with a linear, power and exponential relationship.
Bodyweight, centered on the population median weight, was evaluated as an
allometric function on all clearance and volume parameters, where clearance
were scaled to mass to a power of 0.75 and where the volume was scaled to
mass to the power of one [73]-[75].

In paper III and IV, a full-covariate approach (i.e. the covariate of interest
was added simultaneously as a categorical covariate on all estimated fixed
effects) was also implemented. These full covariate models were analyzed
using 500 re-sampled datasets (bootstrap) and the 90% confidence interval of
the covariate effects calculated to investigate the impact on each covariate on
the pharmacokinetic properties. A covariate related change in the parameter
estimates of more than 20% was assumed to be of clinical relevance.

3.5.2 Model evaluation

Basic goodness-of-fit characteristics were evaluated by plotting observed
drug concentrations against individually predicted and population predicted
drug concentrations and by plotting conditional weighted residuals against
population predicted drug concentrations and time [76]. Eta and epsilon
shrinkages were calculated to evaluate the reliability of the goodness-of-fit
diagnostics [77]. Visual predictive checks (prediction corrected) were
performed using 2000 simulations at each concentration time point (protocol
time points were used for binning) [78]. Bootstrap diagnostics (1000 re-
sampled datasets) were performed for the final models to obtain standard
errors for parameter estimates and non-parametric confidence intervals
around these parameters.
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4 RESULTS AND DISCUSSION

4.1 Bioanalytical method development
(Paper )

4.1.1 Optimization

In the optimization of the LC-MS/MS properties, the highest abundance of
the ions was found with the ammonium adduct [MNH4+]. Therefore, the
following precursor—product ion pairs, m/z 402.5-267.1, 302.4-267.3 and
300.4-209.2 were chosen for artesunate, dihydroartemisinin and internal
standard, respectively. Only the a-epimer of dihydroartemisinin was
quantified. Previously published data have also demonstrated higher
analytical response of a-dihydroartemisinin compared with the response of -
dihydroartemisinin [56], [79]. Using the current experimental conditions, this
could be due to steric reason in the formation of the ammonium adduct as the
precursor ion used in this method. The signal intensity and the baseline for
artesunate were much lower than those for dihydroartemisinin and internal
standard. Optimal chromatographic conditions were found with acetonitrile—
ammonium acetate 10 mM pH 4.0 (50:50, v/v).

4.1.2 Sample preparation

Artesunate undergoes both biological and chemical hydrolysis, the latter
accounting for approximately 80% of the total hydrolysis in clinical plasma
samples [80]-[82]. The use of fluoride/oxalate tubes during sampling aimed
to counteract the biological instability of artesunate by inhibiting the enzyme
mediated ex-vivo hydrolysis. A range of different SPE products and
experimental conditions were tested to optimize the preparation of plasma
and saliva samples used in the current study. A HyperSep Retain PEP 96-
well plate, containing polymeric material modified with urea containing
functional groups, was selected based on excellent performances in terms of
analyte recovery and reproducibility. With this sorbent, problems with
column drying often associated with traditional silica-based SPE materials,
were eliminated.

4.1.3 Validation

Validation according to FDA guidelines was completed successfully.
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The LLOQ was set to 5 ng/ml for both artesunate and dihydroartemisinin in
plasma and saliva, respectively, providing adequate accuracy and precision

(table 1 and 2) and with a signal-to-noice ratio of five or above.

Table 1. Intra-day and inter-day accuracy and precision for artesunate (ARS) and

dihydroartemisinin (DHA) in human plasma.

Intra-day (n=5)

Inter-day (n=15)

Analyte nominal Calculated Calculated
concentration concentration Accuracy concentration Accuracy
(ng/mL) (ng/mL) (%) %CV (ng/mL) (%) %CV

ARS 5 4.98+0.05 99.6 0.9 4.97+0.21 99.5 42
DHA 5 5.03£0.07 101 1.4 5.05+0.12 101 25
ARS 15 14.6+0.45 97.4 3.1 14.6+1.08 97.4 7.4
DHA 15 15.0£0.26 100 1.7 15.1+0.30 100 2
ARS 300 307+6.87 102 22 298+12.3 99.2 4.1
DHA 750 787£35.5 105 4.5 763£37.2 101 49
ARS 750 763£17.3 102 23 737+35.1 98.3 4.8
DHA 1500 1506£60.2 100 4 1412111 94.1 7.8

Calculated concentrations (ng/mL) are presented as mean + SD and precision represented by the %CV.

Table 2. Intra-day and inter-day accuracy and precision for artesunate (ARS) and

dihydroartemisinin (DHA) in human saliva.

Intra-day (n=5)

Inter-day (n=15)

Analyte nominal Calculated Calculated
concentration concentration Accuracy concentration Accuracy
(ng/mL) (ng/mL) (%) %CV (ng/mL) (%) %CV

ARS 5 4.99+0.06 99.8 1.3 4.97+0.09 99.5 1.9
DHA 5 5.01+0.07 100 1.3 5.0+0.07 100 1.4
ARS 15 15£0.10 100 0.7 15.0+0.15 100 1
DHA 15 1540.11 100 0.7 15.0+0.17 99.9 1.1
ARS 300 301+5.30 100 1.8 30144.67 100 1.6
DHA 750 751£13.6 100 1.8 747£16.5 99.6 22
ARS 750 75949.10 101 1.2 741423.2 98.8 3.1
DHA 1500 1518+26.8 101 1.8 1496+25.6 99.7 1.7

Calculated concentrations (ng/mL) are presented as mean + SD and precision represented by the %CV.
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For the first time a bioanalytical assay for determination of artesunate and
dihydroartemisinin in human saliva has been described. This sensitive and
high-throughput LC-MS/MS method was validated according to FDA
guidelines for artesunate and dihydroartemisinin in both plasma and saliva.

4.2 Animal study (Paper II)
4.2.1 Non-compartmental modeling

The model-independent analysis demonstrated no significant pregnancy-
related differences for artesunate or dihydroartemisinin after oral doses of
artesunate. However, after intravenous doses of artesunate there was a
significant increase in both artesunate and dihydroartemisinin clearance and
an increased volume of distribution for dihydroartemisinin in pregnant
animals. The dose adjusted exposure (AUC/Dose) decreased in pregnant
animals for both artesunate and dihydroartemisinin after intravenous doses of
artesunate. There were no significant differences in Tyax or half-life
parameters for either artesunate or dihydroartemisinin.

A dose dependent increase in clearance and a decrease in both half-life and
AUC were found for dihydroartemisinin irrespectively of route of
administration. There were no significant dose dependent effects on
artesunate pharmacokinetic parameters.

Estimated median parameters from the non-compartmental analysis were
carried forward as initial parameter estimates for the nonlinear mixed-effects
modelling.

4.2.2 Population pharmacokinetic model

The changes in artesunate and dihydroartemisinin plasma concentrations over
time were best described with a two-compartment disposition model for both
compounds (figure 4). Artesunate absorption was best described by a transit
compartment model with one fixed compartment. In the final model, inter-
individual variability was retained on all parameters. The population-derived
pharmacokinetic estimates with relative standard errors are presented in table
3. Modeling the data below the limit of quantification as categorical data
(M3-method) improved the diagnostics of the model compared to the
conventional method of omitting these data (figure 5).

19



Sofia Birgersson

Pregnancy as a continuous covariate had a significant impact on several
pharmacokinetic parameters. From gestation day 0 to gestation day 20,
artesunate and dihydroartemisinin clearance increased by 20.2% and
102%, respectively, with proportional decreases in total drug exposure. In
patients, this could have severe consequences resulting in a higher risk of
treatment failures and the development of drug resistant parasites. This
increase in clearance values could be related to a pregnancy-induced
increase in enzymatic activity, which has also been found in pregnant
women [83]. Volume of distribution was also affected by pregnancy for
both artesunate and dihydroartemisinin, with an increase from gestation
day 0 to gestation day 20 of 50.0% and 14.9%, respectively. These
changes are commonly seen in pregnant women, due to increased blood
volume and changes in plasma proteins [83].

The pregnancy effects found here are well in agreement with previous
findings in pregnant women indicating that this can be a suitable animal
model to further study the impact of pregnancy on antimalarial drugs
[84], [85].

Intravenous
infusion dosing

Oral dose
compartment

Dose x F compartment

Central
ARS
compartment

Central
DHA
compartment

Transit

CL, J/V

ARS ~ ARS

compartment

(n=1)

Q

vV
QARS/VARSJ‘ QDHA/VDHA DHA' ~ DHA,P

Peripheral
ARS
compartment

Peripheral
DHA

compartment

Figure 4. Structural representation of the final model describing artesunate (ARS) and
dihydroartemisinin (DHA) pharmacokinetics in pregnant and non-pregnant rats receiving
single intravenous infusion and oral doses of artesunate. krp, absorption rate constant;
CL, elimination clearance; V, central volume of distribution; Q, inter-compartment
clearance; Vp peripheral volume of distribution; F, absolute oral bioavailability of
artesunate.
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Table 3. Parameter estimates of the final population pharmacokinetic model describing

artesunate (ARS) and dihydroartemisinin (DHA) in pregnant and non-pregnant rats receiving

single intravenous infusion and oral doses of artesunate.

Parameter

Parameter estimate CI95% IV CV% CI 95%

(RSE%) (RSE%)

CLars (L/h) 3.84 (7.42) 3.00-4.06 24.0 (15.6) 18.8-37.8
Vars (L) 0.453 (9.66) 0.31-0.45 282 (16.0) 108-395
Qars (L/h) 0.105 (9.05) 0.083-0.12 12 (20.7) 6.56-18.5
Varsp (L) 0.081 (7.53) 0.070-0.095 171 (27.1) 65.7-184
CLpya (L/h) 1.03 (6.70) 0.88-1.23 20.3 (17.9) 10.7-20.7
Vpua (L) 0.158 (5.64) 0.14-0.19 1.50 (16.7) 1.00-1.7
Qona (L/h) 0.610 (7.17) 0.51-0.69 16.4 (18.2) 11.5-21.2
Vbuap (L) 0.201 (6.79) 0.17-0.24 17.0 (26.8) 13.0-24.6
F (%) 5.41 (10.3) 4.78-7.43 89.0 (15.2) 41.6-116
MTT (h) 0.144 (9.24) 0.10-0.15 75.0 (19.5) 48.5-103
Nr of trans comp 1 (fixed)
GARSsIV 1.20 (10.3) 0.89-1.49
ODHAIV 0.132 (13.7) 0.10-0.18
PREG on CLgs (%) 1.35 (25.7) 0.19-1.70
PREG on V zgs (%) 5.77 (9.26) 4.56-6.90
PREG on CLpy4 (%) 0.49 (58.2) 0.09-1.21
PREG on Vpya (%) 2.40 (15.2) 1.41-2.99

Parameter estimates for artesunate (ARS) and dihydroartemisinin (DHA). CL, elimination clearance; V,
central volume of distribution; Vp, peripheral volume of distribution, Q, inter-compartment clearance,
MTT, mean transit time of the absorption phase; F, oral bioavailability; Nr. trans comp, number of transit
compartments in the absorption model; o, variance of the additive residual errore. PREG on CL or V;
factor of percental increase in CL or V per increase in pregnancy gestational day. RSE is the relative

standard error calculated as 100x standard deviation/mean. CV% is the coefficient of variation

calculated as

100 * SQRT(evariance — 1) for inter-individual variability (ITV). Parameter estimates are based on
population mean values from NONMEM, RSE% and CI values are based on 307 successful bootstrap runs

(out of 320).
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Figure 5. Prediction corrected visual predictive checks of the final population
pharmacokinetic model of artesunate and dihydroartemisinin in pregnant and non-
pregnant rats receiving single intravenous infusion and oral doses of artesunate. Upper
panel: open circles represents the observations, the broken lines are the 5" and 95™
percentiles of the observations and the solid line is the median of the observations.
Shaded areas represent the 95% confidence interval of simulated 5", 50™ and 95"
percentiles. Lower panel: the shaded area represents the simulated 95% confidence
intervals of the fraction of BOL data. The black solid line represents the observed fraction

of BOL data.
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4.3 Artemisinin pharmacokinetics in
healthy volunteers (Paper lll)

The pharmacokinetics of artemisinin was best characterized by a one-
compartment disposition model with seven transit compartments in the
absorption phase (figure 6). Data from all four regimens were successfully
modeled simultaneously, including between-dose occasion variability. A
transit-compartment absorption model was significantly better than all other
absorption models tested. The population-derived pharmacokinetic estimates
with relative standard errors are presented in table 4 and 5. Parameter
estimates in this work in healthy volunteers were in agreement with those
previously reported in patients by Sidhu et al. after taking into account the
differences in bodyweight [86].

The stepwise covariate approach did not result in any significant covariates in
the final model.

Dose K
Compartment
(Dose x F)

Central CL/V
Compartment

Vo)

Transit
Compartments
@=7)

Figure 6. Structural representation of the final model describing artemisinin
population pharmacokinetics in healthy male Vietnamese subjects. krg, absorption
rate constant; CL, elimination clearance; V¢, volume of distribution of the central
compartment; F, relative oral bioavailability.
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Table 4. Parameter estimates of the final model describing artemisinin population
pharmacokinetics in healthy male Vietnamese subjects.

Parameter Population estimate CI195% OV/IOV* CV%  C195%
(RSE%) (RSE%)

CL/F (L/h) 417 (9.32) 350-501 17.1* (34.3) 11.1-22.6
V/F (L) 1210 (9.02) 1030-1450 - -

Nr of trans comp 7 (fixed) - - -

MTT (h) 0.787 (5.97) 0.702-0.891 53.9% (20.3) 41.6-66.9
F 1 (fixed) - 34.3(52.3) 17.3-50.5
6 (CV%) 51.6 (5.84) 44.9-58.1 - -

CL/F, apparent elimination clearance; V/F, apparent volume of distribution; Nr. trans comp, number of
transit compartments in the absorption model; M7T, mean transit time of the absorption phase; F, relative
oral bioavailability; o, additive residual error. RSE is the relative standard error calculated
as100x standard deviation/mean. CV% is the coefficient of variation calculated as 100 *
SQRT (ev@riance — 1) for inter-individual variability (IIV) and inter-occasion variability (IOV). CI 95%,
95% confidence intervals calculated as the 2.5 and 97.5 percentiles of bootstrap estimates. Parameter
estimates are based on population mean values from NONMEM, RSE% and CI values are based on 954
successful bootstrap runs (out of 1000).

Table 5. Secondary parameters of the final model describing artemisinin population
pharmacokinetics in healthy male Vietnamese subjects

Parameter Treatment 1 Treatment 2 Treatment 3 Treatment 4
Cumax (ng/mL) 111[45.2-183 ] 96.7 [52.1-169] 244 [133-479] 144 [58-200]
Tumax (h) 1.41[0.762-2.06] 1.09[0.773-2.28] 1.72[1.12-3.65] 0.992 [0.628-1.90]

AUC,.. (ng*h/mL) 441 [472-146]  349[181-642] 994 [468-2040] 467 [192-761]
AUC,, (ng*h/mL) 461 [144-651]  342[178-624] 956 [462-1973] 462 [189-744]
t,5 (h) 1.97[1.64-3.37] 1.80[1.46-3.20] 1.93[1.71-2.43] 2.02 [1.64-2.42]

Secondary parameters estimated from the final model and values are presented as median
[range]. C,,, is the maximum concentration and 7,,, is the time to reach C,,,. AUC, is the
accumulated area under the concentration-time curve from time zero extrapolated to infinity
and AUC)._;, is the accumulated area under the concentration-time curve from time zero to 12 h
after dose. #;, is the estimated terminal elimination half-life. Treatment 1 was administrated as
160 mg micronized artemisinin, treatment 2 was 160 mg of the reference formulation of
artemisinin, treatment 3 was 500 mg of the reference formulation of artemisinin and treatment
4 was 160 mg micronized artemisinin and 720 mg of piperaquine phosphate.
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In the full covariate approach, mean—transit-time increased by a median of
69.1% with increasing dose size (160 mg vs 500 mg, figure 7B). None of the
other parameters were influenced by artemisinin formulation (figure 7A),
dose (figure 7B) or concomitant piperaquine administration (figure 7C),
although there was a trend towards an increasing volume of distribution with
increasing doses. The data in the present study was previously used in a non-
compartmental analysis by Hien et a/ [87]. In that analysis the two different
formulations were concluded to not fulfill the criteria for bioequivalence due
to large variability, according to the FDA guidelines [88]. However, the
clinical impact was considered to be negligible. The full covariate population
modeling approach used in the present study showed similar results to what
Hien et al found with no absorption-related pharmacokinetic differences
between the reference formulation and the micronized powder formulation.
The study design with two different dose sizes for the conventional
formulation was due to earlier findings suggesting dose-dependent
artemisinin pharmacokinetics [38], [89]. However, dose differences did not
change the relative bioavailability although the mean transit time increased
substantially at higher doses in the present study. Possible explanations for
this prolonged absorption could be the low solubility or elongated dissolution
of the drug powder. It has previously been shown that artemisinin has a high
permeability via passive diffusion, therefore, transportation across the
intestinal membranes is not likely to be a rate-limiting step increasing mean
transit time [90].
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Figure 7. Box (25™ and 75™ percentile) and whisker (1.5 xinterquartile range) plots of the
full covariate models. The solid black zero-line represents no covariate effect (and the
dotted black lines represent a covariate effect of +20%). Formulation (A), dose (B) and
the potential drug-drug interaction with piperaquine (C) were investigated as covariates.
MTT is the mean transit time, F is the relative oral bioavailability, V/F is the apparent
volume of distribution and CL/F is the apparent elimination clearance. All covariates
were added as categorical functions.
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Concentration-time profiles for three groups, healthy volunteers, adult
patients [86] and pediatric patients [91], were simulated after receiving
identical dosages (weight adjusted) of artemisinin as in the present study
(figure 8). The time to reach maximum concentration occurred at nearly the
same time in all three groups, although both groups of patients showed lower
maximum concentrations compared to healthy volunteers. The absorption
models differ between healthy volunteers and patients, most likely due to
sparse sampling in the absorption phase in patients. Children seem to have a
lower exposure compared to the other groups which indicates that dose
adjustment by allometric scaling would be preferable to adjusting merely by
body weight. The developed population pharmacokinetic model showed good
predictive performance, as illustrated in the visual predictive check, and
could therefore be suitable for population based simulations and clinical trial
design (figure 9).

120
100
80
60
40

Concentration (ng/mL)

20

Time (hr)

Figure 8. Simulated mean concentration-time profiles of healthy male Vietnamese
volunteers (solid line, present study), adult patients (dashed line, [86]) and pediatric
patients (dotted line, [91]).

This is the first population pharmacokinetic characterization of artemisinin in
healthy volunteers. Increasing the dose resulted in a significant increase in
the mean transit absorption time but the micronized formulation or
concomitant piperaquine administration did not affect the pharmacokinetic
properties of artemisinin.
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Figure 9. Prediction corrected visual predictive check of the final model
describing artemisinin population pharmacokinetics in healthy male Vietnamese
subjects. Open circles represents the observations, the broken lines are 5™ and
95™ percentiles of the observations and the solid line is the median observed
concentrations (nmole/L). Shaded areas represent the 95% confidence interval of
simulated 5", 50™ and 95™ percentiles.

44 Pregnant patient population (Paper IV)

In this study, a population pharmacokinetic model was developed for
artesunate and the active metabolite, dihydroartemisinin, in pregnant and
non-pregnant women in Burkina Faso, treated with a fixed-dose
combination of artesunate and mefloquine. The final model was a one-
compartment  disposition model for both artesunate and
dihydroartemisinin, where artesunate absorption was described with a
transit compartment model (n=3) (figure 10). Allowing for inter-
individual variability in the relative bioavailability of artesunate
significantly improved the model fit. The best performing model was
obtained when data below the LLOQ was modeled as categorical data
(i.e. the M3-method) (figure 11). Final parameter estimates and
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secondary parameter estimates are summarized in table 6 and 7,
respectively.

Pregnancy as a categorical covariate had a significant impact on apparent
oral clearance of dihydroartemisinin, resulting in a 24% increased
elimination clearance of dihydroartemisinin in pregnant women as
compared to non-pregnant women. This finding was in agreement with
the study by Morris et al where pregnant and non-pregnant women with
Plasmodium falciparum malaria received oral artesunate. A pregnancy-
induced increase of 42% in the elimination clearance of
dihydroartemisinin was found [84].

No other covariates were significant in the stepwise covariate approach.
When further evaluating the effect of pregnancy in a full covariate model
approach, the same result as in the step-wise covariate search was found.
Dihydroartemisinin clearance increased (21.6%) with pregnancy (figure
12). There was a strong trend towards a decreased mean transit
absorption time in pregnant women. This could indicate an effect in the
absorption phase that possibly would be significant in a larger patient
study.

Oral dose
compartment
Dose x F

Transit k Central ARS CLrs/Vars Central DHA | “Loua/Voua
Corrtpar;r)nent compartment compartment
=

Figure 10. Structural representation of the final model describing artesunate (ARS)
and dihydroartemisinin (DHA) population pharmacokinetics in pregnant and non-
pregnant women. kg, absorption rate constant; CL/F, elimination clearance; V/F,
volume of distribution of the central compartment; F, oral bioavailability.

To further investigate the possible effect of malaria on the
pharmacokinetics, the data was divided into two subsets (i.e. only
pregnant or only non-pregnant patients). Parasite load (number of
parasites on a logarithmic scale) was added as a continuous covariate
effect in a stepwise manner. In the subset of only pregnant patients, a
25% increase in the bioavailability per log parasite load increase was
found to be significant. Adding this disease effect as a fixed effect to the
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final model resulted in a larger increase in dihydroartemisinin clearance
with pregnancy which indicates that disease severity attenuates the effect
of pregnancy. Thus, the overall pharmacokinetic effect of pregnancy in
this study might be underestimated due to an imbalance in the parasitemia
at enrollment
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Figure 11. Visual predictive check of the final model describing artesunate and
dihydroartemisinin population pharmacokinetics in pregnant and non-pregnant
women. Upper panel: Open circles represents the observations, and the solid line is
the median observed concentrations. Shaded areas represent the 95% confidence
intervals of simulated 5", 50™ and 95" percentiles. Lower panel: the shaded area
represents the simulated 95% confidence intervals of the fraction of BOL data. The
black solid line represents the observed fraction of BOL data.

The pregnancy-induced increase in clearance could be as high as 31%,

taking into account the different parasite biomass in the two patient
groups. These opposite effects of disease severity and pregnancy are in
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accordance with a recent study by Kloprogge et al [92]. In that study
pregnant women with uncomplicated Plasmodium falciparum malaria
were treated with intravenous and oral artesunate. The result showed that
malaria and pregnancy demonstrated opposite effects on bioavailability
of orally administered artesunate. Kloprogge et al found that malaria
increased the bioavailability by 87% while pregnancy decreased oral
bioavailability by 23%.

The final model of pregnant and non-pregnant patients showed
satisfactory predictive performance indicating the model to be suitable for
simulations (figure 11).

Table 6. Parameter estimates of the final model describing artesunate (ARS) and
dihydroartemisinin (DHA) population pharmacokinetics in pregnant and non-pregnant
women.

Parameters Population estimate CI195% IV CV% CI195%
(RSE%) (RSE%)

CLars/F (L/h) 3480 (9.30) 2870-4100 26.6 (54.9) 1.34-35.4

Vars/F (L/h) 1650 (11.1) 1290-2050 -

CLpua/F (L/h) 147 (6.50) 129-165 9.6 (47.1) 3.55-12.4

Vona/F (L/h) 260 (5.60) 236-286 -

MTT (h) 0.834 (9.75) 0.720-1.00 56.5 (20.6) 46.2-74.1

F (%) 100* (fixed) 41.1 (24.1) 32.2-51.2

Nr of trans comp 3 (fixed)

PREG on CLppa/F 242 (24.2) 12.4-36.5

OaRs 0.89 (10.8) 0.721-1.07

ObA 0.66 (9.58) 0.528-0.750

CL/F, apparent elimination clearance; V/F, apparent volume of distribution; M77T, mean transit time of the
absorption phase; F, relative oral bioavailability; Nr. trans comp, number of transit compartments in the
absorption model; PREG on CLppua/F; factor of percental increase in CLpya/F with pregnancy; o, additive
residual error as the variance. RSE is the relative standard error calculated as 100x standard deviation/
mean. CV% is the coefficient of variation calculated as 100 * SQRT (e”%"@"¢¢ — 1) for inter-individual
variability (IIV). Parameter estimates are based on population mean values from NONMEM, RSE% and
CI values are based on 86 successful bootstrap runs (out of 100).
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Table 7. Secondary parameters of the final model describing artesunate and
dihydroartemisinin population pharmacokinetics in pregnant and non-pregnant women.

Non-pregnant Pregnant Total
Artesunate
t1/2 (h) 0.304 (0.260-0.563) 0.334 (0.251-0.656) 0.322 (0.251-0.656)
AUC., (ng*h/mL) 90 (45.9-238) 140 (45.1-313) 97.8 (45.1-313)
Cwmax (ng/mL) 32.8 (11.0-87) 54.1 (10.9-108) 39.8 (10.9-108)
Tuax (h) 1.49 (0.769-2.45) 1.09 (0.505-2.06) 1.23 (0.505-2.45)
Dihydroartemisinin
t1/2 (h) 1.22 (1.09-1.40) 0.980 (0.905-1.17) 1.13 (0.905-1.40)
AUC., (ng*h/mL) 1,823 (932-3,034) 1,599 (606-3,600) 1,736 (606-3600)
Cwmax (ng/mL) 35.6 (18.4-68.7) 51.6 (19.0-120) 29.5 (8.05-79.9)
Tuax (h) 2.39(1.55-3,72) 1.91 (1.11-3.08) 2.07 (1.11-3.72)

Secondary parameters estimated from the final model are presented as median (range). Ca is the
maximum concentration and T, is the time to reach C,... AUC,., is the accumulated area under the
concentration-time curve from time zero to infinity. t,,; is the estimated terminal elimination half-life.
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Figure 12. Box (25" and 75" percentile) and whisker (1.5 xinterquartile range)
plot of the full covariate model of pregnancy. The solid black zero-line represents
no covariate effect (and the dotted black line represents a covariate effect of £20.
CL zs/F is the apparent elimination clearance of the parent compound, CLpy/F
is the apparent elimination clearance of the metabolite, MTT is the mean transit
time. The covariate was added as a categorical function.
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5 GENERAL DISCUSSION

In the fight against malaria, WHO states that, the necessary tools are a
combination of insecticide treated nets, indoor residual spraying, diagnostic
tools and treatment with ACTs [5]. However, the emerging artemisinin
resistance is now threatening our ability to control and eliminate malaria.
This emphasizes the need for dose-optimization in vulnerable groups in order
to prevent sub-therapeutic drug exposures that will undoubtedly result in
treatment failures and fuel the development of drug resistant parasites [20]—
[22], [93]. Nonlinear mixed-effects modeling can be used to get the most out
of the information gained from preclinical and clinical data, and identify
patient groups at particular risk of treatment failure and drug resistance
development. Validated models can also be used to optimize dose regimens
in these groups and to further improve clinical trial designs by stochastic
simulations.

In order to conduct high quality pharmacokinetic studies, sensitive
bioanalytical methods are essential. The method presented in this thesis was
validated for plasma and saliva, offering a non-invasive method for
therapeutic drug monitoring and pharmacokinetic field studies.
Concentrations in saliva are usually lower compared to those in plasma and
the equilibrium between the two matrices is dependent on the physiochemical
properties of the drug. However, if the distribution is rapid and pH-
independent, the concentration in saliva could correspond to the unbound
concentration of the drug in plasma [94], [95]. Gordi et al, showed
comparable levels of artemisinin in saliva as in unbound plasma
concentrations using high performance liquid chromatography [51].
Considering that artesunate is highly hydrophilic (pKa 4.6, >99% ionized in
plasma, pH 7.4) and that dihydroartemisinin is relatively lipophilic (pKa
12.1, almost unionized in plasma), dihydroartemisinin will be more likely to
be transported by passive diffusion [90], [96]. Dihydroartemisinin is
therefore more likely to show a correlation between concentrations in saliva
and unbound concentrations in plasma. Indeed, saliva concentrations versus
unbound concentrations in plasma of dihydroartemisinin were found to have
a higher correlation than that of artesunate when using the developed and
validated bioanalytical method to analyze plasma and saliva samples from a
clinical study in cancer patients treated with artesunate [97], [98]. Saliva
concentrations as a proxy for unbound plasma concentrations of
dihydroartemisinin could also be highly advantageous in malaria treatment
monitoring and subsequent evaluations of the dose-response relationship
since dihydroartemisinin is an active metabolite of artesunate and mainly
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responsible for the parasite elimination after oral administration of artesunate.
The assay was validated for artesunate and dihydroartemisinin in both plasma
and saliva according to FDA guidelines, and has proven to be highly useful in
clinical sample analysis, with future applicability in malaria treatment
evaluations.

Several of the artemisinin derivatives are today used in combination therapies
in the treatment of malaria. Artemisinin itself, has previously not been
commonly used in ACTs as a consequence of the auto-induction of its own
metabolizing CYP-enzymes [39]-[41]. However, in a short two-day
treatment the auto-induction will be less prominent although with
effectiveness comparable to a three-day artesunate-mefloquine treatment
[42], [99]. In addition, a lower incidence of adverse events in the
gastrointestinal tract was seen after administration of artemisinin-piperaquine
as compared to after administration of dihydroartemisinin-piperaquine. A
shorter treatment course and more favorable safety profile would undoubtable
result in increased compliance. However, a shorter treatment course should
be considered carefully before clinical implementation due to the possible
resistance development. Another concern is the relatively low bioavailability
of artemisinin when used clinically and different attempts have been made to
increase the bioavailability of the drug. Micronized formulations are known
to increase the solubility and thereby the bioavailability of drugs, and it was
therefore hypothesized to be a viable approach to increase the bioavailability
of artemisinin [100].

It was concluded from the pharmacokinetic analysis that increasing the dose
resulted in a significant increase of the mean transit absorption time but the
micronized formulation or concomitant piperaquine administration did not
affect the pharmacokinetic properties of artemisinin. Therefore, the
micronized formulation will not result in an enhanced absorption of the drug
as hoped. The developed final model may still be an important tool to
investigate new dosing regimens in silico and to be implemented in clinical
trial simulations for informative design of future clinical trials.

Malaria during pregnancy is a major health concern for both the mother and
the fetus. ACTs are recommended by the WHO as first-line treatment of
uncomplicated P. falciparum malaria in the second and third trimesters [30].
However, ACTs are not recommended to women in their first trimester of
pregnancy. This restriction is based on studies in animals where the tested
drugs (artemisinin, artesunate, dihydroartemisinin, artemether and artemotil)
have shown strong embryotoxic effects both in rats and monkeys and
teratogenic effects in rats [101]-[103]. Clinical studies during pregnancy are
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generally rare and often small in size due to the ethical and practical concerns
of recruiting pregnant women. In the first trimester, only a few clinical
studies exists for artesunate and dihydroartemisinin [104], [105]. In the
second and third trimester, there are more extensive studies of these drugs,
but the results are somewhat contradictive [84], [106], [107]. Therefore, it
would be of interest to have a simple and scalable animal model in order to
evaluate this in more detail. The pharmacokinetic properties of artesunate and
dihydroartemisinin have successfully been described in the pregnant and non-
pregnant rat and in the pregnant and non-pregnant patient in this thesis.
Identified pregnancy effects in the rat correlated with effects found in
pregnant women, which indicates that this could be a suitable animal model
for studies in early pregnancy with translation to human.

The pharmacokinetic evaluation of artesunate and dihydroartemisinin in
pregnant and non-pregnant rats demonstrated a substantial pregnancy-
induced increase in volume of distribution and clearance during pregnancy.
An increase in volume of distribution is commonly seen in pregnant women
due to an increased blood volume and altered plasma protein levels. This
could result in a lower initial concentration and/or a longer half-life, which is
less likely in this case due to the simultaneous increase in clearance. Several
metabolizing enzymes are also altered during pregnancy, which could explain
the increase in clearance.

The last project of this thesis focused on describing the pharmacokinetic
effects of pregnancy in pregnant and non-pregnant patients with
uncomplicated P. falciparum malaria after receiving oral artesunate
treatment. Pregnant patients showed a significantly increased elimination
clearance for dihydroartemisinin but no other alteration to the
pharmacokinetics. Dihydroartemisinin is metabolized via glucuronidation by
the enzymes, UGT 1A9 and 2B7, and this increase in clearance could be
related to increased levels of enzymes during pregnancy. An increase in
clearance with subsequent lower exposure of the drug could have serious
consequences as it increases the risk of treatment failure. Sub-therapeutic
exposures and treatment failures will undoubtedly fuel the development of
drug resistant malaria parasites.

This thesis has focused on evaluating and describing the pharmacokinetic
properties of the artemisinins. A bioanalytical method is presented here for
the measurement of artesunate and dihydroartemisinin in saliva, a non-
invasive and field-adapted sampling method, as well as in plasma for the use
in pharmacokinetic studies or therapeutic drug monitoring. A micronized
formulation of artemisinin was evaluated, but the increase in bioavailability
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was not considered to be of clinical importance. The pregnant rats showed
similar pharmacokinetic properties to pregnant women, indicating that this
could be a suitable animal model for translational studies from rat to pregnant
women. Pregnant patients receiving oral artesunate might need a higher
treatment dose since dihydroartemisinin exposure decreased compared to
non-pregnant patients.
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6 CONCLUSION

This thesis has investigated the pharmacokinetic properties of artemisinin and
its derivatives, artesunate and dihydroartemisinin using nonlinear mixed-
effects modeling. The following conclusions can be drawn:

e For the first time an accurate and sensitive bioanalytical
assay for determination of artesunate and dihydroartemisinin
in human saliva has been described.

e A pregnancy-related increase in the volume of distribution
and in clearance was found for artesunate and
dihydroartemisinin in the rat. This is in agreement with what
has been found in pregnant women, indicating that this
animal model could be suitable for translation to human
data.

e A micronized formulation of artemisinin or concomitant
piperaquine  administration did not affect the
pharmacokinetic properties of artemisinin in healthy male
volunteers. This conclusion was in agreement with the
results in the traditional bioequivalence study using non-
compartmental analysis.

e A pregnancy-related increase in the elimination of
dihydroartemisinin was found in patients. This could
indicate a decreased treatment effect and possibly the need
of increased dosing of artesunate in pregnant women with
malaria.
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7 FUTURE PERSPECTIVES

Since the year 2000, malaria mortality has decreased by nearly 50%
worldwide. The main reason for this substantial improvement is the
implementation of the highly effective artemisinin-based combination
treatment and the roll out of bed nets. Despite this decrease in mortality, there
are still roughly 2000 deaths every day and drug resistance against the
artemisinins has now been established in Southeast Asia. However, the
artemisinins are still the recommended first-line therapy against malaria and
still shows excellent cure rates in most parts of the world, especially in Africa
where the highest burden is. It is therefore important to characterize the
pharmacokinetics of the artemisinins and optimize dosing regimens in all
patient groups in order to maximize the therapeutic life-span of this
treatment.

Pharmacometrics is a highly useful tool to maximize the information gained
from pre-clinical and clinical trials and to identify particular patient groups at
risk of treatment failure and resistance development. A pharmacometric
framework was used in this thesis to evaluate the influence of pregnancy but
also the influence of two different formulations, doses, and drug-drug
interactions on the exposure to artemisinin and its derivatives. The findings
presented in this thesis (similar pharmacokinetic properties in the pregnant rat
as in pregnant women, lower exposure of dihydroartemisinin in pregnant
women, not sufficient effect of micronized formulation, no dose-dependency
or drug-drug interactions) advance our knowledge substantially about the
pharmacokinetic properties of artemisinins. Furthermore, the thesis present
validated and accurate population-based models for future clinical trial design
simulations of new drug combination studies (possibly triple combinations),
further evaluation of the pharmacokinetic properties in early pregnancy but
also for establishing an evidence-based dose recommendation for artesunate
in pregnant women.
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