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Abstract

ABSTRACT
Resistance against anti-malarial drugs remains one of the greatest obstacles to the effective
control of malaria. The current first-line treatment regimen for uncomplicated P.falciparum
malaria is based on artemisinin combination therapies (ACTs).

However, reports of an

increase in tolerance of the malaria parasite to artemisinins used in ACTs have alarmed the
malaria community. The spread of artemisinin-resistant parasites would impact negatively
on malaria control.
Chloroquine and amodiaquine are 4-aminoquinolines. Chloroquine and amodiaquine were
evaluated in a primate model by comparing the bioavailability of these compounds in a
reference formulation and also in a Pheroid® formulation. In vivo pharmacokinetic studies
were conducted for chloroquine, and in vitro and in vivo drug metabolism and
pharmacokinetic (DMPK) studies were conducted for amodiaquine. Pheroid® technology
forms the basis of a colloidal drug delivery system, and it is the potential application of this
technology in combination with the 4-aminoquinolines that was the focus of this thesis.
Pheroid® is a registered trademark but for ease of reading will be referred to as pheroid(s) or
pro-pheroid(s) throughout the rest of the thesis.
The non-human primate model used for evaluation of the pharmacokinetic parameters was
the vervet monkey (Chlorocebus aethiops). Chloroquine was administered orally at 20
mg/kg.

A sensitive and selective LC-MS/MS method was developed to analyze the

concentration of chloroquine in both whole blood and plasma samples. The Cmax obtained
for whole blood was 1039 ± 251.04 ng/mL for the unformulated reference sample of
chloroquine and 1753.6 ± 382.8 ng/mL for the pheroid formulation. The AUC0-inf was 37365 ±
6383 ng.h/mL (reference) and 52047 ± 11210 ng.h/mL (pheroid). The results indicate that
the use of pheroid technology enhances the absorption of chloroquine. The effect of pheroid
technology on the bioavailability of amodiaquine and N-desethylamodiaquine was
determined in two groups of vervet monkeys, with the reference group receiving capsules
containing the hydrochloride salt of amodiaquine and the test group receiving capsules
containing a pro-pheroid formulation of amodiaquine. Amodiaquine was administered at 60
mg/kg. Blood concentrations of amodiaquine and N-desethylamodiaquine samples were
monitored over 13 time points from 0.5 to 168 hours.

Amodiaquine and pro-pheroid

formulated amodiaquine were incubated in vitro with human and monkey liver (HLM and
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MLM) and intestinal (HIM and MIM) microsomes and recombinant cytochrome P450
enzymes. The in vitro metabolism studies confirm the rapid metabolism of amodiaquine to
the main metabolite N-desethylamodiaquine in monkeys.

Although the pharmacokinetic

parameters varied greatly, parameters for both the parent compound and main metabolite
were lower in the test formulation compared to the reference formulation. For HLM, MLM
and CYP2C8, the pro-pheroid test formulation showed significantly longer amodiaquine
clearance and slower formation of N-desethylamodiaquine.

However, the effect was

reversed in MIM.
Pheroid technology impacts differently on the bioavailability of the various pharmaceutical
classes of anti-malarials. Pheroid technology did not enhance the bioavailability of
amodiaquine or N-desethylamodiaquine. This is contrary to the observed effects of pheroid
technology on the pharmacokinetics of other drugs such as artemisone and chloroquine
where it increases the area under the curve and prolongs the drug half-life.
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Chloroquine,
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UITTREKSEL
Die ontwikkeling van weerstandbiedendheid teen anti-malaria geneesmiddels bly een van
die grootste struikelblokke in die strewe na die effektiewe beheer van malaria. Artemisinien
gebasseerde kombinasieterapie word tans aanbeveel as die eerste linie van behandeling
van ongekompliseerde P.falciparum malaria.

Onlangse verslae van ‘n toename in die

toleransie van malaria parasiete teen artemisinien gebasseerde kombinasieterapie wek
kommer in die malaria gemeenskap. Die verspreiding van artemisinien-weerstandige
parasiete sal die effektiewe beheer van malaria drasties bemoeilik.
Chlorokien en amodiakien word geklassifiseer as 4-aminokinoloonverbindings.

Die

biobeskikbaarheid van chlorokien en amodiakien was getoets in ‘n primaat model deur ‘n
verwysings formulering met ‘n Pheroid® formulering te vergelyk. In vivo farmakokinetiese
studies was uitgevoer vir chlorokien, en in vitro en in vivo metaboliese en farmakokinetiese
studies was uitgevoer vir amodiakien. Pheroid® tegnologie vorm die basis van ‘n kolloïdale
geneesmiddel aflewerings sisteem, en die moontlike toepassing van hierdie tegnologie in
kombinasie met die 4-aminokinoloonverbindings was die fokus van hierdie tesis. Pheroid®
tegnologie is ‘n geregistreerde handelsmerk, maar vir gemak van lees sal verwys word na
pheroid(s) of pro-pheroid(s) in die res van die tesis.
Die primaat model wat gebruik was vir die evaluering van die farmakokinetiese parameters
was die Blouaap (Chlorocebus aethiops). Chlorokien was oraal toegedien teen 20 mg/kg. ‘n
Sensitiewe en selektiewe LC-MS/MS metode is ontwikkel om die konsentrasie van
chlorokien in heelbloed en plasmamonsters te analiseer.

Die heelbloed het ‘n Cmaks

opgelewer van 1039 ± 251.04 ng/mL in die ongeformuleerde verwysing terwyl die pheroid
formulering ‘n Cmaks van 1753.6 ± 382.8 ng/mL opgelewer het. Die AUC0-inf was 37365 ±
6383 ng.h/mL (verwysing) en 52047 ± 11210 ng.h/mL (pheroid). Die resultate dui daarop
dat die gebruik van pheroid tegnologie die absorpsie van chlorokien vehoog. Die effek van
pheroid tegnologie op die biobeskikbaarheid van amodiakien en N-desetielamodiakien is in
twee groepe blouape bepaal, die verwysingsgroep het kapsules ontvang wat die
hidrochloriedsout van amodiakien bevat het en die toets groep het kapsules ontvang wat ‘n
pro-pheroid formulering van amodiakien bevat het.

Amodiakien is teen 60 mg/kg

liggaamsmassa toegedien. Bloedkonsentrasies van amodiakien en N-desetielamodiakien is
oor 13 tydsintervalle van 0,5 tot 168 uur gemonitor.

Amodiakien en pro-pheroid

geformuleerde amodiakien is in vitro met mens- en primaat lewer en intestinale mikrosome
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en rekombinante sitochroom P450-ensieme geïnkubeer. Die in vitro metabloiese studies
bevestig die vinnige metabolisme van amodiakien na N-desetielamodiakien in die primate.
Alhoewel die farmakokinetiese parameters baie gevariëer het, het resultate aangetoon dat
parameters vir beide amodiakien en N-desetielamodiakien laer was in die toets formulering
in vergelyking met die verwysings formulering. Gedurende inkubasies met die mens- en
primaatlewer mikrosome sowel as CYP2C8, het die pro-pheroid formulering ‘n aansienlike
langer amodiakien opruiming en stadiger vorming van N-desetielamodiakien getoon. Die
bogenoemde effek was egter omgekeerd in die primaat intestinale mikrosoom inkubasies.
Pheroid tegnologie beïnvloed die biobeskikbaarheid van die verskillende farmaseutiese
klasse anti-malaria geneesmiddels in ‘n wisselende mate. Pheroid tegnologie het nie die
absorpsie en biobeskikbaarheid van amodiakien en N-desetielamodiakien verbeter nie. Dit
is in teenstelling met die waargenome gevolge van pheroid tegnologie op die
farmakokinetika van ander geneesmiddels soos artemisoon en chlorokien, waar daar ‘n
verhoging in die area onder die kurwe en ‘n verlenging in die geneesmiddel se halfleeftyd
waargeneem is.

Sleutelwoorde:

Malaria,

Chlorokien,

Amodiakien,

Pheroid®

tegnologie,

In

vivo

farmakokinetiese analise, In vitro metabolisme, Primate
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Chapter 1: Problem statement
Malaria, together with TB and HIV, remains one of the greatest burdens on humanity in
the 21st century.

Malaria is an infectious disease caused by parasites of the

Plasmodium genus. The parasites are transmitted through the bites of infected female
Anopheles mosquitoes. Humans are affected by five species of protozoan parasites of
Plasmodium: P. falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi of which P.
falciparum is the most prevalent and severe human pathogen (Gkrania-Klotsas &
Lever, 2007; Wells et al., 2009).

These five species differ in their geographical

distribution, morphology, immunology, relapse patterns as well as in their responses to
different treatment regimens. It was estimated that in 2010, there were approximately
216 million cases of malaria worldwide with 655,000 deaths, mostly among children
under the age of five and pregnant woman (WHO, 2011). However, the Institute for
Health Metrics and Evaluation indicated that there were 1,238,000 deaths per year
(95% confidence limits of 929,000 to 1 685,000) because of inclusion of deaths outside
Africa and a large number of deaths among adult Africans (Murray et al., 2012).
Irrespective of the real figure, it is clear just how serious an infection malaria is, and
there is an urgent need to institute an effective and long-lasting control (Greenwood &
Owusus-Agyei, 2012).
The World Health Organization (WHO) currently recommends the use of artemisininbased combination therapy (ACT) as the first-line treatment regimen for uncomplicated
P.falciparum malaria in the face of wide spread resistance to chloroquine and fansidar
(pyrimethamine and sulfadoxine).

The pharmacokinetic-pharmacodynamic (PK/PD)

rationale of ACT comprises a combination of the potent but short half-life artemisinin or
one of its derivatives (artesunate, artemether, dihydroartemisinin) together with a longer
half-life quinoline antimalarial drug, such as mefloquine, lumefantrine or amodiaquine
(WHO, 2010). However, due to alarming reports of emerging tolerance of the malaria
parasites to artemisinin, the core component of ACTs (Dondorp et al., 2010;
Cheeseman et al., 2012), it is of utmost importance to develop novel drugs for the
treatment of malaria, and to improve existing drug regimens so that these can be used
more effectively and especially to have the ability to overcome the cause of resistance.
An alternative approach to the development of novel drugs, which is extremely costly
and time consuming, is the use of novel drug delivery technology, such as pheroid
technology, which can be optimized to ensure effective delivery and enhanced
bioavailability of existing drugs such as chloroquine and amodiaquine (Crowley &
Martini, 2004). This thesis will describe studies concerned with the use of pheroid
technology and its potential to enhance drug delivery to promote effective malaria
treatment with chloroquine and amodiaquine.
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Chloroquine and amodiaquine are 4-aminoquinolines.

These drugs have been

extensively used in the fight against malaria. Chloroquine (CQ), a well-tolerated and
affordable anti-malarial drug was one of the most successful drugs used for
chemoprophylaxis and treatment of malaria.

However, since the emergence of

chloroquine-resistant P.falciparum in 1957, the clinical use of CQ has declined (Ekland
& Fidock, 2008). Amodiaquine first appeared in the 1950’s. It is structurally similar to
CQ, but incorporates an aromatic structure in the side chain that enhances the
lipophilicity of the drug (Schlitzer et al., 2007; O’Neill et al., 1998).

Upon oral

administration,

metabolite

amodiaquine

is

rapidly

converted

to

the

main

desethylamodiaquine (Li et al., 2002; Li et al., 2003). Furthermore, amodiaquine is
currently used in ACT together with artesunate as a partner (WHO, 2010).

The

quinolines, especially chloroquine and amodiaquine, are discussed in section 2 of the
literature review in Chapter 2.
Pheroid technology is based on a colloidal drug delivery system.

The use of this

technology in a number of applications is described in 8 patents filed over a period
ranging from 1998 to 2006.

Pheroid technology has been shown to enhance the

absorption of orally administered anti-infective drugs (Steyn et al., 2010) and topical
applications (Saunders et al., 1999).

Applications of this technology have been

patented in various countries (Saunders et al., 1999, Meyer, 2002, Grobler & Kotzé,
2006; Grobler, 2007; Grobler et al., 2009). There are currently four pheroid related
topical products and one bio-agricultural product on the market.

The primary

components of pheroid technology are ethyl esters of essential fatty acids, pegylated
ricinoleic acid, α-tocopherol, and nitrous oxide-saturated water (Saunders et al., 1999,
Meyer 2002, Grobler, 2008).

The details of pheroid technology as well as the

applications thereof, as applied to chloroquine and amodiaquine, will be discussed in
section 3 of the literature review in Chapter 2.
Chloroquine and amodiaquine act as rapid blood schizonticides. Treatment of the intraerythrocytic stages of the malaria parasite relies on transport of the drug through the
erythrocyte membrane, and then through the parasite outer membrane, followed by
transport to the intra-parasitic site of action. In addition, the use of formulations to
overcome resistance of the malaria parasites is of crucial importance to each of
chloroquine and amodiaquine.
Pharmacokinetics is the science of kinetics of drug absorption, distribution, metabolism,
elimination and toxicity (Shargel & Yu, 1999).

Preclinical pharmacokinetic studies

provide critical information on the biological activity of a drug, including how well a drug
xviii
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is absorbed into the circulation, and how the drug is metabolized and eliminated from
the body (Weerts & Fantegrossi, 2007).

For an drug to be effective, the active

pharmaceutical ingredient (API) in any formulation of a drug has to be available at the
site of action (Shargel & Yu, 1999). In vivo bioavailability of any API can be defined as
the rate and extent by which a therapeutically active drug reaches the systemic
circulation and is available at the site of action.

In vivo bioavailability is greatly

influenced by the dosage form, since the formulation plays an important role in the
stability of the API as well as the route of administration and the site of absorption and
absorption rate.

Furthermore, the systemic absorption of the drug from the

gastrointestinal tract or from any other extravascular site is dependent on the
physiochemical properties of the drug, the dosage form used, as well as the anatomy
and physiology of the absorption site (Shargel & Yu, 1999).

While systemic

bioavailability may be increased by a delivery system, this does not necessarily
translate into increased therapeutic efficacy. The therapeutic efficacy still requires that
the API is delivered to the site of action, has a good bioavailability and a desirable
duration of action (Lin & Lu, 1997).
Preclinical pharmacokinetic studies, especially in vivo pharmacokinetic studies, are
used to estimate the potential success of subsequent clinical trials by contributing to
producing safe, cost-effective and clinically sustainable drugs (Korfmacher, 2009).
Traditionally, rodents such as rats and mice have been used as animal models during
in vivo preclinical studies, because of their accessibility through rapid breeding, and
their relatively short lifespan (Martignoni et al., 2009). However, due to dissimilarities in
various physiological functions of these species compared to humans, the
pharmaceutical industry is required to include one or more non-rodent species in
preclinical studies, depending upon the type of drug. Non-rodent species include minipigs, dogs and non-human primates (Sharer et al., 1995). Non-human primates are
usually particularly useful in predicting human pharmacokinetics due to their
evolutionary proximity with humans (Chiou & Buehler, 2002).

Among non-human

primates, cynomolgus monkeys (Macaca fascicularis) and rhesus monkeys (Macaca
mulatta) are widely used. For the study described in this thesis, the African green or
vervet monkey (Chlorocebus aethiops) was used as a preclinical pharmacokinetic
model. The relevance of this model is discussed in section 4 of the literature review in
Chapter 2.
A number of previous in vitro efficacy studies and in vivo bioavailability and efficacy
rodent studies have been conducted at both the North-West University (NWU) and
xix
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Swiss Tropical and Public Health Institute (STPHI). During these studies chloroquine
and amodiaquine were administered as pheroid formulations.

Some of these results

are discussed in section 3 of Chapter 2.
The in vitro efficacy studies conducted at the NWU and STPHI illustrated that when CQ
was entrapped in vesicles contained in a pheroid formulation, an enhanced efficacy
was obtained against both chloroquine-sensitive and especially, -resistant strains of
P.falciparum. While there was no observable improvement in bioavailability in vivo in
rodents in studies conducted at the NWU, an enhancement in the in vivo efficacy was
observed with the pheroid formulations used in the ‘Peter’s 4-day suppressive test’
conducted at the University of Cape Town (UCT). Therefore, the first objective of the
study is to investigate the effect of entrapment of anti-malarial quinolines in the vesicles
contained in pheroid formulations on the bioavailability and intra-erythrocytic levels of
chloroquine in the non-human primate model; and more specifically the African green
or vervet monkey (Chlorocebus aethiops). The impact of entrapment of chloroquine in
pheroid vesicles on the bioavailability and its modulation of efficacy need to be
elucidated.
The in vitro studies conducted at NWU and STPHI also illustrated an enhanced efficacy
for both chloroquine-resistant and -sensitive P.falciparum strains when amodiaquine
was formulated using pheroid technology. The use of pheroid formulations rendered a
two-fold improvement of bioavailability in rodents, as established in studies conducted
at the NWU (Langley, 2010).

Therefore, the second objective of the study is to

establish the bioavailability of amodiaquine in the African green or vervet monkeys
(Chlorocebus aethiops).

This will establish if the results obtained from the rodent

model are comparable to those of the non-human primate model.

As previously

mentioned, there are dissimilarities in physiological function between rodents and
humans, and hence the inclusion of non-rodent species, such as the vervet monkey is
required by the pharmaceutical industry.
It has been established that amodiaquine undergoes rapid metabolism to Ndesethylamodiaquine.

A third objective of the study is to investigate the in vitro

metabolism of amodiaquine formulated as pheroids in comparison with the nonformulated amodiaquine. Here, human and monkey liver and intestinal microsomes,
and recombinant human CYPs will be used. These studies are required in order to
evaluate inter-species differences in the metabolism of amodiaquine.
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For the in vivo bioavailability studies the following pharmacokinetic parameters will be
calculated using non-compartmental models:
The peak drug concentration (Cmax) ng/mL
Time to peak concentration (Tmax) hours;
Apparent elimination half-life (T1/2) hours;
Area under the concentration-time curve between time 0 and the time of the last
sample collected (AUC0-last) ng.h/mL and
Area under the concentration-time curve between times 0 to infinity (AUC0-inf)
ng.h/mL

For the in vitro metabolism studies the following parameters will be calculated:
Intrinsic clearance (CLint) μL/min/mg protein;
Predicted hepatic clearance (CLH) L/kg/h.
The experimental data will be presented in article format in Chapters 3 – 5.

This thesis consist of three manuscripts:

Manuscript 1 (Chapter 3):

Submitted to Journal of Pharmaceutical and

Biomedical Analysis

Manuscript 2 (Chapter 4): Submitted to Antimicrobial Agent and Chemotherapy

Manuscript 3 (Chapter 5): Submitted to Drug Metabolism and Disposition
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1. Malaria

Malaria is a mosquito-borne infectious disease caused by a protozoan parasite of the genus
Plasmodium. It was Charles Louis Alphonso Laveran who discovered malaria parasites in
1880, after which the Englishman Ronald Ross together with the Italian Batista Grassi
discovered that malaria parasites are transmitted by the female Anopheles mosquito. In
1911, Ronald Ross wrote “malaria can be completely extirpated in a locality by the
complete adoption of any of the three great preventative measures, namely personal
protection, mosquito reduction, and treatment”.

However, he soon realized that “it will

never be possible for any general community to adopt or enforce any one of these
measures completely” (Ross, 1911).

Somehow all of these truths still apply today. In

humans, malaria infection is caused by one of five species of plasmodium: P.falciparum, P.
vivax, P. ovale, P. malariae and P. knowlesi of which P. falciparum is the most prevalent
and virulent (Gkrania-Klotsas & Lever, 2007; Wells et al., 2009). Furthermore, the disease
burden is heaviest in African children under the age of 5 years and in pregnant woman.
Children have frequents attacks and poor immunological protection, and malaria in
pregnancy contributes to a substantial number of maternal deaths. Infant deaths resulting
from a low birth weight are also prevalent (Greenwood et al., 2008).
1.1 Current malaria epidemiology

Over recent decades, the global morbidity and mortality caused by malaria have fluctuated
but it is estimated that approximately 40 % of the world population remains at the risk of
contracting this infectious disease (Figure 1.1). Overall in the past decade, the incidence of
malaria has slightly decreased.
During 2010 there were an estimated 216 million cases and 655 000 deaths due to malaria
worldwide. The vast majority of cases (81%) and deaths (91%) were in the African region.
The top five countries accounting for most deaths due to malaria in the African region are
Nigeria, Democratic Republic of the Congo, Burkina Faso, Mozambique, Cote d’Ivoire and
Mali (WHO, 2011; GMAP, 2008). The African region is followed by South-East Asia with
13% cases and 6% deaths, and eastern Mediterranean regions with 5% cases and 3%
deaths. Furthermore, it is estimated that P. falciparum were responsible for 91% of malaria
cases observed during 2010 and that 86% of deaths occurred in children under the age of
five (WHO, 2011).

Despite some geographic overlap, each Plasmodium species has a

defined area of endemicity, and 5-7% of patients with malaria are infected with more than a
single Plasmodium species (Marchand et al., 2011)
2
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Figure1.1: Global distribution of malaria (Adapted from Sachs & Malaney, 2002:681 with
permission from Nature Publishing Group).

The persistence of malaria worldwide is due to various factors. Firstly, attempts to control
mosquito vectors by the widespread distribution and usage of insecticide treated mosquito
nets and indoor residual spraying, plays a crucial role in preventing malaria (WHO, 2010).
Programmes to drain breeding grounds for mosquitoes were successful in many areas, but
have been hampered by the development of insecticide resistant mosquitoes. Secondly,
Plasmodium species have consistently demonstrated their ability to develop resistance to
available anti-malarial drugs.

No effective vaccine is currently available for the

chemoprophylaxis and treatment of malaria. The physiology of malaria parasites is
complex, with a layer of complexity added by the parasite-host interaction.

The

development of an effective vaccine is, therefore, a great challenge. However, despite
these challenges, there are currently promising vaccines in clinical trials. For instance, in a
phase 3 study of 15,460 children with the candidate malaria vaccine RTS,S/AS01 in seven
African countries, the RTS,S/AS01 vaccine provided on average 45% protection against
both clinical and severe malaria in African children (The RTS,S Clinical Trails Partnership,
2011).

1.2 Clinical symptoms of malaria

Uncomplicated malaria usually presents with characteristic fever patterns. P. falciparum, P.
vivax and P. ovale present tertian fever spikes (Figure 1.2), while P. malariae presents a
quartan fever pattern (WHO, 2010; Ashley et al., 2006) and non-specific symptoms, which
resemble flu-like symptoms.

The symptoms include chills, headache, fatigue, food
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aversion, arthralgia, malaise and gastro-intestinal symptoms such as vomiting and/or
diarrhoea (Shapiro & Goldberg, 2006; Greenwood et al., 2008).

Plasmodia infections cause hypoglycemia and lactic acidosis, lysis of infected and
uninfected erythrocytes, suppression of hematopoiesis, and increased clearance of
erythrocytes by the spleen, which in turn results in anemia and sometimes in splenomegaly.
End-organ disease, specifically in the central nervous system, lungs, and kidneys, may
develop in patients with P falciparum infection, probably as a result of cytokines profiles and
a high burden of parasites. Long-term malaria infection may also cause thrombocytopenia
(Taylor et al., 2012; Gkrania-Klotsas & Lever, 2007; Greenwood et al., 2008).

1.3 Diagnosis

Rapid and accurate diagnosis of malaria plays a critical role in the effective management of
the disease, especially in vulnerable population groups such as children under the age of
five in which the disease could have fatal consequences. The diagnosis of malaria is based
on clinical suspicion and the presence of malaria parasites in the blood. Furthermore, it is
important that the diagnosis of malaria is of high quality in order to prevent unnecessary
treatment with anti-malarials, which in turn will minimize the emergence of resistance
(Bloland, 2001). Initial diagnosis of malaria is based on clinical presentation followed by
confirmatory parasitological diagnosis (WHO, 2010).

The symptoms of uncomplicated malaria are non-specific and clinical suspicion of the
disease is most often based on the presence or history of a fever. However, the disease
should always be confirmed with parasitological diagnosis (WHO, 2010). The World Health
Organization (WHO) recommends that in settings where the risk of contracting malaria is
low the diagnosis of uncomplicated malaria should be based on a history of fever in the
previous three days with the absence of manifestation of any other severe diseases as well
as the degree of possible exposure to malaria. In high-risk areas a history of a fever in the
previous 24 hours should form the basis of malaria diagnosis. Other signs that should also
be included are anemia and in young children the colour of the palms (WHO, 2006; WHO,
2010).

Various techniques exist or are under development to confirm the diagnoses of malaria.
i.

Microscopy: Light microscopy examination of Giemsa-stained thin and thick blood
smears by skilled microscopists and the identification of asexual stages within
erythrocytes provide a high degree sensitivity and specificity.

It is the most widely
4
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practiced method and golden standard for the diagnosis of malaria against which
sensitivity and specificity of other methods must be assessed. This method allows the
identification of the infecting species as well as quantification of malaria parasites.
Additionally, when a leucocyte count is included, it can also assist in diagnosis of
bacterial or viral infection and determine whether fever in a patient is attributable to the
manifestation of malaria or some other infection, thereby ensuring that the patient
receives the correct treatment (Bloland, 2001; Ashley et al., 2006; Rieckmann, 2006;
WHO, 2010).
ii.

The so-called quantitative buffy coat method (QBC) is a modification of light microscopy
in which acridine orange is utilized to stain malaria parasites.

This technique is,

however, non-specific as it stains nucleic acids from all cell types (Bloland, 2001; Ashley
et al., 2006).
iii.

Rapid diagnostic test: Rapid diagnostic test (RDT) involves the rapid detection of
parasite antigens or enzymes with the aid of immunochromatographic techniques in a
finger-prick blood sample. A number of the RDT kits have certain ability to differentiate
between species of human malaria parasites (P. vivax, P. ovale, P. malariae and P.
knowlesi). Commercially available rapid diagnostic immunochromatographic tests have
been evaluated in returning travelers with the majority of them generating a sensitivity
and specificity values over 85-90 % for P. falciparum species which is in compliance with
the recommendations of the WHO, which also maintains a list of RDT manufacturers and
ISO 13485:2003 certification as evidence of quality of manufacture. Current assays are
based on the detection of various antigens including histidine-rich protein II (HRP-II)
which is specific for P.falciparum; species-specific or pan-specific lactate dehydrogenase
(pLDH) from the parasites glycolytic pathway found in all species of plasmodium that are
known to infect humans, and pan-specific adolase (Ashley et al., 2006; WHO, 2010).
False negative results at low parasite densities as well as poor detection of nonfalciparum species still occur (WHO, 2010). It is, therefore, important that the diagnosis
obtained from RDT kits should be confirmed with microscopy when possible to ensure
correct treatment (Ashley et al., 2006).

iv.

Molecular test: Detection of parasite genetic material through polymerase-chain reaction
(PCR) techniques is becoming a more frequently used tool in the diagnosis of malaria,
as primers have been developed for four of the malaria-causing species. This technique
is highly sensitive and very useful for detecting mixed infections at low parasite densities
as well as the surveillance of drug resistance (Bloland, 2001; WHO, 2010).
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1.4 Biology of malaria infections

Among the five Plasmodium species responsible for the manifestation of malaria in
humans, Plasmodium falciparum is the most prevalent and responsible for the vast majority
of deaths. Plasmodium vivax is less deadly and is responsible for 25 – 40% of the malaria
burden worldwide, particularly in Central and South America, and in South and South-East
Asia (Price et al., 2007). P. vivax is not that prevalent in Africa due to the absence of the
Duffy blood group antigen, which is a necessary receptor for P. vivax invasion. The ability
of parasites from P. vivax and P. ovale to remain dormant in the form of hypnozoites in the
liver for periods ranging from weeks to several years makes it difficult to eliminate these
parasites. Re-emergence from the liver results in relapses of infection. P. malariae does
not form hypnozoites but it can persist as an asymptomatic blood stage infection for
decades. A fifth species, P. knowlesi, originally described as a primate malaria of longtailed macaque monkeys, has shown to infect humans in Malaysia, and could possibly be
life-threatening if not treated rapidly (Gkrania-Klotsas & Lever, 2007; Rosenthal & Miller,
2001; Greenwood et al., 2008).
The life cycle of Plasmodium species is illustrated in Figure 1.2. Infection of the human
host with the parasite is initiated during a blood meal of an infected female Anopheles
mosquito during which saliva containing sporozoites is inoculated into the host.

The

sporozoites are rapidly taken up into the liver where they pass through the Kupffer cells and
infect hepatocytes. They undergo asexual multiplication, eventually generating schizonts
which rupture and release merozoites into the circulation.

The merozoites enter

erythrocytes and initiate the intra-erythrocytic cycle during which the intra-erythrocytic
parasites undergo asexual development proceeding through young ring form stages to
trophozoites to mature schizonts. The latter rupture and release merozoites and cell debris,
a process, which causes the classical episodes of fever in the host. Within minutes, the
merozoites invade new red blood cells and the cycle continues. After several cycles, some
of the intra-erythrocytic parasites develop into sexual stage gametocytes, which are
ingested when a female mosquito takes a blood meal from an infected host. The male
gametocytes are activated and form gametes, which fuse with the female gametes resulting
in zygotes which develop into oocysts that in turn release sporozoites that migrate to the
salivary glands of the mosquito to be passed on to another individual (Shapiro & Goldberg,
2006; Wells et al., 2009).
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Figure1.2: Life cycle of malaria (Reprinted from Wellems & Miller, 2003:1497 with
permission from the Massachusetts Medical Society).
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1.5 Chemoprophylaxis against malaria
Paraphrasing a missionary child in 1950, Barbara Kingsolver (1998) wrote: “Malaria is our
enemy number one. Every Sunday we swallow quinine tablets so bitter your tongue wants
to turn itself inside out like a salted slug. But Mrs. Underwood warned us that pill or no pills,
too many mosquito bites could still overtake the quinine in our blood and spell doom”.
These truths still apply today as personal protective measures as well as environmental
modifications in combination with chemoprophylaxis can only reduce the risk of contracting
malaria. The existing prophylactic regimens if taken correctly only provide 75 - 95%
protection; therefore, none of the existing prophylactic regimens provide total protection.

In deciding on a prophylaxis regimen the risk of contracting malaria should be weighed
against the risk of experiencing adverse reactions due to the administered anti-malarials.
When assessing the risk the following factors should be taken in consideration:

The geographical location to be visited;
The duration of the visit;
Degree of exposure and
Resistance patterns (Gkrania-Klotsas & Lever, 2007, Chen et al., 2006).

The chemoprophylactic medication should be taken prior to departure and for the duration
of the visit in the malaria risk area and should only be discontinued four weeks after
returning from the destination. A brief summary of the most current chemoprophylactic
regimens for adults and special groups is given in Table 1.1
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Table 1.1: Malaria chemoprophylaxis in adults and special groups (adapted from Gkrania-Klotsas & Lever, 2007)
Drug

Usage

Adult dose

Pregnant &
breastfeeding
dose

Pediatric dose

5 mg base per kg, po once/week up
to max adult dose.
Chloroquine syrup:
≤ 4.5 kg: 2.5 mL
4.5 - 7.9 kg: 5.0 mL
8 - 10.9 kg: 7.5 mL
11 - 14.9 kg: 10 mL
15.0 - 16.5 kg: 12.5 mL

Chloroquine-sensitive
P. falciparum

300 mg base: once a
week or two tablets
weekly (one tablet =
150 mg base)

Safe (See adult
dose)

Hydroxychloroquine
sulphate

Chloroquine-sensitive
P. falciparum

310 mg base, po, once
a week

Safe (See adult
dose)

Atovaquone/
proguanil

Chloroquine-resistant
or mefloquine-resistant
P. falciparum

250 mg Atovaquone
and 100 mg proguanil
hydrochloride: 1tablet
daily

Not recommended

11 - 20 kg: 1 tablet
21 - 30 kg: 2 tablets
31 - 40 kg: 3 tablets
≥ 40 kg: 1 adult tablet daily

Doxycycline

Chloroquine-resistant
or mefloquine-resistant
P. falciparum

100 mg, po daily

Not recommended
(Contraindicated)

≥ 8 years of age: 2 mg/kg up to max
adult dose

Chloroquine
phosphate

5 mg base per kg, po once/week up
to max adult dose.
Pediatric tablets contain 62.5 mg
atovaquone and 25 mg proguanil
hydrochloride:
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Table 1.1: Malaria chemoprophylaxis in adults and special groups continued (adapted from Gkrania-Klotsas & Lever, 2007)
Drug

Chloroquine/
Proguanil

Usage

Chloroquine-resistant
P. falciparum

Adult dose

2 tablets weekly (150
mg base/tablet) plus 2
tablets daily (100
mg/tablet)

Pregnant &
breastfeeding
dose

Pediatric dose
Chloroquine phosphate: 5
mg base per kg, po,
once/week, up to max adult
dose PLUS proguanil:
≤6 kg: ¼ tablet

Safe (See adult
dose)

6 - 9.9 kg: ½ tablet
10 - 15.9 kg: ¾ tablet
16 - 24.9 kg: 1 tablet
25 - 44.9 kg: 1½ tablets

Mefloquine

Chloroquine-resistant
P. falciparum

228 mg base, po, once
a week

Not recommended in
first trimester, but
safe for second and
third trimester
(See adult dose)

Primaquine

Primary prophylaxis

30 mg base, po, taken
daily

Not recommended

Primaquine

P. vivax and P. ovale

30 mg base, po, taken
once a day for 14 days

Not recommended

≥ 45 kg: adult dose
Mefloquine 5 mg/kg body
weight once weekly:
5 - 10 kg: ⅛ tablet
10 - 20 kg: ¼ tablet
21 - 30 kg: ½ tablet
31 - 45 kg: ¾ tablet
≥ 45 kg: 1 tablet
0.6 mg/kg base up to adult
dose, po - primary
prophylaxis
0.6 mg/kg base up to adult
dose, po once/day for 14
days after departure from
malarious area
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1.6 Treatment of uncomplicated P. falciparum malaria

Uncomplicated malaria is defined as symptomatic malaria without signs of severity or
evidence of vital organ dysfunction (WHO, 2010). Treatment of malaria depends on many
factors including the species of malaria parasite responsible for the manifestation of the
infection as well as the geographical location where the infection was acquired and disease
severity. The former two characteristics help determine the probability of resistance to
certain anti-malarial drugs. Additional factors such as age, weight, and pregnancy status
may limit the available options for malaria treatment.

In 1955, the WHO launched a programme to eradicate malaria, based on a dual therapeutic
and vector control approach. In this programme, chloroquine was used for the
chemoprophylaxis

and

treatment

of

malaria

infections

and

DDT

(dichlorodiphenyltrichloroethane) was used for vector control. This effort included some
important successes. However, with the emergence of chloroquine-resistant P.falciparum
parasites and DDT-resistant Anopheles mosquitoes, the programme was ended in 1972,
which resulted in an increase in the burden of malaria worldwide. Following the emergence
of resistance to chloroquine, the WHO recommended the use of sulfadoxine-pyrimethamine
as first-line therapy. Resistance to this anti-malarial developed more rapidly than that of
chloroquine and resulted in a search for more effective treatments. During 2001 the WHO
recommended the use of artemisinin combination therapy (ACT) as first-line treatment
therapy for uncomplicated falciparum malaria.

The success of artemisinin-based

combination therapies has raised the hope for global eradication of malaria. However,
because of emerging tolerance of the malaria parasite to artemisinin in the ACT, it is of
utmost priority to both develop new anti-malarial drugs or to improve existing drug regimens
(Dondorp et al., 2010; Cheeseman et al., 2012). The availability of genome sequences for
humans, Anopheles mosquitoes as well as Plasmodium parasites may play a critical role in
identifying drug targets to eradicate malaria (Greenwood et al., 2008; Bosman & Mendis,
2007).
1.6.1 Anti-malarial combination therapy

Anti-malarial combination therapy refers to the simultaneous use of two or more blood
schizontocidal medicines with independent modes of action, and thus, unrelated
biochemical targets in the parasite.

The use of anti-malarial combination therapy

contributes greatly to improving therapeutic efficacy and also aids in delaying the
development of resistance to the individual drugs in the combination (Davis et al., 2005;
11

Chapter 2: Literature review
WHO, 2010). The artemisinin-combination therapies (ACTs) are the most important of
these therapies (WHO, 2010).
1.6.2 Artemisinin-based combination therapy (ACT)

Currently 84 countries worldwide have employed ACTs as first line treatment for
uncomplicated P. falciparum malaria (WHO, 2011).

ACTs are combinations of an

artemisinin or its derivatives (artesunate, artemether, dihydroartemisinin) and another
structurally unrelated and more slowly eliminated anti-malarial drug. ACTs are responsible
for rapid clearance of parasites resulting in rapid abrogation of symptoms and high cure
rates; furthermore, they are generally well tolerated and possess additional gametocytocidal
activity.

The additional benefit of gametocytocidal activity aids in reducing parasite

transmissions (Greenwood et al., 2008).

The current recommended 3-day treatment

course of ACTs exposes 2 asexual cycles, which result in an one hundred million-fold
decrease in the number of parasites (WHO, 2010; Bosman & Mendis, 2007).

ACTs

currently recommended for the treatment of uncomplicated falciparum malaria by the WHO
as well as the dosing schedules of the various ACTs are shown in Table 1.2 below.
Dihydroartemisin-piperaquine, developed in China has recently been added to the
recommended list of ACTs (Ashley et al., 2004; WHO, 2010).

1.6.3 Monotherapy and non-artemisinin-based combination therapy

Monotherapy refers to therapy in which a single anti-malarial drug is administered.
contrast,

non-artemisinin-based

combination

therapy

refers

to

the

In

simultaneous

administration of more than one anti-malarial drug, with the exclusion of any artemisininbased partner drugs. Several non-artemisinin-based combination treatments existed prior
to the development of ACTs and include quinine-tetracycline, sulfadoxine pyrimethaminechloroquine, sulfadoxine pyrimethamine-amodiaquine and atovaquone-proguanil (Davis et
al., 2005; Sayang et al., 2009; WHO, 2010). The recommended dosing schedule of the
various monotherapies and non-artemisinin-based combination therapies are given in
Table1.3.
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Table 1.2: Artemisinin-based combination therapies (WHO, 2006; WHO, 2010; Sigma-tau, 2010)
Artemether + Lumefantrine
!

Age

Number of tablets/time of dosing
0h

8h

24h

36h

48h

60h

< 3 years

1

1

1

1

1

1

≥ 3 – 8 years
≥ 9 – 14
years

2

2

2

2

2

2

3

3

3

3

3

3

> 14 years

4

4

4

4

4

4

Artesunate + Mefloquine
!

Age

Artesunate (50 mg)

Mefloquine (250 mg)

Day 1

Day 2

Day 3

Day 1

Day 2

Day 3

5 – 11
months

25 (½)

25

25

–

125 (½)

–

≥ 1 – 6 years

50 (1)

50

50

–

250 (1)

–

100 (2)

100

100

–

500 (2)

250 (1)

200 (4)

200

200

1 000 (4)

–

500 (2)

≥ 7 – 13
years
> 13 years

Artesunate + Amodiaquine
Age

Artesunate (50 mg)

Amodiaquine (153 mg)

Day 1

Day 2

Day 3

Day 1

Day 2

Day 3

5 – 11
months

25 (½)

25

25

76 (½)

76

76

≥ 1 – 6 years

50 (1)

50

50

153 (1)

153

153

≥ 7 – 13
years

100 (2)

100

100

306 (2)

306

306

> 13 years

200 (4)

200

200

612 (4)

612

612

!

!
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Table 1.2: Artemisinin-based combination therapies continued (WHO, 2006; WHO, 2010; Sigma-tau, 2010)
Artesunate + Sulfadoxine-pyrimethamine
!

Age
< 1 year
≥1–4
years
≥5–8
years
≥ 9 – 14
years
≥ 15
years

Artesunate (50 mg)

Sulfadoxine-Pyrimethamine
(number of 500/25 mg tablets)
Day 1
Day 2
Day 3

Day 1

Day 2

Day 3

25 (½)

25

25

125/6.25(¼)

–

–

50 (1)

50

50

500/25 (1)

–

–

100 (2)

100

100

750/37.5(1½)

–

–

150 (3)

150

150

1000/50 (2)

–

–

200 (4)

200

200

1500/75 (2)

–

–

Dihydroartemisinin + Piperaquine
Body
weight
(kg)

Day 1

Day 2

Day 3

Day 1

Day 2

Day 3

5-<7

10(¼)

10

10

80 (¼)

80

80

7 - <13

20 (½)

20

20

160(½)

160

160

13 - <24

40 (1)

40

40

320 (1)

320

320

24 - < 36

80 (2)

80

80

640 (2)

640

640

36 - < 75

120 (3)

120

120

960 (3)

960

960

75 – 100

160(4)

160

160

1280 (4)

1280

1280

Dihydroartemisinin

Piperaquine

!

!

Dosing for the current recommended ACTs are given in milligrams (mg) and the corresponding number of tablets in brackets
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Table 1.3: Monotherapies and non-artemisinin-based combination therapies (Adapted from CDC, 2011, WHO 2010)
Clinical Diagnosis/
Plasmodium species

Drug

Adult dose

Pediatric dose

2 adult tablets, po taken twice daily
Atovaquone/proguanil

or
4 adult tablets, po once daily for 3 days

Uncomplicated malaria / P.
falciparum acquired in areas of
chloroquine-resistance
Quinine sulfate plus

542 mg base, po taken three times a
day for 3-7 days

doxycyline or

100 mg taken twice daily for 7 days

tetracycline or
clindamycin
Mefloquine
Uncomplicated malaria /
P.falciparum acquired in areas
of chloroquine-sensitive
P.falciparum and
Uncomplicated malaria
P.malariae or P.knowlesi

Chloroquine
phosphate
Hydroxychloroquine

250 mg taken four times a day for 7
days
6.67 mg/kg taken 3 times as day for 7
days
750 mg followed 12 hrs later by 500 mg
600 mg base po immediately followed
by 300 mg base po at 6, 24 and 48
hours
620 mg base po immediately followed
by 310 mg base po at 6, 24 and 48
hours

15

≤ 5 kg: not indicated
5 - 8 kg: 2 pediatric tablets once
daily for 3 days
9 - 10 kg: 3 pediatric tablets once
daily for 3 days
11 - 20 kg: 1adult tablet once daily
for 3 days
21 - 30 kg: 2 adult tablets once
daily for 3 days
31 - 40 kg: 3 adult tablets once
daily for 3 days
≥ 40 kg: 4 adult tablets once daily
for 3 days
8.3 mg base/kg taken 3 times a day
for 3 - 7 days
2.2 mg/kg, po taken every 12 hours
for 7 days
6.25 mg/kg taken 4 times a day for
7 days
6.67 mg/kg taken 3 times as day for
7 days
15 mg/kg followed 12 hours later by
10 mg/kg
10 mg base/kg po immediately,
followed by 5 mg base/kg po at 6,
24 and 48 hours
10 mg base/kg po immediately,
followed by 5 mg base/kg po at 6,
24 and 48 hours
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Table 1.3: Monotherapies and non-artemisinin-based combination therapies continued (Adapted from CDC, 2011, WHO, 2010)
Clinical Diagnosis/
Plasmodium species

Drug
Chloroquine
phosphate plus
primaquine phosphate

Uncomplicated malaria/ P.
vivax or P. ovale
Hydroxychloroquine
plus primaquine
phosphate

Quinine sulfate plus
doxycyline plus
primaquine phosphate
or
Uncomplicated malaria/ P.
vivax acquired in areas of
chloroquine resistant P. vivax

tetracycline plus
primaquine phosphate
or

Mefloquine plus
primaquine phosphate

Adult dose

Pediatric dose

Chloroquine phosphate: Treatment as
above

Chloroquine phosphate: Treatment
as above

Primaquine phosphate: 30 mg base, po,
taken once daily for 14 days

Primaquine phosphate: 0.5 mg
base/kg, po, taken once daily for 14
days

Hydroxychloroquine: Treatment as
above

Hydroxychloroquine: Treatment as
above

Primaquine phosphate: Treatment as
above

Primaquine phosphate: 0.5 mg
base/kg, po, taken once daily for 14
days

542 mg base, po taken three times a
day for 3-7 days

8.3 mg base/kg taken 3 times a day
for 3 - 7 days

Doxycycline: 100 mg taken twice daily
for 7 days

Doxycycline: Treatment as above

Primaquine phosphate: Treatment as
above

Primaquine phosphate: Treatment
as above

Tetracycline: 250 mg taken four times a
day for 7 days

Tetracycline: Treatment as above

Primaquine phosphate: Treatment as
above

Primaquine phosphate: Treatment
as above

Mefloquine: 750 mg followed 12 hrs later
by 500 mg

Mefloquine: Treatment as above

Primaquine phosphate: Treatment as
above

Primaquine phosphate: Treatment
as above
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Table 1.3: Monotherapies and non-artemisinin-based combination therapies for the treatment of uncomplicated malaria in pregnant woman
(Adapted from CDC, 2011, WHO 2010)
Clinical Diagnosis/ Plasmodium
species

Uncomplicated malaria alternatives for
pregnant woman / in areas of chloroquinesensitive P. falciparum or P. vivax or P.
ovale

Drug

Chloroquine phosphate

600 mg base po immediately followed
by 300 mg base po at 6, 24 and 48
hours

Hydroxychloroquine

620 mg base po immediately followed
by 310 mg base po at 6, 24 and 48
hours

Chloroquine phosphate plus
primaquine phosphate

Uncomplicated malaria alternatives for
pregnant woman / in areas of chloroquineresistant P. falciparum and P. vivax

Adult dose

Quinine sulfate plus
clindamycin

Mefloquine

Chloroquine phosphate: Treatment as
above
Primaquine phosphate: 30 mg base, po,
taken once daily for 14 days
Quinine sulfate: 542 mg base, po taken
three times a day for 3-7 days
Clindamycin: 6.67 mg/kg taken 3 times
as day for 7 days
750 mg followed 12 hrs later by 500 mg
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1.6.4 Treatment of severe P.falciparum malaria

Severe malaria is almost always the result of poor treatment of uncomplicated malaria or of
the presence of drug resistant parasites of P.falciparum. High-risk groups include children
under the age of 5 years and adults from low transmission areas.

Severe malaria is

classified by the WHO as the presence of one or more of the clinical or laboratory features
(Table 1.4), with the exclusion of any other severe febrile disease.

Severe malaria

accounts for approximately 5% of global malaria cases reported each year (WHO, 2010;
Trampux et al., 2003).

Table 1.4: Clinical and laboratory features of severe malaria (WHO, 2010)
One or more of the following clinical or laboratory features
Clinical features
Impaired consciousness
Prostration
Failure to feed
Multiple convulsions
Respiratory distress or acidotic breathing
Circulatory collapse or shock
Jaundice
Organ dysfunction
Haemoglobinuria
Abnormal bleeding
Pulmonary oedema
Laboratory features
Hypoglycaemia (blood glucose < 2.2 mmol/L)
Metabolic acidosis (plasma bicarbonate < 15 mmol/L)
Renal impairment (serum creatinine > 265 μmol/L)
Severe normocytic anemia (Hb < 5 g/dL, packed cell volume < 15%)
Haemoglobinuria
Hyperparasitaemia (> 2%/100 000/μL in low transmission areas and > 5% in
high transmission areas)
Prompt and accurate administration of anti-malarial treatment plays a crucial role in
ensuring a positive outcome and curing severe malaria. Two classes of anti-malarial drugs
are available for the treatment of severe malaria (Table 1.5) and include quinine, which has
been the gold standard for treatment of severe malaria, and the artemisinin derivatives;
artesunate, and artemether (Dondorp et al., 2005).
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Table 1.5: Treatment of severe malaria in adults and special groups (adapted from CDC, 2011, Lalloo et al., 2007)
Drug

Adult dose

Pediatric dose

Quinine gluconate
plus one of the
following:

Loading dose IV of 6.25 mg base/kg over 1 - 2 hours, followed by
0.0125 mg base/kg/min continues infusion for 24 hours. Alternative
regimen: 15 mg base/kg loading dose IV infused over 4 hours every
8 hours, starting 8 hours after the loading dose. At a parasitemia of
≤ 1 % the patient can take the following oral medication:
Quinidine/quinine course for 3 - 7 days

Loading dose IV of 6.25 mg base/kg over 1 - 2
hours, followed by 0.0125 mg base/kg/min
continues infusion for 24 hours. Alternative
regimen: 15 mg base/kg loading dose IV infused
over 4 hours every 8 hours, starting 8 hours after
the loading dose. At a parasitemia of ≤ 1 % the
patient can take the following oral medication:
Quinidine/quinine course for 3 - 7 days

Doxycycline

100 mg IV every 12 hours and then switch to oral doxycycline. 100
mg taken twice daily for 7 days

100 mg IV every 12 hours and then switch to oral
doxycycline. 2.2 mg/kg, po taken every 12 hours
for 7 days

Tetracycline

250 mg taken four times a day for 7 days po

6.25 mg/kg taken 4 times a day for 7 days po

Clindamycin

6.67 mg/kg taken 3 times as day for 7 days po. If the patient is not able to
take oral medication:
6.67 mg/kg taken 3 times as day for 7 days po
10 mg base/kg loading dose IV followed by
5 mg base/kg IV every 8 hours.

Artesunate in
conjunction with
doxycycline

IV at a dose of 2.4 mg/kg administered at 0, 12 and 24 hours
followed by one daily thereafter. Doxycycline treatment as
described above

n/a
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2. Quinolines and related compounds
Quinolines are heterocyclic aromatic organic compounds and have been the mainstay for
anti-malarial chemotherapy starting with quinine nearly 3 centuries ago. Quinolines mostly
exert their activity during the intra-erythrocytic stages of the parasites life cycle, with the
exception of primaquine, which has the ability to eradicate hepatic stages as well. It is,
therefore often used for the treatment of P. vivax (Baird & Rieckman, 2003; Kaur et al.,
2010). During the last century many related compounds have been synthesized and tested
for anti-malarial activity. A number of drugs that are useful for the chemoprophylaxis and
treatment of malaria have resulted from these programmes (Shapiro & Goldberg, 2006).
For the purpose of this thesis only the literature relevant to the 4-aminoquinoline,
chloroquine, and the Mannich base 4-aminoquinoline, amodiaquine, will be discussed in
detail.
2.1 History and the development of 4-aminoquinoline drugs from quinine
Powdered bark from the cinchona tree containing the quinoline alkaloids, quinine (1) and
quinidine (2) was the first medicine to be used against malaria. The bark was introduced
from South America into Europe by the Jesuits during the 17th century. To this day, quinine
is still an indispensable malaria medication (Schlitzer, 2007; O’Neill et al., 1998; Foley &
Tilley, 1998; Jensen & Mehlhorn, 2009; Lee & Solomon, 2009).

In 1820 quinine was isolated by Pelletier and Caventou (Foley & Tilley, 1998; Lee &
Solomon, 2009). The structure of quinine was elucidated in 1907 (Rabe et al., 1907). The
total synthesis of quinine was achieved by Woodward and Doering in 1944 (Woodward and
Doering, 1944; Woodward and Doering, 1945). The work of Woodward and Doering was
based on the relay synthesis of quinine performed by Rabe and Kindler (Rabe, 1911; Rabe
& Kindler, 1918). Paul Ehrlich noticed that methylene blue (3) was particularly effective in
staining malaria parasites. He also realized that this dye may also be selectively toxic to
the parasite and in 1891 Ehrlich and Guttman cured two malaria patients with methylene
blue, which became the first synthetic drug ever to be used in therapy. It subsequently
played a crucial role in the development of synthetic anti-malarial drugs.
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Cinchona ledgeriana

1: Quinine

3: Methylene Blue

2: Quinidine

4: Pamaquine

5: Primaquine

6: Mepaquine

7: Chloroquine

8: Amodiaquine

9: Mefloquine

11: Piperaquine
10: Lumefantrine
Figure 2.1: Structures of quinolines and related compounds.

During the 1920s an anologue of methylene blue was synthesized by replacing one-methyl
group with the basic dialkylaminoalkyl side chain. Chemists at Bayer attempted to make
methylene blue more lipophilic by replacing the cationic scaffold. They blended the
quinoline ring of quinine with the longer side chain analogues of methylene blue.
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Subsequently this side chain was connected with different heterocyclic systems such as the
quinoline system, which resulted in pamaquine (4), an 8-aminoquinoline, which was
demonstrated to be more effective than quinine in eradicating the liver stages of the malaria
parasites in humans (Lee & Solomon, 2009; Rieckmann, 2006; O’Neill et al., 1998).
Unfortunately pamaquine displayed a multitude of side effects when taken at the effective
dose levels, and it appeared to lose its effectiveness when better-tolerated lower doses
were administered. The latter problems led to the introduction of primaquine (5) in 1952,
which became the most important of the 8-aminoquinolines. Primaquine is still the only
drug available today that can prevent relapses of P. vivax malaria. Primaquine has marked
activity against the mature gametocytes of P.falciparum (Rieckmann, 2006).
mepacrine (6) was introduced as Atebrine (Schlitzer, 2007).

In 1932

Atebrine had substantial

activity against the intra-erythrocytic stages of the malaria parasites. Furthermore, it was
eliminated much more slowly than quinine, and hence a shorter treatment period could be
used (Rieckmann, 2006).

A major success was achieved by Hans Andersag and colleagues at Bayer in 1934 with the
introduction of resochin. However, after in vivo testing on the avian model it was concluded
that the efficacy of resochin was similar to that of atebrine but considered to be somewhat
more toxic. The first human trial was conducted by Franz Sioli with results apparently
mirroring those observed in the avian model. It was, therefore, concluded to be too toxic for
use in humans (Coatney, 1963). As a result resochin was not subjected to any further
clinical studies and was ignored for a decade. In 1936 the structurally closely related
sontoquine was prepared in the Bayer laboratories, and used by German troops serving in
North Africa and other malarious areas. Sontoquine and resochin were licensed to Winthrop
Chemical Company in the USA, under a pre-war disclosure agreement between Bayer and
Winthrop. In 1943 the US government set up the Board for the Coordination of Malaria
studies with the goal of developing new anti-malarial medications. Then, the promising
effects of resochin were rediscovered, though this occurred via an unintentionally circuitous
route of a parallel development of the substance SN-7619. The test substance SN-7619
then received the name chloroquine (7), but it was identical to the previous established
resochin. From 1946 onward, chloroquine became available for treatment of malaria.
Numerous clinical studies were initiated with chloroquine manufactured by Winthrop and it
soon emerged that the drug was clinically effective and well tolerated (Coatney, 1963;
Jensen & Mehlhorn, 2009). In 1950, 5 years after the end of the war, Bayer AG in
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Leverkusen (Germany) began to manufacture and distribute chloroquine again and
chloroquine became the cornerstone of malaria therapy.

Attempts to enhance the lipophilicity of the side chain of chloroquine through incorporation
of an aromatic structure in the side chain resulted in the emergence of another 4aminoquinoline, amodiaquine (Olliaro & Taylor, 2003; Schlitzer, 2007). Amodiaquine (8)
was introduced as an alternative to chloroquine (Foley & Tilley, 1998). Other drugs that
were developed in various parts of the world include mefloquine (9), lumefantrine (10)
which was developed in China, and piperaquine (11), which was first made in France and
then used in China.

Currently compounds 8 to 11 (i.e. amodiaquine, mefloquine,

lumefantrine and piperaquine) play an important role as they are combined with artemisinin
derivatives in combination therapies (section 1.6.2).
2.2 Chloroquine
Chloroquine (CQ) is classified as a 4-aminoquinoline and has been the most successful
single drug for the chemoprophylaxis and treatment of malaria (Schlitzer, 2007; Kaur et al.,
2010).

It was the drug of choice in the WHO Global Eradication Programme. Chloroquine

is a relatively well-tolerated drug as long as it is used in the recommended therapeutic
regimens. The therapeutic index is relatively narrow, between 10 and 20 mg/kg body
weight (Schlitzer, 2007). However, widespread resistance to the drug has now rendered it
virtually useless against chloroquine-resistant P.falciparum infections in most parts of the
world, although it still maintains considerable efficacy for treatment of chloroquine-sensitive
P.falciparum infections and P. vivax infections (Shapiro & Goldberg, 2006).
2.2.1 Pharmacokinetics of chloroquine
The pharmacokinetic properties of chloroquine have been well characterized in humans.
Peak plasma concentrations can vary considerably.

In humans, chloroquine has a

bioavailability of approximately 80% and is extensively distributed into body tissues,
including the placenta and breast milk. It has an enormous total apparent volume of
distribution of 132-261 L/kg.

Fifty to sixty percent of chloroquine is bound to plasma

proteins, and the drug is eliminated slowly from the body via the kidneys, with an estimated
terminal half-life of 1 – 2 months (Krishna & White, 1996; Shapiro & Goldberg, 2006).
Publications of pharmacokinetic properties of chloroquine for non-human primates are
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limited (McChesney et al., 1967; McChesney et al., 1966; Prasad et al., 1985).

The

pharmacokinetic properties of chloroquine in various non-rodent species available in the
literature are summarized in Table 2.1.
2.2.1.1 Metabolism of chloroquine

Metabolism aids in preventing accumulation of drugs in an organism. The total metabolism
of any drug is dependent on all the metabolic pathways involved in the metabolism of the
drug. In 1947, Williams proposed that drug metabolism occurred through phase I and
phase II metabolic reactions (Williams, 1947). Phase I reactions include the introduction of
a new polar functional group into the parent drug (oxidation), or modification of an existing
functional group to be more polar (reduction), or unmasking of existing polar functional
groups (hydrolysis). The most common polar groups that are exposed during phase I
reactions include hydroxyl (-OH), amino (-NH), and carboxylic acid (-COOH) groups.
Phase II reactions include glucuronidation, sulfonation, glycine/glutamine conjugation,
acetylation, methylation and glutathione conjugation.

These are substitution reactions,

which link a new group to either the parent drug or to the metabolite (Martignoni et al.,
2009; King, 2009).

Cytochrome P450 (CYP) represents a superfamily of iso-enzymes responsible for
biotransformation of drugs, steroids, fatty acids and environmental pollutants via oxidation.
In humans the CYP superfamily consists of a large number of drug-metabolizing enzyme
genes: 57 functional genes, and 58 pseudogenes (Nelson et al., 2004). These genes have
been divided into CYP gene families (e.g. CYP1, CYP2, CYP3, etc.) where the members
have more than 40% amino acid sequence identity. Each family is divided into subfamilies
(labeled with letters A, B, C etc.) where the amino acid sequence of the members is more
than 55% identical, and finally by Arabic numbers which represents the allele or variant
categories (King, 2009).
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Table 2.1: Pharmacokinetic properties of chloroquine in various species

Species

Matrix

N

Drug

Route

Dose

Cmax

Tmax

T1/2

AUC
(0-last)

AUC
(0-inf)

(mg/kg)

(ng/ml)

(h)

(h)

(ng.h/ml)

(ng.h/ml)

Rabbit

Whole
blood

4

CQS

po

40

-

a

-

a

159

-

a

101172.5

Dog

Whole
blood

7

CQP

po

150

-

a

-

a

348

-

a

32482

Plasma

6

CQP

po

20

320.8

2

18.76

-

a

-

a

Plasma

4

CQP

im

4

183.3

3

-

a

-

a

-

a

Whole
Blood

4

CQP

im

4

560

3

76

-

a

-

a

Plasma

2

CQ

im

3.7

262

3

81.6

-

a

-

a

Human

Plasma

11

CQP

po

12

73

3.3

207

4990

-

a

Human

Whole
Blood

7

CQP

po

25

838

-

a

150

122000

-

a

Human

Plasma

14

CQ

po

10

374

5

192

18609

-

a

Rhesus
monkey
Rhesus
monkey
Rhesus
monkey
Rhesus
monkey

Reference
Aderounmu et al.,
1987
Aderounmu &
Fleckenstein,
1983
Prasad et al.,
1985
McChesney et
al., 1966
McChesney et
al., 1966
McChesney et
al., 1967
Gustafsson et al.,
1983
Na-Bangchang et
al., 1994
Walker et al.,
1987

a no data available
Abbreviations: AUC (0-last) = area under the plasma-concentration curve from zero to the last sample measured; AUC (0-inf) = area under die
plasma-concentration curve from 0 to infinity; CQ = chloroquine; CQP = chloroquine diphosphate; CQS = chloroquine sulfate; im = intramuscular
administration; po = oral administration
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The enzymes are heme-containing membrane proteins, that are located in the endoplasmic
reticulum of several tissues. Although the majority of iso-enzymes are located in the liver,
extra-hepatic metabolism also occurs in the kidneys, skin, lungs and gastro-intestinal tract.
The liver and intestinal epithelia represent the predominant sites for CYP-mediated drug
metabolism (Martignoni et al., 2009). CYP enzymes bind two atoms of oxygen, resulting in
the formation of a water molecule and the metabolite, which is more polar than the parent
drug (Martignoni et al., 2009). In humans CYP1-3 families are responsible for the
metabolism of the vast majority of drugs (Bjornsson et al., 2003; Nelson et al., 2004;
Iwasaki & Uno, 2009; Martignoni et al., 2009). Chloroquine is mainly metabolized in the
liver by de-ethylation of the side chain, resulting in the major metabolite Ndesethylchloroquine and minor metabolite bisdesethylchloroquine.

CH3
CH3
N

CH3

HN

Cl

N

Chloroquine

CH3
H
N

CH3
CH3

NH 2

HN

Cl

N

N- desethylchloroquine

HN

Cl

N

Bisdesethylchloroquine

Figure 2.2: Metabolism of chloroquine
The main cytochrome P450 isoforms affected by or involved in the biotransformation of
chloroquine to N-desethylchloroquine are CYP3A and CYP2D6.

The pharmacokinetic

profile of N-desethylchloroquine as well as its anti-malarial properties are similar to that of
chloroquine (Ducharme & Farinotti, 1996).
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2.2.1.2 Chloroquine toxicity
Chloroquine is a safe drug when taken at therapeutic doses of 10 – 20 mg/kg. Side effects
include headache, various skin eruptions and gastrointestinal disturbances, such as
nausea, vomiting and diarrhoea. Urticarial pruritus may occur. However, the therapeutic
window of chloroquine is narrow and a single dose of 30 mg/kg may result in cardiovascular
effects including hypotension, vasodilatation, suppressed myocardial function, cardiac
arrhythmias, and eventual cardiac arrest. Confusion, convulsion and coma indicate CNS
dysfunction. Chronic use may lead to eye disorders, including keratopathy and retinopathy.
Other uncommon effects include myopathy, reduced hearing, photosensitivity and loss of
hair. Blood disorders, such as aplastic anemia have been reported, but are extremely
uncommon (Shapiro & Goldberg, 2006; Jaeger & Flesch, 1994).
2.2.2 Drug interactions and contraindications

Chloroquine should be used with caution in patients with hepatic, gastrointestinal,
neurological, or blood disorders.

In patients with glucose-6-phosphate dehydrogenase

(G6PD) deficiency, administration of chloroquine may result in hemolysis. Chloroquine is
an inhibitor of CYP2D6 (Shapiro & Goldberg, 2006). Chloroquine is not recommended for
treating individuals with epilepsy, myasthenia gravis, psoriasis and porphyria cutanea tarda
(Taylor & White, 2004).

Other general drug interactions when chloroquine is co–

administered with the following drugs include:

Halofantrine: increase risk of ventricular arrhythmias;
Mefloquine: increased risk of convulsions;
Anti-acids: reduced absorption of chloroquine;
Cimetidine: reduced metabolism and clearance of chloroquine;
Metronidazole: increased risk of dystonic reactions;
Ampicillin and praziquantel: reduced bioavailability of ampicillin and praziquantel;
Phenylbutazone: tendency to cause dermatitis;
Carbamazepine

and

sodium

valproate:

reduced

therapeutic

effects

of

carbamazepine and sodium valproate, and
Cyclosporine: increased plasma concentrations of cyclosporine (Jaeger & Flesch,
1994; Shapiro & Goldberg, 2006; WHO, 2010).
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2.2.3 Mechanism of action of chloroquine

The mechanism of action of CQ has been the subject of ongoing debate for many years.
Various mechanisms have been proposed for the action of CQ, either intra or extra
vacuolar. Early studies suggested that CQ interacts with DNA, proteases, phospholipases
or metabolic enzymes.

However, these proposed mechanisms would require higher

concentrations of CQ than those that can be achieved in vivo (Olliaro, 2001).

CQ is

classified as a rapid acting blood schizontocide and therefore exerts it action on the intraerythrocytic stages of the malaria parasite life cycle (Figure 2.2).

Figure 2.3: Anti-malarial drugs mediate their effects by disrupting processes or
metabolic pathways in different subcellular organelles (Reprinted from Greenwood et al.,
2008:1270 with permission from the American Society for Clinical Investigation).
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During the mid-ring (Bakar et al., 2010) and early trophozoite stages, the malaria parasite
actively degrades hemoglobin in the digestive vacuole (DV) of the malaria parasite
(Sullivan, 2002; Kumar et al., 2007; Dubar et al., 2010). Ferriprotoporphyrin IX (heme-Fe3+)
is released during the degradation process and is cytotoxic (Monti et al., 1999) and
responsible for generating reactive oxygen species (ROS) that induces peroxidation of lipid
membranes and may induce cell lysis (Kumar et al., 2007; Dubar et al., 2010; Schmitt et al.,
1993).
The malaria parasite possesses an efficient heme-Fe3+ detoxification mechanism to protect
itself from oxidative stress. The most important mechanism is that operating in the DV
wherein heme-Fe3+ is normally detoxified by a biomineralization process to malaria pigment
hemozoin or β-haematin (Kumar et al., 2007; Klonis et al., 2007).
CQ exerts its mode of action through interference with the sequestration of heme-Fe3+. CQ
binds to heme-Fe(III) to prevent the formation of hemozoin (Müller & Hyde, 2010; Fitch, 2004;
Egan et al., 2006; Stiebler et al., 2010). Solid-state spectroscopic studies have elucidated
the structure of the CQ-heme-Fe3+ complex (Asghari-Khiavi et al., 2011) and X-ray
crystallography has confirmed the structures of the quinine-heme-Fe3+ complex (De Villiers et
al., 2012). Further, studies relating to the physiochemical properties of quinolines and their
abilities to accumulate in the DV or inhibit hemozoin formation have been meticulously
carried out (Kaschula et al., 2002; Dubar et al., 2010; Otelo et al., 2011).

A positive

correlation has also been established between the extent of free heme present in the parasite
and the amount of CQ applied (Combrinck et al., 2012). The inhibition of hemozoin formation
results in accumulation of heme in the DV, which in turn enhances the diffusion the CQheme-Fe3+ complex across a steeper concentration gradient into the cytosol (Haynes et al.,
2012). It is apparent that the CQ-heme-Fe3+ complex and other complexes must diffuse out
of the relatively acidic DV (pH ~5.2) (Bakar et al., 2010) into the cytosol where at a higher pH
(pH ~ 7.4) they dissociate into the deprotonated heme and chloroquine. The latter may reenter the DV to cycle more heme into the cytosol. Therefore, CQ causes redistribution of
monomeric heme within the parasite such as to intensify cytotoxicity (Haynes et al., 2012).
2.3 Amodiaquine

Amodiaquine, discovered in 1950, is a Mannich base 4-aminoquinoline that is closely related
to chloroquine (Olliaro & Taylor, 2003). The structural difference is that amodiaquine carries
a 4-hydroxyanilino aromatic side chain (O’Neill et al., 1998). This side chain is vital for antimalarial activity of the drug (Schlitzer, 2007).

Amodiaquine was first introduced as an

alternative to chloroquine due to its effectiveness against chloroquine resistant P. falciparum
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parasites (Krishna & White, 1996). However, during the 1970s it was withdrawn from clinical
use because of its toxicity, including agranulocytosis and hepatitis, which were observed
during chemoprophylactic use (Neftel et al., 1986). Despite these concerns amodiaquine is
currently recommended by the WHO as a partner drug in the artesunate-amodiaquine
combination therapy for the treatment of uncomplicated malaria (Schlitzer, 2007; German &
Aweeka, 2008; WHO, 2010).
2.3.1. Pharmacokinetics of amodiaquine

The literature on the pharmacokinetic properties of amodiaquine (AQ) is limited, and is
believed to be similar to that of chloroquine due to the structural similarities. Differences that
exist between the two drugs include a smaller volume of distribution (17 – 34 L/kg) and a
shorter

terminal

elimination

half-life

(1

to

3

weeks)

for

amodiaquine

and

N-

desethylamodiaquine (DEAQ). Up to 90% of AQ and DEAQ are bound to plasma proteins
(Krishna & White, 1996). Table 2.2 summarizes the relevant pharmacokinetic properties of
amodiaquine and N-desethylamodiaquine available in the literature.
2.3.1.1 Metabolism of amodiaquine

2.3.1.1.1 Microsomal metabolism

Following oral administration, amodiaquine (AQ) (Fig 2.4;1) is rapidly absorbed from
the gastro-intestinal tract and extensively metabolized to the main metabolite Ndesethylamodiaquine (Fig 2.4;2), resulting in low exposure levels of the parent
compound in plasma (Figure 2.4).
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Table 2.2: Pharmacokinetic properties of orally administered amodiaquine in different animal models
Species

Matrix

N

Drug

Dose

Cmax

Tmax

T1/2

AUC
(0-last)

AUC
(0-inf)

(mg/kg)

(ng/ml)

(h)

(h)

(ng.h/ml)

(ng.h/ml)

Reference

Cynomolgus
monkey

Whole
Blood

2

AQ-13

20

356,26

7,95

36,3

12438,71

-

a

RamanathanGirish

Cynomolgus
monkey

Whole
Blood

2

AQ-13

100

5694,4

1,9

38,2

124422,6

-

a

RamanathanGirish

Humans

Plasma

12

AQ

10

29,2

2,32

5,3

162,4

-

a

Humans

Plasma

7

AQ

10

32

0.5

5.2

99

154

Humans

Whole
Blood

7

AQ

10

60

0,5

-

148

-

a

Cynomolgus
monkey

Whole
Blood

2

AQ-13

20

1441

12

21,5

43935,86

-

a

Cynomolgus
monkey

Whole
Blood

2

AQ-13

100

5516

48

57,75

697670,8

-

a

Humans

Plasma

12

AQ

10

268.7

3.68

240.8

12041

-

a

Humans

Plasma

7

AQ

10

181

3.4

-

a

2304

8037

Humans

Whole
Blood

7

AQ

10

561

2,2

-

a

6811

20074

a
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Orrell et al.,
2008
Winstanley et
al., 1987
Winstanley et
al., 1987
RamanathanGirish et al.,
2004
RamanathanGirish et al.,
2004
Orrell et al.,
2008
Winstanley et
al., 1987
Winstanley et
al., 1987
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Figure 2.4: Metabolism of amodiaquine (Adapted from Johansson et al., 2009:576 with
permission from the American Society of Pharmacology and Experimental Therapeutics).

Other

minor

metabolites

include

bisdesethylamodiaquine

and

2-

hydroxydesethylamodiaquine (Churchill et al., 1985; Laurent et al., 1993). Both the parent
compound and main metabolite N-desethylamodiaquine have anti-malarial activity
(Churchill

et

al.,

1985).

Amodiaquine

is

three

times

more active

than

N-

desethylamodiaquine. An in vitro study using human liver microsomes and two sets of
recombinant human CYP isoforms showed that CYP2C8 is mainly responsible for the
oxidation of amodiaquine to N-desethylamodiaquine in the liver. Additionally, during the
screening of 13 recombinant expressed CYPs the formation of an unknown metabolite
mediated by CYP1A1 and CYP1B1 was observed. The unknown metabolite was not
present in incubations with human liver microsomes (Li et al., 2002; Li et al., 2003). This
novel metabolic pathway of amodiaquine was confirmed in a study performed by
Johansson et al. (2009) in which the formation of additional metabolites by CYP1A1 and
CYP1B1 that were not present in the human liver microsome incubations was observed.
The metabolites include an aldehyde (Fig 2.4;3) and an aldehyde quinoneimine (Fig 2.4;4).
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This may be explained by the fact that CYP1A1 and CYP1B1 are mainly expressed in
extra-hepatic tissues e.g., in leucocytes, which may be of interest in relation to the known
ability of amodiaquine to induce agranulocytosis (Johansson et al., 2009).

The therapeutic value of amodiaquine is significantly decreased by the biotransformation of
its 4-hydroxyanilino aromatic moiety into a quinoneimine (Fig 2.4;4). The quinoneimine is
highly susceptible to nucleophilic attack, mainly by thiols. This is the apparent cause for the
severe hepatotoxicity with an incidence of 1 in 15,500 as well as the agranulocytosis with
an incidence of 1 in 2100.

These adverse effects have been observed after

chemoprophylactic use of amodiaquine (Schlitzer, 2007).

2.3.1.1.2 Species differences between monkey and human cytochrome P450mediated drug metabolism

In this thesis, the pharmacokinetic studies were performed with a non-human primate
model. It is, therefore, important to discuss the difference between monkey and human
cytochrome P450 mediated metabolism of amodiaquine with respect to the CYP isoforms
involved.

Animal models are commonly utilized to predict the metabolic behaviour of various drugs in
humans during the preclinical development programme.

It is important to realize that

humans differ from animals with regard to isoform composition, expression and catalytic
activities of drug metabolizing enzymes (Nelson et al., 2004; Martignoni et al., 2009; Uno et
al., 2011).

Non-human primates have often been used in biomedical research, including drug
metabolism studies because of their evolutionary proximity to humans (Uno et al., 2011).
Among non-human primates, cynomolgus monkeys (Macaca fascicularis) and rhesus
monkeys (Macaca mulatta) are widely used for these studies (Iwasaki & Uno, 2009).
However, the oral bioavailability of some drugs is significantly lower in non-human primates
when compared to humans.

The latter could be explained by extensive first-pass

metabolism in the intestine of non-human primates (Takahashi et al., 2009; Akabane et al.,
2010). Species differences in intestinal metabolic activities of the CYP3A4 family have
been well characterized; however, species differences in the intestinal metabolic activities
of other CYP isoforms between non-human primates and humans are not well documented
(Nishimuta et al., 2011). CYP studies have been reported for cynomolgus monkeys, rhesus
monkeys and vervet monkeys (Komori et al., 1992; Uno et al., 2011), with the largest
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number of CYP studies reported for the cynomolgus monkey. A total number of 23 CYP
cDNAs from cynomolgus monkeys in the CYP1-4 families are deposited in GenBank.
These sequences all show high homology (≤ 93%) to human CYP cDNAs. Seventeen
rhesus CYPs have been deposited in GenBank, all of which are >99% identical to
cynomolgus CYP cDNA. Only five CYP cDNAs have been identified in the vervet monkey.
It should be noted that in each subfamily the CYPs of these primate species are much
closer to humans than CYPs of the dog, rat or mouse (Uno et al., 2011). Among monkey
CYP cDNAs identified, some CYPs have been subjected to functional characterization,
including conformation of metabolic activity measured using human CYP substrates. Most
monkey CYPs metabolize typical substrates of human CYPs in the same subfamilies.

2.3.1.1.3 CYP1A

This subfamily consists of two members, namely CYP1A1 and CYP1A2 in the monkey and
human. CYP1A1 is expressed at very low levels in human liver and it is essentially an
extra-hepatic enzyme that is predominantly present in the intestine, lung, placenta and
kidneys.

Furthermore, there are no reports on CYP1A1 activity in monkey intestine

(Martignoni et al., 2009). CYP1A isoforms illustrate a strong conservation among species
(Sharer et al., 1995). Cynomolgus CYP1A1 and CYP1A2 cDNAs are 95% homologous to
human CYP1A1 and CYP1A2 cDNA respectively (Komori et al., 1992; Sakuma et al., 1998;
Uno et al., 2011).

Cynomolgus CYP1A1 is involved in 7-ethoxy-resorufin O-deethylation (EROD) (Komori et
al., 1992).

Similarly, human CYP1As also catalyze EROD and mediate activation of

heterocyclic amines (Kim & Guengerich, 2005).

However, varying results have been

described in the literature regarding the catalytic activities of the CYP1A isoforms of
monkeys and humans. Edwards et al. (1994) found that the livers of cynomolgus monkeys
lacked detectable expression of CYP1A1 by immunoblot analysis. In contrast, Iwasaki and
Uno (2009) found that the catalytic activity of CYP1A1 was very similar to that of humans
and Sharer et al. (1995) illustrated that the catalytic activities of cynomolgus monkey
CYP1A1 are significantly higher when compared to those of humans (Sharer et al., 1995).
Interestingly there have been reports that CYP1A1 mRNA is expressed much more
abundantly than CYP1A2 mRNA in the liver of cynomolgus monkeys (Sakuma et al., 1998).
In contrast, CYP1A2 is expressed much more abundantly than CYP1A1 in human liver
(Shimada et al., 1994). These results suggest that cynomolgus monkey CYP1A generally
have enzyme characteristics similar to human CYP1As, but functional differences have
been observed between species despite the high sequence identities (Sharer et al., 1995).
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These differences could be explained by differences in the expression and affinity of the
CYP1A family between humans and monkeys or the possible involvement of additional
cynomolgus monkey cytochrome P450 isoforms in the catalytic activity of EROD (Edwards
et al., 1994; Sharer et al., 1995). Whether this difference is caused by genetic factors or
environmental factors is unknown (Sharer et al., 1995).

2.3.1.1.4 CYP2C

The CYP2C subfamily is the most complex subfamily of the CYPs found in both human and
animal species, with several different isoforms of these specific enzymes (Martignoni et al.,
2009). CYP2C is present in rodent and non-human primate species, and its expression in
extra-hepatic tissues is isoform specific. In humans the CYP2C family is involved in the
metabolism of about 16% of drugs currently on the market (Kings, 2009).

In the cynomolgus monkey, CYP2C8 cDNA is 95% homologous to human CYP2C8 cDNA
(Ohi et al., 1989; Komori et al., 1992; Uno et al., 2006). Furthermore, the CYP2C8 cDNA of
the African green monkey is highly similar to cynomolgus CYP2C8 cDNA. The CYP2C8 of
the African green monkey still needs to be characterized (Uno et al., 2011). Cynomolgus
CYP2C8 mRNA is predominantly expressed in the liver (Uno et al., 2011), but its mRNA
has also been detected in the duodenum (Uno et al., 2007; Martignoni et al., 2009; Klose et
al., 1999). The latter were also supported by the results of a study performed by the group
of Nishimuta et al. (2011) in which they observed that the intestinal CLint values of the
CYP2C8 substrate (amodiaquine) were significantly higher in the cynomolgus monkey
compared to the intestinal CLint in humans.

Amodiaquine was metabolized in the

cynomolgus monkey intestine and the metabolic activities were inhibited by all anti-human
CYP2C antibodies but not by anti-human CYP3A antibodies. CYP2C8 may, therefore, be
involved in greater intestinal first-pass metabolism in the cynomolgus monkey. In addition,
there is a possibility that similar CYP2C isoforms may be involved in the metabolic activities
of the intestine and liver, because the monkey intestinal CLint values correlated well with
those of the liver (Nishimuta et al., 2011).
2.3.1.2 Non-microsomal metabolism

Amodiaquine can be oxidized by non-microsomal metabolism. In a study by Maggs et al.
(1988) the in vitro metabolism of amodiaquine was investigated with specific reference to
the formation of chemically reactive quinoneimines. Results from the study showed that
amodiaquine and N-desethylamodiaquine is susceptible to autoxidation to reactive
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quinoneimines, in a solution at physiological pH under air. It is presumed that the presence
of the aromatic N-substituent is responsible for the autoxidation of the 4-hydroxyanilino
aromatic moiety in amodiaquine (Maggs et al., 1988; Winstanley et al., 1990; Jurva et al.,
2008).
2.3.1.3 Amodiaquine toxicity

The adverse effects of amodiaquine do have a parallel with those of chloroquine, although
adverse effects recorded for amodiaquine are more severe, and in general, amodiaquine is
regarded as a more toxic drug. After a single oral administration of amodiaquine the main
adverse effects include nausea, vomiting, abdominal discomfort, diarrhoea headache, skin
irritations, dizziness, blurring of vision and fatigue. Amodiaquine is associated with a lesser
degree of pruritus and is generally more palatable compared to chloroquine.

It is

associated with agranulocytosis and hepatotoxicity when used for chemoprophylaxis. The
mechanism involved in agranulocytosis and hepatotoxicity has not yet been fully elucidated,
but it has been proposed that the reactive quinoneimine could be responsible by exerting its
toxicity through covalent bindings to various cell components, leading to direct disruption of
its functions and/or triggering an immunological response. An overdose is associated with
cardiotoxicity, syncope spasticity, convulsions and involuntary movements (Temple, 2007;
WHO, 2010).

2.3.2 Drug interactions and contraindications

Limited literature is available regarding the drug interactions and contraindications of
amodiaquine. Amodiaquine should be used with caution in patients with hepatic or blood
disorders (Temple, 2007).

Chemoprophylactic use of amodiaquine is associated with

agranulocytosis and hepatotoxicity.

Amodiaquine significantly decreases the activity of

CYP2D6 and CYP2C9 (Wennerholm et al., 2006).

Amodiaquine co-administered with

antiretroviral drugs (efavirenz, saquinavir, lopinavir and tipranavir) inhibits CYP2C8, the
main CYP P450 isoform responsible for the biotransformation of amodiaquine (Parikh et al.,
2007).
2.3.3 Mechanism of action of amodiaquine

Amodiaquine and chloroquine are not only structurally related; amodiaquine also
competitively inhibits CQ accumulation and vice versa. It is, therefore, suggested that
these compounds share a similar mode of action. Like CQ, amodiaquine is a diprotic weak
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base with lower pKa values (pKa1 = 7.1 and pKa2 = 8.1) compared to those of CQ (pKa1 =
10.8 and pKa2 = 8.3). This raises the expectation that amodiaquine will accumulate less
efficiently within the parasite DV compared to CQ.

However, the accumulation of

amodiaquine in the DV of the parasite is in fact more efficient than that of CQ, which
indicates that the uptake of amodiaquine is enhanced by additional mechanisms (Foley &
Tilley, 1998). Furthermore, amodiaquine interferes with ferriprotoporphyrin IX detoxification
by binding to heme-Fe3+ and inhibiting the polymerization thereof (Mungthin et al., 1998;
Egan & Marques, 2001; Olliaro, 2001; Kumar et al., 2007). This inhibition results in hemeFe3+ induced oxidative stress (Kumar et al., 2007).

A recent alternative hypothesis

(discussed in section 2.2.3) involving drug-assisted transport of heme-Fe(III) out of the DV
into the cytosol may also play a role in the mode of action of AQ (Haynes et al., 2012).
2.4 Chloroquine and amodiaquine drug resistance

Drug resistance in malaria is an important public health concern. Drug resistance has been
reported in P. falciparum, P. vivax and P. malariae. Anti-malarial drug resistance in malaria
is defined by the WHO as “… the ability of a parasite strain to survive and/or multiply
despite the administration and absorption of a drug given in doses equal to or higher than
those normally recommended but within the tolerance of the subject” and its posterior
addendum “the drug active against the parasite must be able to gain access to the parasite
or the infected erythrocyte for the duration of the time necessary for its normal action”
(WHO, 2010). Several factors contribute to the development and spread of anti-malarial
drug resistance including interactions of drug patterns, characteristics of the drug itself, and
human host factors.

2.4.1 Development of chloroquine and amodiaquine resistance

The development of resistance against CQ and AQ, especially CQ, has been one of the
biggest obstacles to emerge in the fight against malaria for the last few decades (WHO
2010). Figure 2.4 depicts the emergence of CQ and AQ resistance.

AQ resistance has been reported in South-America, Asia and East Africa (Muntabingwe et
al., 2005; Beshir et al., 2010). During the 1990’s AQ was removed from the approved antimalarial list, due to concerns regarding the serious side effects, but was reinstated in 1996
(dashed border) (Ekland & Fidock, 2008).
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Figure 2.5: Emergence of CQ and AQ resistance (Adapted from Ekland & Fidock, 2008
with permission from Elsevier). The red bar represents CQ, the purple bar AQ. The years
to the left of each bar represent the date the drug was introduced as treatment and the date
to the right represents the first documented cases of resistance. The ovals below the time
line indicate the approximate time frame when drug resistance spread through different
geographical regions worldwide.

Resistance of Plasmodium falciparum to CQ was first observed in 1957 on the ThaiCambodian border and in Colombia and spread across Africa during the 1980s. Today CQ
resistance is virtually omnipresent and occurs almost everywhere where P. falciparum
infections occur. However, in recent reports from Malawi, the first country to abandon CQ
treatment in 1993 because of high rates of treatment failure of uncomplicated malaria, a
gradual decrease in the prevalence of the PFCRT molecular marker of CQ resistance has
been observed from 1992 to 2002, with complete disappearance in 2001 (Kublin et al.,
2003). Furthermore, a more recent study by Laufer et al., (2006) supported the former
findings, indicating a possibility of re-introduction of this safe, inexpensive and long-acting
drug. Such a re-introduction will have to occur in combination with other drugs to prevent
the re-emergence of resistance.
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It will be important to consider cross-resistance between AQ and CQ, as several clinical
and in vitro reports have shown cross-resistance between CQ and AQ (Bloland & Ruebush,
1996; White, 1996). AQ is a partner drug for artemisinin-based combination therapies in
many African countries. Laufer and colleagues have suggested that one way to determine
cross-resistance would be to compare the prevalence of CQ resistance (PfCRT) in areas
where CQ treatment was withdrawn and replaced with ACT, and in areas where CQ was
replaced with anti-malarial drugs unrelated to CQ (Kobbe et al., 2007).

Many studies have been devoted to elucidating the mechanism responsible for CQ
resistance.

CQ-resistant parasites accumulate significantly less CQ than CQ-sensitive

parasites (Fitch, 1970; Krogstad et al., 1987). The latter suggests that drug-resistance
results, at least in part, from exclusion of the CQ from the site of action. Point mutations in
two genes of the Plasmodium falciparum genome have been associated with CQ
resistance. The two genes include the Plasmodium falciparum CQ resistant transporter
(pfcrt) gene and to a lesser extent the Plasmodium falciparum multi drug resistance 1
(pfmdr1) gene (Wongsrichanalai et al., 2002; Ochong et al., 2003).

The decreased accumulation of CQ in CQ-resistant parasites can be attributed to mutations
in the pfcrt gene, which is located on chromosome 7, and codes for P. falciparum CQresistant transport protein (PfCRT) (Wongsrichanalai et al., 2002). PfCRT is located on the
membrane of the digestive vacuole of malaria parasites, and it has been proposed that the
mutant form of the protein transports CQ out of the digestive vacuole (Sanchez et al.,
2005). Among the amino acid changes observed in this protein, the lysine to threonine
change at codon 76 is the most strongly associated with CQ resistance. A recent study by
Martin et al. (2009) illustrated that a mutation in PfCRT contributes to CQ resistance. They
showed that in the parasite the presence of a mutant PfCRT on the digestive vacuole
allows the transport of the protonated drug down its electrochemical gradient, hence out of
the digestive vacuole and away from its site of action (Martin et al., 2009). It has been
illustrated that in CQ-resistant parasites the addition of CQ results in an enhanced leak of
H+ ions from the digestive vacuole, which is consistent with the drug in the protonated form
effluxing from the CQ-resistant parasites (Lehane et al., 2008). In a more recent study by
Lehane and Kirk (2010), the authors illustrated that the same is true for a range of other
anti-malarial drugs including AQ, as well as various chloroquine resistant reversers (Lehane
& Kirk, 2010). The group of Ochong et al. (2003) demonstrated that PfCRT is a marker for
CQ and AQ resistance in vivo (Ochong et al., 2003). Based on the literature, it appears that
mutations in PfCRT play a prominent and definite role in the resistance of CQ and AQ and
that the pfcrt mutant could be used as a predictor of both CQ and AQ resistance. Another
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gene that contributes to CQ resistance is the pfmdr1 gene. The observations that CQresistant parasites accumulate less CQ when compared to CQ-sensitive parasites and that
verapamil can modulate this process suggested similarities with the multidrug-resistant
(MDR) phenotype of cells. MDR is thought to be caused by an enhanced expression of an
ATP-dependent drug transporter known as P-glycoprotein (Riordan et al., 1985; Martin et
al., 1987), which is postulated to confer resistance by promoting the efflux of a wide range
of cytotoxic drugs out of tumor cells. The MDR gene, pfmdr1 has been identified in P.
falciparum (Wilson et al., 1989) and is located on chromosome 5 and codes for a Pglycoprotein homologue 1 (Pgh 1) (Wongsrichanalai et al., 2002). The point mutation of
asparagine to tyrosine at codon 86 in the pfmdr1 gene has been associated with CQ
resistance. (Pleeter et al., 2010; Wongsrichanalai et al., 2002; Olliaro, 2001; Ochong et al.,
2003).
3. Pheroid Technology

Pheroid technology is a modified fatty-acid based delivery system with the ability to entrap,
transport and deliver drugs of markedly different structures. The pheroid delivery system is
a colloidal system comprising of unique and stable structures called pheroids, which are
evenly distributed within a dispersion medium.

The unique composition of the pheroid

offers valuable characteristics that may be useful in delivery of anti-malarial compounds.
The characteristics include enhanced absorption and/or efficacy of therapeutic compounds,
decreased minimal effective drug concentration, decreased cytotoxicity of therapeutic
compounds, movement across physical barriers such as the erythrocytic cell membranes
and decreased drug resistance. By using pheroid technology, it may be possible to
decrease the drug dosage, reduce side effects and shorten exposure to the drug due to
shorter treatment time. A number of applications of this technology have been patented in
various countries (Saunders et al., 1999; Meyer, 2002; Grobler, 2007; Grobler & Kotzé,
2006; Grobler et al., 2009). Furthermore, the pheroid formulations are easy to prepare, do
not use any rigid nanomaterial or supporting polymer matrix, and are more economical than
most other drug delivery systems.
3.1 Historical perspective of pheroid technology
Pheroid technology has its origin in Emzaloid™ technology. The latter was unknowingly
used to treat and cure the psoriasis of the founder Piet Meyer of MeyerZall (Pty) Ltd. After
initial observations that the Emzaloid™-based psoriasis product proved to be more effective
than commercially available products for psoriasis, a research programme was initiated in
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collaboration with the South African Medical Research Councal (SAMRC) to aid in
determining the reason behind the success of their product. The SAMRC concluded that
the psoriasis product contained micro-vesicles, which led to the hypothesis that the vesicles
constituted a delivery system with the ability to possibly enhance the absorption of active
ingredients. This hypothesis was proven to be correct (Saunders et al., 1999; Tzaneva et
al., 2003; Goodfield et al., 2004). During 2003, the North-West University (NWU) obtained
all intellectual property with regards to the Emazaloid™ technology. The delivery system
was subsequently optimized and after being obtained by the North-West University, a solid
founding technology for various applications was established (Grobler, 2008).
It is important to note that Emzaloid™ technology was not renamed to pheroid technology
and that distinct differences do exist between Emzaloid™ technology and pheroid
technology. Firstly, Emzaloid™-based products are manufactured under low pressure gas
exposure (80 kPa), for the duration of 4 hours, resulting in under saturation of the
formulation with the gas, whereas pheroids are manufactured using a higher pressure gas
exposure (200 kPa) for four days, resulting in a nitrous oxide saturated formulation.
Secondly, all pheroid-based products contain α-tocopherol (Grobler, 2008). The functions
of the different components in pheroid technology will be discussed in section 3.2.2.
3.2

Pheroid types, components, characteristics and functions

3.2.1

Pheroid types

Pheroids can be manipulated in terms of structure, size, morphology and function to suit the
solubility characteristics (hydrophilic or hydrophobic nature) of the drug that needs to be
entrapped, transported and delivered to the site of action. Additional important factors to
bring into consideration when deciding on the type of pheroid to manufacture includes: the
rate of delivery as well as the route of administration. Various structures of pheroids can be
manufactured, however three main structures exist namely, lipid-bilayer pheroid vesicles,
which range in size from 80 – 300 nanometers; pheroid microsponges ranging between 0.5
and 5.0 micrometers and pro-pheroids, which can be regarded as a precursor for pheroid
vesicles (Grobler, 2008). The confocal laser scanning micrographs in Figure 3.1 show the
structures of lipid bilayer pheroid vesicles and pheroid microsponges.
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(a)

(b)

Figure 3.1: Confocal laser scanning micrographs of (a) rifampicin entrapped in a pheroid
vesicles. The multiple layers of the multilamellar vesicle is visible in yellow as a result of
fluorescent labeling with Nile red, while the red interior fluorescence is that produced by
rifampicin and (b) pheroid microsponges of the reservoir type with a mean diameter of 35–
40 μm (Reprinted from Grobler, 2008:149 with permission from the author).
3.2.2 Pheroid component characteristics and function

The main components of the pheroids are derived from ethyl esters of essential fatty acids,
pegylated ricinoleic acid, α-tocopherol and nitrous oxide saturated water.

During this

section each component used in the manufacturing of pheroids and pro-pheroids will be
discussed in some depth.
3.2.2.1 Essential fatty acid component

The fatty acid component typically used in the manufacturing of pheroids and pro-pheroids
consists primarily of ethylated and pegylated polyunsaturated fatty acids or esters thereof
including oleic acid, linoleic acid, alpha-linolenic acid. The typical fatty acid distribution of
pheriod nanovesicles is as follows:
C16.0 : 8.3%;
C18.0 : 3.5%;
C18.1 (oleic acid) : 21.7%;
C18.2 (linoleic acid) : 34.8%;
C18.4 (α-linolenic acid) : 28%;
> C18 : 1.6% and
Unknown : 2.1% (Grobler, 2008)
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Figure 3.2 illustrated a hypothetical model of a membrane region of a pheroid vesicle, and
the manner in which the fatty acid ethyl esters assembles into membrane like structures.
The nitrous oxide and α-tocopherol components are not accommodated in the model yet.

Figure 3.2: A schematic model of the fatty acid components of the generic pheroid vesicle.
The blue regions represent the hydrophilic domains, red regions the hydrophobic domains.
Each fatty acid ethyl ester is sketched as a red hydrocarbon chain with a blue ethyl ester
attached. The hydrocarbon backbone are bent where unsaturated C=C bonds occur. The
pegylated ricinoleid acid molecules form the pore structures or channels.
structure is referred to as a pro-pheroid.

The overall

After the application of the drug, and once

admixed with nitrous-oxide water, the pro-pheroid reassembles into pheroid vesicles
(Reprinted from Grobler, 2008:194 with permission from the Author).

The essential fatty acid content contributes to the inherent therapeutic qualities of pheroids.
Functions of this component in pheroids include: maintenance of membrane integrity of
cells, modulation of the immune system and energy homeostasis (Grobler, 2008).

3.2.2.2 Nitrous oxide component
Nitrous oxide (N2O) is the gas known as “laughing gas” and is both water and lipid soluble
(Evers et al., 2006). It has been in use for many years as an inhalation anesthetic and
analgesic (Berkowitz et al., 1979). Molecular modeling studies indicated that interactions
exist between the fatty acids and the nitrous oxide, result in a nitrous oxide essential fatty
acid matrix that provides a functional model for transporting hydrophilic as well as
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hydrophobic drugs (Grobler, 2008).

Nitrous oxide contributes to the miscibility of the

essential fatty acids, imparts an ordered structure to the self-assembled vesicle, and
ensures its stability. Such vesicles are said to maintain structural integrity over periods of
greater than two years at room temperature (Steyn et al., 2011)
3.2.2.3 α-Tocopherol component
Vitamin E is a collective generic name that includes four tocopherols (α-, β-, γ- and δ-) and
four tocotrienols (α-, β-, γ- and δ-) of which α-tocopherol is the most important.

α-

Tocopherol, one of the components of pheroids, is a lipid soluble vitamin, and has been
used as a solvent for lipophilic drugs (Salway, 2006; Constantinides et al., 2006).
Additional to the role of solubilisation of hydrophobic drugs, α-tocopherol also attributes
anti-oxidative qualities to both the drug and fatty acids of the pheroid membranes.

α-

Tocopherol is classed as a scavenger of lipid peroxyl radicals, which prevents peroxidation
of polyunsaturated fatty acids contained in cellular and sub-cellular membrane
phospholipids (WHO, 2004).
3.3 Application of Pheroid technology as an anti-malarial drug delivery system

In vitro efficacy and in vivo bioavailability and efficacy studies in a murine model have been
carried out for anti-malarial compounds incorporated into pheroids at MeyerZall
Laboratories (Pty) Ltd., the North-West University (NWU), the University of Cape Town
(UCT) and at the Swiss Tropical and Public Health Institute (STPHI).

As previously

mentioned various applications of pheroid technology have been patented and can be
divided into eight classes including: bio-agricultural; central nervous system; nucleic acids;
topical; therapeutic proteins; vaccines; anti-inflammatory and anti-infective agents. The antiinfective class can be divided into three sub-classes namely anti-virals; anti-bacterials and
anti-protozoans. The studies in this thesis are an expansion of the studies described in the
anti-protozoan subclass of existing patent and focus on the quinolines, specifically
chloroquine and amodiaquine.

In parallel, a number of studies were and are being

conducted on other classes of anti-malarials, including the artemisinins (Steyn, 2009; Steyn
et al., 2011).

The results of previous studies, which are relevant to my studies are

summarized in Table 3.1 and Table 3.2.
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3.3.1 In vitro efficacy studies

Table 3.1: In vitro efficacy studies conducted at both, NWU and STPHI
Compound

Institute

NWUa
Chloroquine
STPHIb

Amodiaquine

NWUa

Strain

Enhancement
factor

RSA-11

2

K1

2

NF45

1.9

RSA-11

1.7

RSA-11

1.7

Outcome
For the pheroidchloroquine formulation:
Enhancement of in vitro
anti-malarial activity
For the pheroidchloroquine formulation:
1.7 - 2 fold increase in
all strains
For the pheroidamodiaquine
formulation:
Enhancement of in vitro
anti-malarial activity

NWU: conducted a standard 48 hour microscopy in vitro efficacy study; STPHI: conducted a [3H]hypoxanthine incorporated in vitro efficacy study; RSA-11: chloroquine resistant P.falciparum strain;
K1: chloroquine resistant P.falciparum strain; NF45: drug sensitive isolate.
a: Langley, 2010; b: Jourdan, 2011
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3.3.2 In vivo bioavailability studies in a murine model

Table 3.2: Summary of pharmacokinetic parameters for chloroquine and amodiaquine

Compound

Chloroquinea

Amodiaquinea

Cmax

Tmax

T1/2

AUC (0-last)

(ng/ml)

(h)

(h)

(ng.h/ml)

Outcome

Ref

Phe

Ref

Phe

Ref

Phe

Ref

Phe

701.5±49.6

735.9±43.6

1.5±0.17

1.7±0.15

4.5±0.41

5.43±0.4

4606±316

4971±267

No difference observed

4401±498

For the Pheroidamodiaquine
formulation:
1.8 fold increase in Cmax
and AUC0-last

581.8±45.44

1015±100.2

1.35±0.43

0.6±0.07

3.88±0.4

3.49±0.3

Murine model: male C57 BL6 mice; Dosage: 20 mg/kg
a:Langley,2010
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4. Preclinical pharmacokinetic primate model

The pharmaceutical industry is required to include a non-rodent species in preclinical studies.
Recently, Ward and colleagues performed comprehensive meta-analysis studies comparing
pharmacokinetics in humans, non-human primates (NHP), dogs and rats during which they
concluded that data collected from the NHP were the most predictive of human
pharmacokinetics, especially for extrapolation of drug clearance and volume of distribution (Ward
& Smith, 2004; Jolivette & Ward, 2005; Ward et al., 2005; Ward et al., 2001; Evans et al., 2006;
Tang et al., 2007).

The Vervet monkey has long been among the most important NHP models used for biomedical
research, with a PubMed citation record of close to that of rhesus macaque (> 10 000
publications) and much greater than any other NHP (Cynomolgus monkeys (Macaca fascicularis)
~ 5000 and all species of baboon (Papio spp) ~ 2500). Vervet monkeys have been extensively
used in other areas of biomedical research including investigations of:
Neurobehavioural phenotypes;
Neurodegeneration;
Neuroanatomic variability;
Immune system and infectious disease and
Metabolic phenotyping.

Vervet monkeys are not commonly used in drug development studies and limited literature is
available for oral pharmacokinetics studies involving these monkeys. However, a recent
pharmacokinetic study conducted with vervet monkeys (Ward et al. 2009) involved an
examination of interspecies predictive performance for eight commercially available drugs. Oral
pharmacokinetic data were available for these drugs from the literature involving humans as well
as cynomolgus and rhesus monkeys. It was concluded that oral bioavailability results obtained
from vervet monkeys, provided a similar predictor of human oral bioavailability as did results
obtained from cynomolgus or rhesus monkeys (Ward et al., 2009). Furthermore, an oral study by
Lee et al., (2006) with chlorzoxazone in vervet monkeys suggested similar oral systemic
exposure compared to humans. Therefore, it is concluded that the vervet monkey may be used
as a surrogate for cynomolgus or rhesus monkeys in preclinical pharmacokinetic studies (Ward et
al., 2008; Ward et al., 2009).

Therefore, for this thesis, the vervet monkey was used as the non-human primate model to
investigate the effect of pheroid technology on the oral bioavailability of chloroquine and
amodiaquine.
47

Chapter 2: Literature review
5. References

Aderounmu AF, Fleckenstein L. 1983. Pharmacokinetics of chloroquine diphosphate in the dog.
Journal of pharmacology and experimental therapeutics. 226(3):633-639.
Aderounmu AF, Lindstrom B, Ekman L. 1987. The relationship of the pharmacokinetics of
chloroquine to dose in the rabbit. Journal of pharmacy and pharmacology. 39:234-235.
Akabane, T., Tabata, K., Kadono, K. Sakuda, S., Terashita, S. & Teramura, T.

2010. A

comparison of pharmacokinetics between humans and monkeys. Drug metabolism and
disposition, 38:308-316.
Asghari-Khiavi, M., Vongsvivut, J., Perepichka, I., Mechler, A., Wood, B.R., McNaughton, D. &
Bohle, D.S. 2011. Interaction of quinoline antimalarial drugs with ferriprotoporphyrin IX, a solid
state spectroscopy study. Journal of inorganic biochemistry, 105:1662–1669.
Ashley, E.A., Krudsood, S., Phaiphun, L., Srivilairit, S., McGready, R., Leowattana, W.,
Hutagalung, R., Wilairatana, P., Brockman, P., Brockman, A., Looareesuwan, S., Nosten, F. &
White, N.J. 2004. Randomized, controlled dose-optimization studies of dihydroartemisininpiperaquine for the treatment of uncomplicated multidrug-resistant falciparum malaria in Thailand.
The journal of infectious diseases, 190:1773-1782.
Ashley, E.A., McGready, R., Proux, S. & Nosten, F. 2006. Malaria. Travel medicine and infectious
diseases, 4:159-173.
Baird, J.K. & Rieckmann, K.H. 2003. Can primaquine therapy for vivax malaria be improved?
Trends in parasitology, 19(3):115-120.
Bakar, N. A., Klonis, N., Hanssen, E., Chan, C. & Tilley. L. 2010. Digestive-vacuole genesis and
endocytic processes in the early intraerythrocytic stages of Plasmodium falciparum. Journal of
cell science, 123:441-450.
Berkowitz, B.A., Finck, A.D., Hynes, M.D. & Ngai, S.H. 1979. Tolerance to nitrous oxide
analgesia in rats and mice. Anesthesiology, 51(4): 309–312.
Beshir, K., Sutherland, C.J., Merinopoulos, I., Durrani, N., Leslie, T., Rowland, M. & Hallet, R.L.
2010. Amodiaquine resistance in Plasmodium falciparum malaria in afghanistan is associated
with the pfcrt SVMNT allele at codon 72 to 76. Antimicrobial agents and chemotherapy,
54(9):3714-3716.
Bjornsson, T., Callaghan, J., Einof, H., Fisher, V., Gan, L., Grimm, S., Kao, J., King, P., Miwa, G.,
Ni, L., Kumar, G., Mcleod, J., Obach,S., Roberts, S., Roe, A., Shah, A., Snikeris, F., Sullivan, J.,

48

Chapter 2: Literature review
Tweedie, D., Vega, J., Walsh, J. & Wrighton, S. 2003. The conduct of in vitro and in vivo drugdrug interaction studies: a PhRMA perspective. Journal of clinical pharmacology, 43:443-469.
Bloland, P. 2001. Drug resistance in malaria. WHO/CDS/DRS/2001.4. Geneva: World Health
Organization. 32p.
Bloland, P.B. & Ruebush, T.K. 1996. Amodiaquine. Lancet, 348:1659-1660.
Bosman, A. & Mendis, K.N. 2007. A major transition in malaria treatment: the adoption and
deployment of artemisinin-based combination therapies. American journal of tropical medicine
and hygiene, 77(Suppl 6):193-197.
Bray, P.G., Janneh, O., Raynes, K.J., Mungthin, M., Ginsburg, H. & Ward, S.A. 1999. Cellular
uptake of chloroquine is dependent on binding to ferriprotoporphytin IX and is independent of
NHE.
Bray, P.G., Mungthin, M., Ridley, R.G. & Ward, S.A. 1998. Access to hematin: the basis of
chloroquine resistance. Molecular pharmacology, 54:170-179.
Centers for Disease Control and Prevention (CDC). 2011. Guidelines for the treatment of malaria
in the United States. URL:http://www.cdc.gov/malaria/diagnosis_treatment/treatment.html. [Date
of access: 5 October 2011].
Chen, L.H., Wilson, M.E. & Schlagenhauf, P. 2006. Prevention of malaria in long-term travelers.
The journal of the american medical association, 296(18):2234-2244.
Chiou, W.L., Buehler, .P.W. 2002. Comparison of oral absorption and bioavailablity of drugs
between monkey and human. Pharmaceutical research, 19(6):868-874.
Chou, A.C. & Fitch, C.D. 1981. Mechanism of hemolysis induced by ferriprotoporphyrin IX.
Journal of clinical investigation, 68:672-677.
Chou, A.C., Chevli, R. & Fitch C.D. 1980. Ferriprotoporphyrin IX fulfills the criteria for
identification as chloroquine receptor of malaria parasites. Biochemistry, 19:1543-1549.
Churchill, F.C., Patchen, L.C., Campbell, C.C., Schwartz, I.K., Nguyen-Dinh, P. & Dickinson, C.M.
1985. Amodiaquine as a prodrug: importance of metabolite(s) in the antimalarial effect of
amodiaquine in humans. Life sciences, 36(1):53-62.
Clemens, E.T. & Maloyi, G.M.O. 1981. Organic acid concentrations and digesta movement in the
gastrointestinal

tract

of

the

bushbaby

(Galago

crassicaudatus)

and

Vervet

monkey

(Cercopithecidae pygerythrus). Journal of zoology, 193:487-497.
Coatney, R. 1963. Pitfalls in a discovery: the chronical of chloroquine. American journal of
tropical medicine and hygiene, 12:121-128.
49

Chapter 2: Literature review
Combrinck, J. M. Mabotha, T. E. Ncokazi, K. K. Ambele, M. A. Taylor, D. Smith, P. J. Hoppe, H.
C. Egan, T. J. 2012. Insights into the role of heme in the mechanism of action of antimalarials.
ACS chemical biology dx.doi.org/10.1021/cb300454t.
Constantinides, P.P., Han, J. & Davis, S.S. 2006. Advances in the use of tocols as drug delivery
vehicles. Pharmaceutical research, 23(2):243-255.
Davis, T.M.E., Karunajeewa, H.A. & Ilett, K.F. 2005. Artemisinin-based combination therapies for
uncomplicated malaria. Medical journal of australia, 182(4):181-185.
De Villiers, K.A., Gildenhuys, J. & Le Roex, T. 2012. Iron(III) protoporphyrin IX complexes of the
antimalarial cinchona alkaloids quinine and quinidine. ACS chemical biology, 7:666–671.
Dondorp, A., Nosten, F., Stepniewska, K., Day, N., White, N. & South East Asian Quinine
Artesunate Malaria Trail (SEAQUAMAT) group. 2005. Artesunate versus quinine for treatments of
severe falciparum malaria: a randomized trial. Lancet, 366(9487):717-725.
Dondorp, A.M., Yeung, S., White, L., Nguon, C., Day, N.P.J., Socheat, D. & von Seidlein, L.
2010. Artemisinin resistance: current status and scenarios for containment. Nature reviews
microbiology, 8:272-280.
Dorn, A., Vippagunta, S.R., Matile, H., Jaquet, C., Vennerstrom, J.L. & Ridley, R.G. 1998. An
assessment of drug-haematin binding as a mechanism for inhibition of haematin polymerisation
by quinoline antimalarials. Biochemical pharmacology, 55:727-736.
Dubar, F., Egan, T.J., Pradines, B., Kuter, D., Ncokazi, K.K., Forge, D., Paul, J.F., Pierrot, C.,
Kalamou, H., Khalife, J., Buisine, E., Rogier, C., Vezin, H., Forfar, I., Slomianny, C., Trivelli, X.,
Kapishnikov, S., Leiserowitz, L., Dive, D. & Biot. C. 2010. The antimalarial ferroquine: role of the
metal and intramolecular hydrogen bond in activity and resistance. ACS chemical biology, 6:275287.
Ducharme, J. & Farinotti, R. 1996. Clinical pharmacokinetics and metabolism of chloroquine.
Focus on recent advancements. Clinical pharmacokinetics, 31(4):257-274.
Edwards, R.E., Murray, B.P., Murray, S., Shulz, T., Neubert, D., Grant, T.W., Thorgiersson, S.S.,
Boobis, A.R. & Davies, D.S. 1994. Contribution of CYP1A1 and CYP1A2 to the activation of
heterocyclic amines in monkeys and humans. Carcinogenesis, 15:829-836.
Egan, T. & Marques, H.M. 1999. The role of haem in the activity of chloroquine and related
antimalarial drugs. Coordination Chemistry reviews, 190-192:493-517.
Egan, T.J., Chen, J.Y.-J., de Villiers, K.A., Mabotha, T.E., Naidoo, K.J., Ncokazi, K.K., Langford,
S.J., McNaughton, D., Pandiancherri, S. & Wood, B.R.

2006.

Haemozoin (β-haematin)

50

Chapter 2: Literature review
biomineralization occurs by self-assembly near the lipid/water interface. FEBS letters, 580:51055110.
Evans, C.A., Jolivette, L.J., Nagilla, R. & Ward, K.W. 2006. Extrapolation of preclinical
pharmacokinetics and molecular feature analyses of “discovery-like” molecules to predict human
pharmacokinetics. Drug metabolism and disposition, 34(7):1255-1265.
Evers, A.S., Crowder, C.M. & Balser, J.R. 2006. General anesthetics. (In bruton, L.L., 11th ed.
Goodman & Gilman’s the pharmacological basis of therapeutics. USA:McGraw-Hill. P341-367.
Fernando, S.D., Rodrigo, C. & Rajapakse, S. 2011. Chemoprophylaxis in malaria: drugs,
evidence of efficacy and costs. Asian pacific journal of tropical medicine, 4(4):330-336.
Fitch, C. D. 2004. Ferriprotoporphyrin IX, phospolipids, and antimalarial actions of quinoline
drugs. Life sciences, 74:1957–1972.
Fitch, C.D. 1986. Antimalarial schizonticides: ferriprotoporphyrin IX intercalation hypothesis.
Parasitology today, 2:330-331.
Fitch, C.D., Yunis, N.G., Chevli, R. & Gonzales, Y. 1974. High-affinity accumulation of
chloroquine by mouse erythrocytes infected with Plasmodium berghei. Journal of clinical
investigation, 54:24-33.
Foley, M. & Tilley, L. 1998. Quinoline antimalarials: Mechanism of action and resistance and
prospects for new agents. Pharmacology and therapeutics, 79(1):55-87.
Geary, T.G., Jensen, J.B. & Ginsburg, H. 1986. Uptake of [3H]chloroquine by drug sensitive and
resistant strains of human malaria parasite Plasmodium falciparum. Biochemical pharmacology,
35:3805-3812.
German, P.I. & Aweeka, F.T. 2008. Clinical pharmacology of artemisinin-based combination
therapies. Clinical pharmacokinetics, 47(2):91-102.
Ginsburg, H., Famin, O., Ahang, J. & Krugliak, M. 1998. Inhibition of glutathione-dependant
degradation of heme by chloroquine and amodiaquine as a possible basis for their antimalarial
mode of action. Biochemical pharmacology, 56:1305-1313.
Ginsburg, H., Nissani, E. & Krugliak, M. 1989. Alkalinisation of the food vacuole of malaria
parasites by quinoline drugs and alkylamines is not correlated with their antimalarial activity.
Biochemical pharmacology, 38:2645-2654.
Gkrania-Klotsas, E. & Lever, A.M.L. 2007. An update on malaria prevention, diagnosis and
treatment for the returning traveler. Blood review, 21:73-87.
Global Malaria Action

Plan (GMAP).

2008.

For a malaria-free world.

274p.

http://www.rbm.who.int/keyfacts.html. [Date of access: 25 April 2012].
51

URL:

Chapter 2: Literature review
Gluzman, I.Y., Francis, S.E., Oksman, A., Smith, C.E. Duffin, K.L. & Goldberg, D.E. 1994. Order
and specificity of the Plasmodium falciparum hemoglobin degradation pathway. Journal of clinical
investigation, 93:1602-1608.
Goodfield, M., Kownacki, S., Berth-Jones, J. 2004. Double-blind, randomised, multicentre,
parallel group study comparing a 1% coal tar preparation (Exorex) with a 5% coal tar preparation
(Alphosyl) in chronic plaque psoriasis. Journal of dermatological treatment, 15(1):14-22.
Greenwood, B.M., Fidock, D.A., Kyle, D.E., Kappe, S.H.I., Alonso, P.L., Collins, F.H. & Duffy.
P.E. 2008. Malaria: progress, perils, and prospects for eradication. Journal of clinical
investigation, 118:1266-1276.
Grobler AF, Kotze AF, Du Plessis J. 2009. Enhancement of the efficacy of therapeutic proteins.
Patent: ZA WO/2006/079989. URL: http://www.wipo.int
Grobler AF, Kotze AF. 2006. Lipid and nitrous oxide combination as adjuvent for the
enhancement of the efficacy of vaccines. Patent: ZA WO/2006/079989. URL: http://www.wipo.int.
Grobler AF. 2007. Composition in the form of a microemulsion containing free fatty acids and/or
free fatty acid derivatives. Patent: ZA WO/2007/096833. URL: http://www.wipo.int.
Grobler AF. 2008. Pharmaceutical applications of pheroid

technology. Potchefstroom: NWU.

(Thesis – PhD).
Gustafsson LL, Walker O, Alval G, Beerman B, Estevez F, Gleisner L, Lindström B, Sjöqvist F.
1983. Distribution of chloroquine in man after single intravenous and oral doses. British journal of
clinical pharmacology. 15:471-479.
Hacia, H.G., Makalowski, W., Edgemon, K., Erdos, M.R., Robbins, C.M., Fodor, S.P., Brody, L.C.
& Collins, F.S. 1998. Evolutionary sequence comparison using high-density oligonucleotide
arrays. Nature genetics, 18(2):155-158.
Hawley, S., Bray, P., Park, K. & Ward, S. 1996. Amodiaquine accumulation in Plasmodium
falciparum as a possible explanation for its superior antimalarial activity over chloroquine.
Molecular biochemistry and parasitology, 80:15-25.
Haynes, R,K., Cheu, K.W., Chan, H.W., Wong, H.N., Li, K.Y., Tang, M.M., Chen, M.J., Guo, Z.F.,
Guo, Z.H., Sinniah, K., Witte, A.B., Coghi, P. & Monti, D. 2012. Interactions between Artemisinins
and other Antimalarial Drugs in Relation to the Co-Factor Model – A Unifying Proposal for Drug
Action. ChemMedChem, DOI: 10.1002/cmdc.201200383.
Hellerstein, S., Spees, W. & Surapathana, L.O. 1970. Hemoglobin concentration and
erythrocytecation content. Journal of laboratory and clinical medicine, 76:10-24.

52

Chapter 2: Literature review
Iwasaki, K. & Uno, Y. 2009. Cynomolgus monkey CYPs: a comparison with human CYPs.
Xenobiotica:39(8):578-581.
Jaeger, A. & Flesch, F. 1994. Chloroquine – Draft revised poisons information monograph for
peer review. 31p. http://www.inchem.org/documents/pims/pharm/chloroqu.html). [Date of access:
3 February 2012].
Jensen, M. & Mehlhorn, H. 2009. Seventy-five years of Resochin in the fight against malaria.
Parasitology research, 105(3):609-627.
Johansson, T., Jurva, U., Grönberg, G., Weidolf, L. & Masimirembwa, C. 2009. Novel metabolites
of amodiaquine formed by CYP1A1 and CYP1B1: structure elucidation using electrochemistry,
mass spectrometry, and NMR. Drug metabolism and disposition, 37(3):571-579.
Jolivette, L.J. & Ward, K.W. 2005. Extrapolation of human pharmacokinetic parameters from rat
dog, and monkey data: Molecular properties associated with extrapolative success or failure.
Journal of pharmaceutical science, 94:1467-1483.
Jourdan, J. 2011. Evaluation of the pheroid

technology to improve the in vitro activity of

antimalarial drugs. Basel:Swiss Tropical and Public Health Institute, Basel. (Dissertation-MSc).
Jurva, U., Holmen, A., Gronberg, G, Masimirembwa, C. & Weidolf, L. 2008. Electrochemical
generation of electrophilic drug metabolites: characterization of amodiaquine quinoneimine and
cysteinyl conjugates by MS, IR and NMR. Chemical research in toxicology, 21:928-935.
Kaschula, C.H., Egan, T.J., Hunter, R., Basilico, N., Parapini, S., Taramelli, D., Pasini, E. & Monti,
D. 2002. Structure-activity relationships in 4-aminoquinoline antiplasmodials. The role of the
group at the 7-position. Journal of medicinal chemistry, 45:3531-3539.
Kaur, K., Jain, M., Reddy, R.P. & Jain, R. 2010. Quinolines and structurally related heterocycles
as antimalarials. European journal of medicinal chemistry, 45:3245-3264.
Kim, D. & Guengerich, F.P. 2005. Cytochrome P450 activation of arylamines and heterocyclic
amines. Annual review of pharmacology and toxicology, 45:27-49.
King, R.S. 2009. Biotransformation in drug metabolism. (In Nassar, A.F., ed Drug Metabolism
Kingsolver, B. 1998. The Poisenwood Bible. United States:Harper Flamingo.
Klonis, N., Dilanian, R., Hanssen, E., Darmanin, C., Streltsov, V., Deed, S., Quiney, H. & Tilley, L.
2010. Hematin-hematin self-association states involved in the formation and reactivity of the
malaria parasite pigment, hemozoin. Biochemistry, 49:6804-6811.
Klose, T.S., Blaisdell, J.A. & Goldstein, J.A. 1999. Gene structure of CYP2C8 and extrahepatic
distribution of the human CYP2Cs. Journal of biochemical and molecular toxicology, 13:289-295.
53

Chapter 2: Literature review
Kobbe, R., Meyer, C.G. & May, J. 2007. Chloroquine-resistant malaria in Malawi. New england
journal of medicine, 356:868-869.
Komori, M., Kikuchi, O., Sakuma, T., Funaki, J., Kitada, M. & Kamataki, T. 1992. Molecular
cloning of monkey liver cytochrome P450cDNAs: similarity of the primary sequence to human
cytochrome P450. Biochimica biophysica acta, 1171:141-146.
Krishna, A. & White, N.J. 1996. Pharmacokinetics of quinine,chloroquine and amodiaquine.
Clinical pharmacokinetics, 30(4):263-299.
Krogstad, D.J., Gluzman, I.Y., Herwaldt, B.L., Schlesinger, P.H. & Wellems, T.E. 1992. Energy
dependence of chloroquine accumulation of chloroquine efflux in Plasmodium falciparum.
Biochemical pharmacology, 43:57-62.
Krogstad, D.J., Schlesinger, P.H. & Gluzman, I.Y. 1985. Antimalarial increase vesicle pH in
Plasmodium falciparum. Journal of cell biology, 101:2301-2309.
Kublin, J.G., Cortese, J.F., Njunju, E.M., Mukadam, R.A., Wirima, J.J., Kazembe, P.N., Djimdé,
A.A., Kouriba, B., Taylor, T.E. & Plowe, C.V. 2003. Reemergence of chloroquine-sensitive
plasmodium falciparum malaria after cessation of chloroquine use in Malawi. Journal of infectious
disease, 187(12)1870-1875.
Kumar, S., Guha, M., Choubey, V, Maity, P. & Bandyopadhyay, U. 2007. Antimalarial drug
inhibiting hemozoin (β-hematin) formation: A mechanistic update. Life sciences, 80:813-828.
Kumar, S., Guha, M., Choubey, V., Maity, P. & Bandyopadhyay, U. 2007. Antimalarial drugs
inhibiting hemozoin (β-hematin) formation: A mechanistic update. Life sciences, 80:813–828.
Lalloo, D.G., Shingadia, D., Pasvol, G., Chiodini, P.L., Whitty, J.C., Beeching, N.J., Hill, D.R.,
Warrel, D.A. & Bannister, B.A. 2007. UK malaria treatment guidelines. Journal of infection,
54:111-121.
Langley, N. 2010. The effect of pheroid

technology on the antimalatial efficacy and

bioavailability of chloroquine and amodiaquine. Potchefstroom: NWU. (Thesis – PhD).
Lee, A.M., Yue, J. & Tyndale, R.F. 2006. In vivo and in vitro characterization of chlozoxazone
metabolism and hepatic CYP2E1 levels in African green monkeys: induction by chronic nicotine
treatment. Drug metabolism and disposition, 34:1508-1515.
Lee, H & Solomon, V.R. 2009. Chloroquine and its analogue: A new promise of an old drug for
effective and safe cancer therapies. European journal of pharmacology, 625:220-233.
Lee, P., Ye, Z., Van Dyke, K. & Kirk, R,G. 1988. X-ray microanalysis of Plasmodium falciparum
and infected red blood cells: effects of qinghaosu and chloroquine on potassium, sodium, and
phosphorus composition. American journal of tropical medicine and hygiene, 39:157-165.
54

Chapter 2: Literature review
Lehane, A.M. & Kirk, K. 2008. Chloroquine resistance-conferring mutations in pfcrt give rise to a
chloroquine-associated H+ leak from the malaria parasite’s digestive vacuole. Antimicrobial
agents and chemotherapy, 52:4374-4380.
Lehane, A.M. & Kirk, K. 2010. Efflux of a range of antimalarial drugs and chloroquine resistant
reversers from the digestive vacuole in malaria parasites with mutant PfCRT. Molecular
microbiology, 77(4):1039-1051.
Li, X.Q., Bjorkman, T.B., Anderson, T.B. & Ridderstorm, M. 2002. Amodiaquine clearance and its
metabolism to N-Desethylamodiaquine is mediated by CYP2C8: A new high affinity and turnover
enzyme-specific probe substrate. Journal of pharmacology & experimental therapeutics.
300(2):399-407
Li, X.Q., Bjorkman, T.B., Anderson, T.B. And Ridderstorm, M. 2002. Amodiaquine clearance and
its metabolism to N-Desethylamodiaquine is mediated by CYP2C8: A new high affinity and
turnover enzyme-specific probe substrate. Journal of pharmacology and experimental
therapeutics, 300(2):399-407.
Li, X.Q., Bjorkman, T.B., Anderson, T.B., Gustafsson, L.L. & Masimirembwa, C.M. 2003.
Identification of human cytochrome P450s that metabolize anti-parasitic drugs and predictions of
in vivo drug hepatic clearance from in vitro data. European journal of clinical pharmacology,
59:429-442.
Loria, P., Miller, S., Foley, M. & Tilley, L. 1999. Inhibition of the peroxidative degradation of haem
as the basis of action of chloroquine and other quinoline antimalarials. Biochemical journal,
339:363-370.
Macomber, P.B. & Sprinz, H. 1967. Morphological effects of chloroquine on Plasmodium berghei
in mice. Nature, 214:935-936.
Maggs, J.L., Tingle, M.D., Kitteringham, N.R. & Park, B.K. 1988. Mechanism of formation of
protein arylating intermediates from amodiaquine, a myelotoxin and hepatotoxin in man,
Biochemical pharmacology, 37(2):303-311.
Malhotra, K., Salmon, D., Le Bras, J. & Vilde, J.L. 1990. Potentiation of chloroquine activity
against Plasmodium falciparum by the peroxidase-hydrogen peroxide system. Antimicrobial
agents and chemotherapy, 34:1981-1985.
Marchand RP, Culleton R, Maeno Y, Quang NT & Nakazawa, S. 2011. Co-infections of
Plasmodium knowlesi, P. falciparum, and P. vivax among Humans and Anopheles dirus
Mosquitoes, Southern Vietnam. Emerging infectious diseases, 17(7):1232-1239.

55

Chapter 2: Literature review
Martignoni, M., Groothuis,G.M.M., & De Kanter, R. 2006. Species differences between mouse,
rat, dog, monkey and human cytochrome P450-mediated drug metabolism. Expert opinion on
drug metabolism and toxicology. 2(6):875-894.
Martin, R.E., Marchetti, R.V., Cowan, A.I., Howitt, S.M., Broer, S. & Kirk, K. 2009. Chloroquine
transport via the malaria parasite’s chloroquine resistance transporter. Science, 325:1680-1682.
Martin, S.K., Oduola, A.M. & Milhous, W.K. 1987. Reversal of chloroquine resistance in
Plasmodium falciparum by verapamil. Science, 235:899-901.
McChesney EW, Conway WD, Banks WF, Rogers JE, Shekosky JM. 1966. Studies of the
metabolism of some compounds of the 4-amino-7-chloroquinoline series. Journal of
pharmacology and experimental therapeutics. 151(3):482-493.
McChesney EW, Shekosky JM, Hernandez PH. 1967. Metabolism of chloroquine-3-14C in the
rhesus monkey. Biochemical pharmacology. 16:2444-2447.
Monti, D., Vodopivec, B., Basillico, N., Olliaro, P. & Taramelli, D. 1999. A novel endogenous
antimalarial: Fe(II)-protoporphyrin IXa (heme) inhibits hematin polymerization to β–hematin
(malaria pigment) and kills malaria parasites. Biochemistry, 38:8858-8863.
Moreau, S., Perly, B. & Biguet, J. 1982. Interaction of chloroquine with ferriprotophorphyrin IX.
Nuclear magnetic resonance study. Biochimi, 64:1015-1025.
Müller, I.B. & Hyde, J.E. 2010. Antimalarial drugs: modes of action and mechanisms of parasite
resistance. Future microbiology, 5:1857-1873.
Mungthin, M., Bray, P.G. Ridley, R.G. & Ward, S.A. 1998. Central role of hemoglobin degradation
in mechanism of action of 4-aminoquinolines, quinoline methols and phenanthrene methanols.
Antimicrobial agents and chemotherapy, 42(11):2973-2977.
Mutabingwa, T.K., Anthony, D., Heller, A., Hallet, R., Ahmed, J., Drakeley, C., Greenwood, B.M.
& Whitty, C.J.M. 2005. Amodiaquine alone, amodiaquine + sulfadoxine-pyrimethamine,
amodiaquine + artesunate, and artemether-lumefantrine for outpatient treatment of malaria in
tanzanian children: a four arm randomised effectiveness. Lancet, 365:1474-1480.
Na-Bangchang K, Limpaibul L, Thanavibul A, Tan-Ariya P, Karbwang J. 1994. The
pharmacokinetics of chloroquine in healthy Thai subjects and patients with Plasmodium vivax
malaria. British journal of clinical pharmacology. 38:278-281.
Neftel, K.A., Woodtly, W., Schmid, M., Frick, P.G. & Fehr, J. 1986. Amodiaquine induced
agranulocytosis and liver damage. British medical journal, 292:721-723.
Nelson,D., Zeldin, D., Hoffman, S., Maltias, L., Wain, H., Nebert, D.

2004. Comparison of

cytochrome (CYP) genes from the mouse and human genomes, including nomenclature
56

Chapter 2: Literature review
recommendations for genes, pseudogenes and alternative-splice variants. Pharmacogenetics,
14:1-18.
Nishimuta, H., Sato, K., Mizuki, Y., Yabuki, M. & Komuro, S. 2011. Species differences in
intestinal metabolic activities of cytochrome P450 isoforms between cynomolgus monkeys and
humans. Drug metabolism and pharmacokinetics, 26(3):300-306.
Olliaro, P.L. & Taylor, W.R.J. 2003. Antimalarial compounds: from bench to bedside. The journal
of experimental biology, 206:3753-3759.
O’Neill, P.M., Bray, P.G., Hawley, S.R., Ward, S.A. & Park, B.K. 1998. 4-Aminoquinolines –
Past, Present, and Future: A Chemical Perspective. Pharmacology & therapeutics, 77(1):29-58.
Ochong, E.O., Van Den Broek, I.V.F., Keus, K. & Nzila, A. 2003. Short report: association
between chloroquine and amodiaquine resistance and allelic variation in Plasmodium falciparum
multiple drug resistance 1 gene and the chloroquine resistance transporter gene in isolates from
the upper nile in southern sudan. American journal of tropical medicine and hygiene, 69(2)184187.
Ohi, H., Toratoni, S., Komori, M., Miura, T., Kitada, M. & Kamataki, T. 1989. Comparative study
of cytochromes P450 in liver microsomes. A form of monkey microsome P450, P450-MK1,
immunohistochemically

cross-reacts

with

antibodies

to

rat

P450

male.

Biochemical

pharmacology, 38:361-365.
Olliaro, P. 2001. Mode of action and mechanism of resistance for antimalarial drugs.
Pharmacology and therapeutics, 89:207-219.
Orrell, C., Little, F., Smith, P., Folb, P., Taylor, W., Olliaro, P. & Barnes, K.I. 2008.
Pharmacokinetics and tolerability of artesunate and amodiaquine alone and in combination in
healthy volunteers. European journal of clinical pharmacology, 64:683-690.
Otelo, V. A., Sant'Ana, A. C., de Faria, D. L. A. & Menezes, C. M. S. 2011. Molecular modeling
and UV-vis spectroscopic studies on the mechanism of action of reversed chloroquine (RCQ).
Bioorganic & medicinal chemistry letters, 21:250-254.
Pandey, A.V., Tekwani, B.L. & Pandey, V.C. 1995. Characterization of hemozoin from liver and
spleen of mice infected with Plasmodium yoelii, a rodent malaria parasite. Biomedical research,
16:115-120.
Parikh, S., Ouedraogo, J.B., Goldstein, J.A., Rosenthal, P.J. & Kroetz, D.L. 2007. Amodiaquine
metabolism is impaired by common polymorphisms in CYP2C8: implications for malaria
treatment in Africa. Clinical pharmacology and therapeutics, 82(2):197-203.

57

Chapter 2: Literature review
Pleeter, P., Lekostaj, J.K.& Roepe, P.D. 2010. Purified plasmodium falciparum multi-drug
resistance protein (PfMDR1) binds a high affinity chloroquine analogue. Molecular and
biochemical parasitology, 173:158-161.
Prasad RN, Garg SK, Mahajan RC, Ganguly NK. 1985. Chloroquine kinetics in normal and P.
knowlesi infected rhesus monkeys. International journal of clinical pharmacology and therapeutic
toxicology. 23(6):302-304.
Price, R.N., Tjitra, E., Guerra, C.A., Yeung, S., White, N.J. & Anstey, N.M. 2007. Vivax malaria:
neglected and not benign. American journal of tropical medicine and hygiene, 77(Suppl6):79-87.
Rabe, P. & Kindler, K. 1918. Uber die partielle Synthese des Chinins. Zur Kenntnis der ChinaAlkaloide XIX. Berichte der deutschen chemischen gesellschaft, 51:466-467.
Rabe, P. 1911. Uber die partielle Synthese des Cinchonins. Zur Kenntnis der Chinaalkaloide XV.
Berichte der deutschen chemischen gesellschaft, 44:2088-2091.
Rabe, P., Ackerman, E. & Schneider, W. 1907. Zur Kenntnis der Chinaalkaloide. VII. Mitteilung:
Über ein neues Oxydationsprodukt des Cinchonins. Berichte der deutschen chemischen
gesellschaft, 40(3):3655-3658.
Ramanathan-Girish, S., Catz, P., Creek, M.R., Wu, B., Thomas, D., Krogstad, D.J., De, D.,
Mirsalis, J.C. & Green, C.E. 2004. Pharmacokinetics of antimalarial drug, AQ-13, in rats and
cynomolgus macaques. International journal of toxicology, 23:179-189.
Rieckmann, K.H. 2006. The chequered history of malaria control: are new and better tools the
ultimate answer? Annals of tropical medicine and parasitology, 100(8):647-662.
Riordan, J.E., Deuchars, K., Kartner,N., Alon, N., Trent, J. & Ling, V. 1985. Amplification of Pglycoprotein genes in multidrug resistant mammalian cell lines. Nature, 316:817-819.
Rosenthal, P.J. & Miller, L.H. 2001. The need for new approaches to antimalarial chemotherapy.
(In Rosenthal, P.J. ed. Antimalarial chemotherapy mechanisms of action, resistance, and new
directions in drug discovery). New Jersey: Totowa. p. 3-13.
Ross, R. 1911. The prevention of malaria, 2nd Ed. London: John Murray.
Sachs, J. & Malaney, P. 2002. The economic and social burden of malaria. Nature insight,
415:680-685.
Sakuma, T., Hieda, M., Igarashi, T., Ohgiya,S., Nagata, R., Nemoto, N. & Kamataki, T. 1998.
Molecular cloning and functional analysis of cynomolgus monkey CYP1A. Biochemical
pharmacology, 56:131-139.
Salway, J.G. 2006. Fat soluble vitamins II: vitamins E and K. (In Salway, J.G., 2 nd ed. Medical
biochemistry at a glance. Massachussetts:Blackwell. P118-119.
58

Chapter 2: Literature review
Sanchez, C.P., McLean, J.E., Stein, W. & Lanzer, M. 2004. Evidence for a substrate specific and
inhibitable drug efflux system in chloroquine resistant plasmodium falciparum strains.
Biochemistry, 43:16365-16373.
Saunders, J. C. J., Davis, H. J., Coetzee, L., Botha, S., Kruger, A. E., Grobler. A. 1999. A novel
skin penetration enhancer: Evaluation by membrane diffusion and confocal microscopy. Journal
of pharmacy and pharmaceutical science, 2(3):99-107.
Sayang, C., Gausseres, M., Vernazza-Licht, N., Malvy, D., Bley, D. & Millet, P. 2009. Treatment
of malaria from monotherapy to artemisinin-based combination therapy by health professionals in
urban health facilities in Yaounde, central province, Cameroon. Malaria journal, 8:176.
Schlitzer, M. 2007. Malaria chemotherapeutics part I: History of antimalarial drug development,
currently used therapeutics, and drugs in clinical development. ChemMedChem, 2:944-986.
Schmitt, T. H., Frezzatti, W. A. & Schreier, S. 1993. Hemin induced lipid membrane disorder and
increased permeability: a molecular model for the mechanism of cell lysis. Archives of
biochemistry and biophysics, 307:96-103.
Shapiro, T.A. & Goldberg, D.E. 2006. Chemotherapy of protozoal infections:malaria. (In Brunton,
L.L. ed. Goodman & Gilmans The Pharmacological basis of therapeutics. McGraw-hill: New York.
P. 1021-1048.
Sharer, J.E., Shipley, L.A., Vandenbranden, M.R., Binkley, S.N. & Wright, S.A.

1995.

Comparison of phase I and phase II in vitro hepatic enzyme activities of human, dog rhesus
monkey, and cynomolgus monkey. Drug Metabolism and Disposition, 23(11):1231-1241.
Shimada, T., Yamazaki, H., Mimura, M., Inui, Y., Guengerich, F.P.

1994. Interindividual

variations in human liver microsomes P-450 enzymes involved in the oxidation of drugs,
carcinogens, and toxic chemicals: studies with liver microsomes of 30 Japanese and 30
Caucasians. Journal of pharmacology and experimental therapeutics, 270:414-423.
Shviro, Y. & Shaklai, N. 1987. Glutathione as a scavenger of free heme. A mechanism of
preventing red cell membrane damage. Biochemical pharmacology, 36:3801-3807.
Sigma-tau. 2010. Application for Inclusion of Dihydroartemisinin Plus Piperaquine (DHA/PPQ)
Fixed Dose Combination Tablets in the 17th edition of the WHO Model Lists of Essential
Medicines.URL:http://www.who.int/selection_medicines/committees
/expert/18/applications/D_Piperaquine.pdf. [Date of access: 15 April 2012].
Slater, A,F,G. & Cerami, A. 1992. Inhibition by chloroquine of a novel haem polymerase enzyme
activity in malaria trophozoites. Nature, 355:167-169.

59

Chapter 2: Literature review
Steyn, J.D. 2009. Novel artemisinin derivatives with pheroid

technology for malaria treatment.

Potchefstroom: NWU. (Thesis-PhD).
Steyn, J.D., Wiesner, L., Du Plessis, L.H., Grobler, A.F., Smith, P.J., Chan, W.C., Haynes, R.K.,
Kotze, A.F.. 2011. Absorption of novel artemisinin deratives artemisone and artemiside: Potential
application of Pheroid™ technology. International journal of pharmaceutics, 414:260-266.
Stiebler, R., Hoang, A.N., Egan, T.J., Wright, D.W. & Oliveira, M.F. 2010. Increase on the Initial
Soluble Heme Levels in Acidic Conditions Is an Important Mechanism for Spontaneous Heme
Crystallization In Vitro. PLoS ONE 5(9): e12694. doi:10.1371/journal.pone.0012694.
Sullivan, D. J. 2002. Theories on malarial pigment formation and quinoline action. International
journal of parasitology, 32:1645–1653.
Takahashi, M., Washio, T., Suzuki, N., Igeta, K. & Yamashita, S. 2009. The specie differences of
intestinal drug absorption and first-pass metabolism between cynomolgus monkeys and humans.
Journal of pharmaceutical sciences, 98(11):4343-4353.
Tang, H., Hussain, A., Leal, M., Mayersohn, M. & Fluhler. E. 2007. Interspecie prediction of
human drug clearance based on scaling data from one to another animal specie. Drug
metabolism and disposition, 35(10):1886-1893.
Taylor SM, Parobek CM, Fairhurst RM. 2012. Haemoglobinopathies and the clinical epidemiology
of malaria: a systematic review and meta-analysis. Lancet infectious disease, 12(6):457-468.
Taylor, W.R. & White, N.J. 2004. Antimalarial drug toxicity: a review. Drug safety, 27(1):25-61.
Temple, W.A. 2001. Amodiaquine hydrochloride – Draft revised poisons information monograph
for peer review. 21p. http://www.inchem.org/documents/pims/pharm/amodiaqn.html). [Date of
access: 3 February 2012].
The RTS,S Clinical Trails Partnership, 2011. First results of phase 3 trail of RTS,S/AS01 malaria
vaccine in african children, New England Journal of Medicine, 365(20):1863-1875. URL:
http://www.nejm.org/doi/full/10.1056/NEJMoa1102287#t; [Date of access 27 June 2012].
Trampuz, A., Jereb, M., Muzlovic, I. & Ptabhu, R.M. 2003. Clinical review: severe malaria. Critical
care, 7:315-323.
Tzaneva, S., Höningsman, H., Tanew, S. 2003. Observer-blind, randomised, intra patient
comparison of a novel 1% coal tar preparation (Exorex) and calcipotriol cream in the treatment of
plaque type psoriasis. British journal of dermatology, 149(2):350-353.
Uno, Y., Fujino, H., Kito, G., Kamataki, T. & Nagata, R. 2006. CYP 2C76, a novel cytochrome
P450 in cynomolgus monkey, is a major CYP2C in liver, metabolizing tolubutamide and
testosterone. Molecular pharmacology, 70:477-486.
60

Chapter 2: Literature review
Uno, Y., Hosaka, S., Matsuno, K., Nakamura, C., Kito, G.,Kamataki, T. & Nagata, R. 2007.
Characterization of cynomolgus monkey cytochrome P450 (CYP) cDNAs: is CYP2C76 the only
monkey specific CYP gene responsible for species differences in drug metabolism? Archives of
biochemistry and biophysics, 466:98-105.
Uno, Y., Iwasaki, K., Yamazaki, H. & Nelson, D.R.

2011 Macaque cytochromes P450:

nomenclature, transcript, gene, genomic structure, and function. Drug metabolism review,
43(3):346-361.
Vander Jagt, D.L., Hunsaker, L.A. & Campos, N.M. 1986. Characterization of haemoglobin
degrading, low molecular weight protease from Plasmodium falciparum. Molecular biochemistry
and parasitology, 18:389-400.
Walker, O., Salako, L.A., Alvan, G., Ericsson, Ö. & Sjöqvist, F. 1987. The disposition of
chloroquine in healthy Nigerians after single intravenous and oral dose. British journal of clinical
pharmacology, 23:295-301.
Ward, K.W. & Smith, B.R. 2004a. A comprehensive quantitative and qualitative evaluation of
extrapolation of intravenous pharmacokinetic parameters from rat, dog, and monkey to humans.
I. Clearance. Drug metabolism and disposition, 32(6):603-611.
Ward, K.W. & Smith, B.R. 2004b. A comprehensive quantitative and qualitative evaluation of
extrapolation of intravenous pharmacokinetic parameters from rat, dog, and monkey to humans.
II. Volume of distribution and mean residence time. Drug metabolism and disposition, 32(6):612619.
Ward, K.W., Coon, D.J., Magiera, D., Bhadresa, S., Nisbett, E. & Lawrence, M.S. 2008.
Exploration of the African green monkey as a preclinical pharmacokinetic model: intravenous
pharmacokinetic parameters. Drug metabolism and disposition, 36(4):715-720.
Ward, K.W., Coon, D.J., Magiera, D., Bhadresa, S., Struharik, M. & Lawrence, M.S. 2009.
Exploration of the African green monkey as a preclinical pharmacokinetic model: oral
pharmacokinetic parameters and drug-drug interactions. Xenobiotica, 39(3):266-272.
Ward, K.W., Nagilla, R. & Jolivette, L.J. 2005. Comparative evaluation of oral systemic exposure
of 56 xenobiotics in rat, dog, monkey and human. Xenobiotica, 35:191-210.
Ward, K.W., Proksch, J.W., Levy, M.A. & Smith, B.R. 2001. Development of an in vivo preclinical
screen model to estimate absorption and bioavailability of xenobiotics. Drug metabolism and
disposition, 29(1):82-88.
Warhurst, D.C. & Hockley, D.J. 1967. Mode of action of chloroquine on Plasmodium berghei and
P.cynomolgi. Nature, 214:935-939.
61

Chapter 2: Literature review
Wellems, T.E. & Miller, L.H. 2003. Two worlds of malaria. New england journal of medicine,
349(16):1496-1498.
Wells, T.N.C., Alonso, P.L. & Gutteridge, W.E. 2009. New medicine to improve control and
contribute to the eradication of malaria. Nature review drug discovery, 8:879-891.
Wennerholm, A., Nordmark, A., Pihlsgárd, M., Mahindi, M., Bertilsson, L. & Gustafsson, L. 2006.
Amodiaquine, its desethylated metabolite, or both, inhibit the metabolism of debrisoquine
(CYP2D6) and losartan (CYP2C9) in vivo. European journal of clinical pharmacology, 62(7):539546.
White, N.J. 1996. Can amodiaquine be resurrected? Lancet, 348:1184-1185.
Williams, R.T.

1947. Detoxication Mechanisms: The metabolism of drug and allied organic

compounds. Chapman and Hall, London.
Wilson, C.M., Serrano, A.E., Wasley, A., Bogenschutz, M.P., Shankar, A.H. & Wirth, D.F. 1989.
Amplification of a gene related to mammalian mdr genes in drug resistant Plasmodium
falciparum. Science, 244:1184 -1186.
Winstanley, P., Edwards, G., More, M. & Breckenridge, A. 1987. The disposition of amodiaquine
in man after oral administration. British journal of pharmacology, 23:1-7.
Winstanley, P.A., Coleman, J.W., Maggs, J.L., Breckenridge, A.M. & Park, B.K. 1990. The toxicity
of

amodiaquine

and

its

principal

metabolites

towards

mononuclear

leucocytes

and

granulocyte/monocyte colony forming units. British journal of pharmacology, 29:479-485.
Wongsrichanalai, C., Pickard, A.L., Wernsdorfer, H. & Meshnick, S.R. 2002. Epidemiology of
drug-resistant malaria. The lancet infectious diseases, 2:209-218.
Woodward, R.B. & Doering, W.E. 1944. The total synthesis of quinine. Journal of the american
chemical society, 66(5):849-849.
Woodward, R.B. & Doering, W.E. 1945. The total synthesis of quinine. journal of the american
chemical society, 67(5):860-874.
World Health Organization (WHO) 2010 Global report on antimalarial drug efficacy and drug
resistance: 2000-2010. 9p.
World Health Organization (WHO). 2004. Human vitamin and mineral requirements. 341p.
http://www.who.int/nutrition/publications/micronutrients/9241546123/en/ [Date of access July
2012].
World Health Organization (WHO). 2006. Guidelines for the treatment of malaria. 266p.
World Health Organization (WHO). 2010. Guidelines for the treatment of malaria. 2nd ed. 194p.
62

Chapter 2: Literature review
World Health Organization (WHO). 2011. World malaria report 2011. 246p.
Wrighton, S.A., Vandenbranden, M., Stevens, J.C., Shipley, L.A. & Ring, B.J. 1993. In vitro
methods for assessing human hepatic drug metabolism: their use in drug development. Drug
metabolism review, 25:453-484.
Yayon, A., Cabantchik, Z.I. & Ginsburg, H. 1984. Identification of the acidic compartment of
Plasmodium falciparum-infected human erythrocytes as the target of the antimalarial drug
chloroquine. The EMBO journal, 3:2695-2700.
Yayon, A., Timberg, R. Friedman, S & Ginsburg, H. 1984. Effects of chloroquine on the feeding
mechanism of the intraerythrocytic human malaria parasite Plasmodium falciparum. Journal of
protozoology,31:367-372.

63

Chapter 3: Manuscript 1

AN LC-MS/MS METHOD FOR THE DETERMINATION OF
CHLOROQUINE IN HUMAN AND MONKEY WHOLE BLOOD AND
PLASMA
Sandra A. Meredith1*, Liezl Gibhard2, Anne F Grobler2, Lubbe Wiesner1

1. Division of Clinical Pharmacology, University of Cape Town, Medical School,
Observatory, 7925 Cape Town, South Africa.
2. DST/NWU Preclinical Drug Development Platform, Faculty of Health Sciences,
North-West University, Potchefstroom, 2520, South Africa.

Submitted to Journal of Pharmaceutical and Biomedical Analysis

64

Chapter 3: Manuscript 1
PROOF OF SUBMISSION: Journal of Pharmaceutical & Biomedical Analysis
Fwd: A manuscript number has been assigned: JPBA-D-12-01606
From:
Sandra Meredith
To:
Liezl Gibhard
Date:
Thursday - November 29, 2012 2:46 PM
Subject: Fwd: A manuscript number has been assigned: JPBA-D-12-01606

>>> "J. of Pharmaceutical & Biomedical Analysis" <jpba@elsevier.com> 11/29/2012 2:42
PM >>>
Ms. Ref. No.: JPBA-D-12-01606
Title: An LC-MS/MS method for the determination of chloroquine in human and monkey
whole blood and plasma
Journal of Pharmaceutical and Biomedical Analysis
Dear Sandy,
Your submission entitled "An LC-MS/MS method for the determination of chloroquine in
human and monkey whole blood and plasma" has been been assigned the following
manuscript number: JPBA-D-12-01606.
You may check on the progress of your paper by logging on to the Elsevier Editorial System
as an author. The URL is http://ees.elsevier.com/jpba/.
Your username is: sandrameredith
If you need to retrieve password details, please go to:
http://ees.elsevier.com/jpba/automail_query.asp
Thank you for submitting your work to this journal.
Kind regards,
Administrative Support Agent
Administrative Support Agent [17-Jan-11]
Journal of Pharmaceutical and Biomedical Analysis

65

Chapter 3: Manuscript 1
INSTRUCTIONS FOR AUTHORS: Journal of Pharmaceutical and Biomedical Analysis
Full-length papers should include the following:
Title Page: The title page should include the following:
Title: Concise and informative. Avoid abbreviations and formulae where possible.

Author names and affiliations: Where the family name may be ambiguous (e.g., a double
name), please indicate this clearly. Present the authors' affiliation addresses (where the
actual work was done) below the names. Indicate all affiliations with a lower-case superscript
letter immediately after the author's name and in front of the appropriate address. Provide
the full postal address of each affiliation, including the country name and,
Corresponding author: Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. Ensure that telephone and fax numbers
(with country and area code) are provided in addition to the e-mail address and the complete
postal address. Contact details must be kept up to date by the corresponding author.
Abstract: A concise and factual abstract is required. The abstract should state briefly the
purpose of the research, the principal results and major conclusions. An abstract is often
presented separately from the article, so it must be able to stand alone. For this reason,
References should be avoided, but if essential, then cite the author(s) and year(s). Also,
non-standard or uncommon abbreviations should be avoided, but if essential they must be
defined at their first mention in the abstract itself.
Highlights: Highlights are mandatory for this journal. They consist of a short collection of
bullet points that convey the core findings of the article and should be submitted in a
separate file in the online submission system. Please use 'Highlights' in the file name and
include 3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point).
Keywords: Immediately after the abstract, provide a maximum of 6 keywords, using
American spelling and avoiding general and plural terms and multiple concepts (avoid, for
example, 'and', 'of'). Be sparing with abbreviations: only abbreviations firmly established in
the field may be eligible. These keywords will be used for indexing purposes.
Abbreviations: Define abbreviations that are not standard in this field in a footnote to be
placed on the first page of the article. Such abbreviations that are unavoidable in the abstract
must be defined at their first mention there, as well as in the footnote. Ensure consistency of
66

Chapter 3: Manuscript 1
abbreviations throughout the article.
Introduction: State the objectives of the work and provide an adequate background,
avoiding a detailed literature survey or a summary of the results.
Materials and Methods: Provide sufficient detail to allow the work to be reproduced.
Methods already published should be indicated by a reference: only relevant modifications
should be described.
Results: Results should be clear and concise.
Figure captions: Ensure that each illustration has a caption. Supply captions separately, not
attached to the figure. A caption should comprise a brief title (not on the figure itself) and a
description of the illustration. Keep text in the illustrations themselves to a minimum but
explain all symbols and abbreviations used.
Tables: Number tables consecutively in accordance with their appearance in the text. Place
footnotes to tables below the table body and indicate them with superscript lowercase letters.
Avoid vertical rules. Be sparing in the use of tables and ensure that the data presented in
tables do not duplicate results described elsewhere in the article.
Discussion: This should explore the significance of the results of the work, not repeat them.
A combined Results and Discussion section is often appropriate. Avoid extensive citations
and discussion of published literature.
Conclusion. The main conclusions of the study may be presented in a short Conclusions
section, which may stand alone or form a subsection of a Discussion or Results and
Discussion section.
References.
Citation in text: Every reference cited in the text should also present in the reference list
(and vice versa). Any references cited in the abstract must be given in full.
Reference style: Indicate references by number(s) in square brackets in line with the text.
The actual authors can be referred to, but the reference number(s) must always be given.

67

Chapter 3: Manuscript 1
Abstract

A sensitive and selective liquid chromatography-tandem mass spectrometry method was
developed and validated for the quantification of chloroquine in 50 µL human whole blood
and plasma over the concentration range of 4 – 500 ng/mL. Sample preparation was
achieved by a liquid-liquid extraction, using a universal Britton Robinson buffer (pH 9) and
ethyl acetate containing the internal standard (amodiaquine). Chromatographic separation
was achieved on a Luna 5 um PFP (2), 100 A, 50 x 2mm analytical column using acetonitrile
and 0.1% formic acid (68:32, v/v) as the mobile phase, at a flow rate of 0.5 mL/min.
Chloroquine was quantified in the positive ionization mode with a triple quadrupole mass
spectrometer. The mass transitions m/z 320.3

m/z 247.1 and m/z 356.1

m/z 283.1

were used to measure chloroquine and the internal standard, respectively.

The within-day and between-day precision determinations for chloroquine in whole blood and
in plasma, expressed as the percentage coefficient of variation, were lower than 7% and 6%
respectively at all test concentrations. Accuracy of the quality controls was between 92.3%
and 108.5% for whole blood, and between 97.9% and 101.9% for plasma. No significant
matrix effects were observed for the analyte or internal standard. The assay was
successfully used to examine the pharmacokinetics of chloroquine in monkey plasma and
whole blood as part of a preclinical study.

Keywords: Malaria, Chloroquine, LC-MS/MS, Liquid-liquid extraction, Validation
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1. Introduction

Malaria, caused by protozoan parasites belonging to the genus Plasmodium remains one of
the most widespread diseases and greatest burdens on humanity [1]. In 2010 there was an
estimated 655,000 deaths globally of which 91% occured in sub-Saharan Africa. Groups
mostly affected include children under the age of 5 and pregnant women [2, 3]. Chloroquine
forms part of the 4-aminoquinolines, and has been widely used for the chemoprohylaxis and
treatment of malaria, especially in special patient groups such as pregnant woman and
children [4,5]. It has a relatively rapid onset of action, it is cost-effective to prepare and well
tolerated. Unfortunately, the emergence and rapid spread of chloroquine-resistant strains of
P. falciparum parasites led to a decline in the clinical use of chloroquine [6]. However,
recent evidence from Malawi suggests that the sensitivity to chloroquine may return at least
a decade after its withdrawal from first line treatment by the World Health Organization [7].
Hence the possibility of re-emergence of chloroquine as a therapeutic option for treatment of
malaria exists.

Several methods have been published for the quantification of chloroquine in biological
fluids, with the vast majority based on high performance liquid chromatography (HPLC) with
UV or fluorescence detection [8-12].

Other methods that have been used for the

quantification of chloroquine include high performance thin layer chomatography (HPTLC)
[13], radioimmunoassay (RIA) and enzyme linked immunosorbent assay (ELISA) [14].
However all of these methods lack in sensitivity. The new gold standard for quantification of
drugs in biological matrices is liquid chromatography tandem mass spectrometry (LCMS/MS), owing to the improved sensitivity and selectivity of this analytical teqnique [15].

A number of papers on the quantification of chloroquine by LC-MS/MS have been published
[15, 16]. Earlier methods are based on protein precipitation techniques, with the lower limit
of quantifiation being around 1.25–2 ng/mL.

The disadvantage of these assays is the

requirement of large sample volumes (between 0.2 -0.5 mL). The aim of our study was to
develop and validate a sensitive and selective LC-MS/MS method using small plasma and
whole blood sample volumes to facilitate the quantification of chloroquine in human plasma
and whole blood (50 μL). It was essential to establish a method capable of quantifying low
as well as high concentrations of chloroquine and at the same time it was expected that this
method would be efficient in analyzing large numbers of plasma and whole blood samples
obtained during clinical and preclinical pharmacokinetic studies. We describe here a robust
LC-MS/MS method coupled with a liquid-liquid extraction procedure for quantifiyng
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chloroquine in 50 L human or monkey plasma and whole blood samples. The method was
validated according to the published FDA guidelines [17].

1. Experimental

2.1

Materials and Chemicals

Acetonitrile (LiChrosolv®), formic acid (pro analysis) and water (LiChrosolv®) were
purchased from Merck kGaA, Darmstadt, Germany. The chloroquine diphosphate reference
standard was supplied by Industrial Analytical (Kyalami, RSA) and amodiaquine
hydrochloride (internal standard) supplied by Toronto Research Chemicals (TRC, Ontario,
Canada). Drug free heparinised whole blood and plasma was obtained from the Western
Province Blood Transfusion Service (Cape Town, South Africa). A Phenomenex Luna,
PFP(2) 100A, 50mm×2.0mm column (Phenomenex, USA) was used for retaining
chloroquine and the internal standard.

2.2

Chemical structure

The chemical structure of chloroquine is presented in Figure 1.

CH3
CH3
N

CH3

HN

Cl

N

Figure 1: Chemical structure of chloroquine.

2.3

Instrumentation

The mobile phase was delivered with an Agilent 1200 series binary pump and the samples
injected with an Agilent 1200 High Performance Autosampler (Agilent, CA, USA). Detection
was performed by an AB Sciex API 3200 triple quadrupole mass spectrometer (AB Sciex,
Ontario, Canada) fitted with a Turbo VTM ion source.
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2.4

Preparation of calibration standards

Calibration standards and quality controls (QC) were prepared in blank human plasma and
whole blood, and the preparation procedure performed on ice. Chloroquine stock solutions
(SS) were prepared in water at 1000 µg/mL (SS1), 100 µg/mL (SS2), 10 µg/mL (SS3) and 1
µg/mL (SS4). Blank matrix (10 ml each) was spiked with these stock solutions to attain the
desired calibration standards; 500, 350, 250, 150, 80.0, 35.0, 16.0 and 4.00 ng/mL. The
same methodology was used for the preparation of the high, medium and low QCs (400, 200
and 12 ng/mL), respectively.

The calibration standards and QC standards were briefly

vortexed, aliquoted into polypropylene tubes and stored at approximately −80 °C.

2.5

Extraction procedure

An optimized liquid-liquid extraction method was developed for the extraction of chloroquine
from human plasma or whole blood. The whole blood/plasma samples were thawed and
briefly vortexed.

A universal Britton Robinson buffer (0.1 M) at pH 9 (100 µL) was

transferred into clean polypropylene tubes and the whole blood/plasma sample (50 µL) was
added to each tube. Ethyl acetate (1000 µL) containing the internal standard, amodiaquine,
at 2 ng/mL was added to each of the extraction tubes. The samples were vortexed for 1
minute, centrifuged for 5 minutes at 2000 G and 750 µL of the organic layer was transferred
into clean polypropylene tubes. This organic phase was evaporated under nitrogen at 30 °C
for 20 minutes. The dried samples were reconstituted with mobile phase (100 µL), which
consisted of acetonitrile: 0.1% formic acid dissolved in water (50:50, v/v). The samples were
vortexed for 30 seconds and transferred to 96 well polypropylene plates. Two microliters of
each sample was injected onto the HPLC column for analysis.

2.6

Liquid chromatography

Chromatography was performed on a Phenomenex Luna, PFP(2) (50mm×2.0mm, 5µm)
analytical column. The mobile phase consisted of acetonitrile: 0.1% formic acid dissolved in
water (68:32, v/v) and was delivered at a constant flow rate of 0.5 mL/min for 2 minutes. The
analytical column was kept in a column compartment at a constant temperature of 35 °C. An
Agilent 1200 series autosampler injected 2 µl onto the HPLC column. The injection needle
was rinsed with mobile phase (acetonitrile and water with 0.1% formic acid (50:50, v/v))
before each injection for 10 seconds using the flush port wash station. The samples were
cooled to 8 °C while awaiting injection. A representative raw chromatogram at the lower limit
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of quantification (LLOQ; 4.00 ng/mL) for chloroquine in human plasma and whole blood is
presented in Figure 2a and 2b, respectively.

2.7

Mass spectrometry

Electrospray ionisation (ESI) was performed in the positive ion mode with nitrogen as the
nebulizing, turbo spray and curtain gas with the optimum values set at 50, 60 and 20 psi,
respectively. The heated nebulizer temperature was set at 500 °C. The ionspray voltage was
set at 4500 V. The instrument response was optimised for chloroquine and the internal
standard by infusing a solution of the compounds dissolved in mobile phase at a constant
flow. The pause time was set at 5 ms, the dwell time at 200 ms, and the collision gas (N 2)
was set to 6 (arbitrary value).

The AB Sciex API 3200 triple quadrupole mass spectrometer was operated at unit resolution
in the multiple reaction monitoring (MRM) mode, monitoring the transition of the protonated
molecular ion m/z 320.3 to the product ions at m/z 247.1 and the protonated molecular ion
m/z 356.1 to the product ions m/z 283.1 for the chloroquine and internal standard,
respectively. The instrument was interfaced with a computer running Analyst version 1.4.2
software.

2.8

Method validation

2.8.1. Calibration standards and quality controls

The calibration curve for chloroquine in plasma and whole blood was validated by analysing
quality control samples in each matrix in six fold at high, medium, and low concentrations
(400, 200 and 12 ng/mL) over a period of 3 days to determine the intra- and inter-day
accuracy and precision. The QC values were interpolated from the calibration curve. The
calibration curve contained 8 different concentrations spanning a concentration range of 4 –
500 ng/mL. Individual calibration curves were constructed for each matrix using a weighted
quadratic regression (1/concentration) of the peak area ratio of the analyte to its internal
standard versus nominal concentration.

2.8.2. Stock solution stability

A stock solution (1 mg/mL) of chloroquine was prepared in water. A portion of the solution
(test) was left at room temperature (approximately 21 °C) for 6 hours, and the remainder
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kept at -80 °C (reference stock). Both the reference and test stocks were diluted with mobile
phase at a high and low concentration (400 ng/mL and 12 ng/mL, respectively). Stability was
determined by comparing the peak areas of the reference and test samples.

2.8.3. Freeze and thaw stability

To ascertain freeze-thaw stability, high (400 ng/mL) and low (12 ng/mL) QC standards in
plasma and whole blood were frozen, put through three freeze (at -80 °C) and thaw (at room
temperature) cycles and analysed against a valid calibration curve.

2.8.4. Benchtop stability

To establish benchtop stability, high (400 ng/mL) and low (12 ng/mL) QC standards in
plasma and whole blood were frozen at -80 °C, left at room temperature (approximately 21
degrees Celsius) for 6 hours, and were analysed against a valid calibration curve.

2.8.5. On-instrument stability

A 40 hour on-instrument stability evaluation of chloroquine and the internal standard was
performed. Two medium QC standards in plasma were extracted, pooled and analysed over
three days. The samples were extracted and analysed on day 1, left on the autosampler and
analysed again after 21 and 40 hours.

2.8.6. Matrix effects evaluation

Matrix effects were evaluated for both plasma and whole blood quantitatively. The method
described by Matuszewski and co-workers (2003) was followed to evaluate the influence of
co-eluting matrix components on chloroquine and the internal standard ionization [18]. Blank
plasma and whole blood from ten different sources were extracted. The individual dried
samples were reconstituted with mobile phase spiked with the analyte at a high and and low
concentration (400 ng/mL and 12 ng/mL, respectively), and at one concentration of the
internal standard. The quantitative assessment of matrix effects was obtained by comparing
the peak area ratios.
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2.8.7. Cross validation between plasma and whole blood

Ten whole blood and ten plasma matrices were spiked at a low concentration and were
analysed against a valid calibration curve prepared in whole blood.

2.8.8. Specificity

The high specificity of MS/MS detection prevents the detection of compounds that do not
produce the specific parent ion in the Q1 scan and the specific product ion in the Q3 scan.
Specificity was assessed by analysing blank plasma and whole blood extracts.

3.

Results and Discussion

The liquid-liquid extraction method for chloroquine performed well during validation. The
calibration range was validated between 4 ng/mL and 500 ng/mL for both plasma and whole
blood.

A quadratic regression, with peak area ratio (drug/internal standard) against

concentration with 1/concentration (1/x) weighting, was fitted to the calibration curves. The
combined accuracy statistics of the quality controls (N=18; high, medium and low) were
between 97.7% and 101.9% for the plasma, and 92.3% and 108.5% for the whole blood. The
combined precision statistics were below 6% and 7% for plasma and whole blood,
respectively. Recovery was reproducible at the high, medium and low levels for both plasma
and whole blood.

Storage of the chloroquine stock solution in water at room temperature for 6 hours was
examined. The accuracy of the stock solution test samples compared to the reference
samples at room temperature was 96.0% (CV% = 3.0, N = 3) and 91.0% (CV% = 4.4, N = 3)
for the high and low sample, respectively. Freeze-thaw stability was evaluated over three
freeze-thaw cycles on consecutive days at the high and low concentrations. The observed
concentrations for both plasma and whole blood were within 4% of the high and 6% of the
low quality control concentrations. Chloroquine was found to be stable in both plasma and
whole blood through three freeze-thaw cycles. The accuracy of chloroquine benchtop
stability in plasma and whole blood over 6 hours at room temperature was 98.4% (CV% =
3.5, N = 6) and 100.0 % (CV% = 3.8, N = 6) at the high QC concentration, and 95.4% (CV%
= 2.6, N = 6) and 91.9% (CV% = 9.2, N = 6) at the low QC concentration, respectively,
indicating that chloroquine is stable in both plasma and whole blood at room temperature for
up to 6 hours (the maximum anticipated time that future study samples will be left thawed
until extracted). Lastly, sample extracts of chloroquine and the internal standard are stable
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on-instrument at 8 °C for up to 40 hours. The calculated accuracies of the ratios (N = 5) were
all well within 15% of the reference (ratios on day 1). After 21 hours (day 2) the accuracy
was 99.6% and after 40 hours (day 3) the accuracy was 100.8%.

The effect of matrix components was evaluated quantitatively at a relatively high and low
concentration using ten different plasma and whole blood sources. The coefficient of
variation of the ten peak area ratios (drug/internal standard) was 3.4% at the high level and
2.7% at the low level for plasma, and 3.5% ( high) and 3.4% (low) for whole blood (Table 1),
indicating that sample analysis from different sources is reliable and reproducible.

Table 1: Assessment of matrix effects of ten different plasma and whole blood matrices
Plasma

Mean ratio of
peak areas
SD
CV %

Whole blood

High
400 ng/ml

Low
12 ng/ml

High
400 ng/ml

Low
12 ng/ml

140

4.00

152

4.02

4.80

0.108

5.38

0.136

3.4

2.7

3.5

3.4

!

In addition, a cross validation between plasma and whole blood was achieved by preparing
the low concentration simultaneously in plasma and whole blood. The precision using ten
different sources for each matrix was 3.0%. This insignificant difference infers that there is
no effect of haemolysis on plasma quantitation.

Due to the high specificity of MS/MS detection, no interfering or late eluting peaks were
found when analysing plasma or blank whole blood (Figures 3a and 3b). The lower limit of
quantification (LLOQ) for both the plasma and whole blood method, when injecting 2 µl onto
the column, is 4 ng/mL (Figures 2a and 2b).
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XIC of +MRM (6 pairs): 320.252/247.100 Da from Sample 1 (S1) of 1004.wiff (Turbo Spray)
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Figure 2a: Chromatogram of chloroquine calibration standard in human plasma at LLOQ
(S/N = 25).
XIC of +MRM (6 pairs): 320.252/247.100 Da from Sample 1 (S1) of 1004.wiff (Turbo Spray)
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Figure 2b: Chromatogram of chloroquine calibration standard in human whole blood at
LLOQ (S/N = 18).
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XIC of +MRM (6 pairs): 320.252/247.100 Da from Sample 1 (zero2) of 1049.wiff (Turbo Spray), Smoothed
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Figure 3a: Chromatogram of a blank plasma sample with amodiaquine internal standard.
XIC of +MRM (6 pairs): 320.252/247.100 Da from Sample 1 (B1) of 1006.wiff (Turbo Spray), Smoothed
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Figure 3b. Chromatogram of a blank whole blood sample with internal standard.

The signal to noise at LLOQ was well above the minimum international accepted criteria

(S/N > 5). The accuracy for the plasma LLOQ (N = 17) was 105.6% (CV% = 9.5) and for the
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whole blood LLOQ was 97.6% (CV% = 8.90), well within acceptable limits (accuracy within
80 – 120%, precision below 20%).

A cross validation in monkey whole blood was also performed using whole blood obtained
from Vervet monkeys (Chlorocebus aethiops) from the animal facility of the Potchefstroom
Campus, North-West University, South Africa. Control samples were prepared at high,
medium and low concentrations (400, 200 and 12 ng/mL) in monkey whole blood and were
analyzed against a valid human whole blood calibration curve and quality controls. The
accuracy statistics of the controls when compared with the human whole blood QCs (N=6)
were between 103.2% and 114.5%, within acceptable limits (accuracy within 85 – 115%).
4.

Application to clinical and preclinical pharmacokinetics studies

The validated method performed well during analysis of preclinical samples generated during
a preclinical study conducted at the animal facility of the Potchefstroom Campus, North-West
University, South Africa. The objective of the study was to determine and compare the
pharmacokinetics of formulated and unformulated chloroquine. The assay was applied to
determine the levels of chloroquine in vervet monkey plasma and whole blood following oral
administration at a dosage 20 mg/kg bodyweight. Initially, samples were analyzed over the
concentration range of 4 ng/mL and 500 ng/mL for both plasma and whole blood samples.
However, after analysis of the first batch of whole blood samples (n = 5), it was found that
levels were far greater in whole blood than in plasma and consequently a broader range with
a greater upper limit of quantitation was validated. The remaining whole blood samples (n =
10) were analyzed over the concentration range of 16 ng/mL and 5000 ng/mL. The
accuracies for analysis of the first batch of whole blood samples were 104.3%, 106.7% and
99.3% at the low, medium and high QC level, with precision below 5.5%. The accuracies
during analysis of the remaining whole blood samples were 98.8%, 102.3% and 101.1% at
the low (40 ng/mL), medium (1000 ng/mL) and high (4000 ng/mL) QC levels respectively,
with precision less than 7%. The precision (total-assay coefficients of variation; CV%) during
plasma sample analysis was less than 5.1% at all three QC levels and the accuracies
between 94.6% and 100.5%. A representative mean concentration versus time profile (up to
7 days; n = 7) of unformulated chloroquine in monkey whole blood is presented in Figure 4.
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Figure 4: Concentration vs. time profile for chloroquine in monkey whole blood (N = 7).

5.

Conclusion

A simple liquid-liquid extraction method coupled with LC-MS/MS detection has been
developed and fully validated for the quantification of chloroquine present in both plasma and
whole blood samples. This method is specific, sensitive and reproducible and has been
successfully used to quantify chloroquine in a preclinical pharmacokinetic study in monkeys.
A limited number of LC-MS/MS methods to quantify chloroquine have been published
[15,16], all of which employ a protein precipitation extraction procedure and require plasma
volumes of at least 200 µL. The LC-MS/MS method described here uses a solvent-solvent
extraction technique, resulting in a much cleaner extract, and use smaller plasma and whole
blood sample volumes (50 µL) and injection volumes (2 µL), with good sensitivity at the
LLOQ. The lower plasma or whole blood sample volume is important for preclinical
pharmacokinetic studies in monkeys in order to comply with the National Code for animal
use in research, education, diagnosis and testing of related substances in South-Africa.
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Abstract

Malaria remains a potentially life threatening disease.

The first reports of increased

tolerance of the malaria parasite to artemisinins have alarmed the malaria community. This
has rendered even more urgent the tasks both of improving existing drug treatment
regimens so that these can be used more effectively, and of developing new drugs for
malaria.

One approach to enhancing the efficacy of existing drugs is to develop

formulations that may enhance bioavailability and suppress possible toxic side effects, in
particular when dealing with dual or fixed drug combinations. As a start to this proposed
work, we describe here the application of Pheroid® technology that has the ability to entrap,
transport and deliver therapeutically-useful compounds, to the anti-malarial drug chloroquine
(CQ).

Oral pharmacokinetic studies were conducted for CQ in Pheroid® vesicle

formulations.

Formulated CQ was administered orally at 20 mg/kg to vervet monkeys

(Chlorocebus aethiops).

Blood samples were collected from the femoral vein. The

concentrations of CQ in both blood and prepared plasma samples were determined with a
LC-MS/MS method. The Cmax obtained for whole blood was 1039 ± 251.04 ng/mL for the
unformulated reference sample of CQ and 1753.6 ± 382.8 ng/mL for the Pheroid®
formulation. The AUC0-inf was 37365 ± 6383 ng.h/mL (reference) and 52047 ± 11210
ng.h/mL (Pheroid®). The results indicate that the Pheroid® delivery system enhances the
absorption of chloroquine. Pheroid® is a registered trademark but for ease of reading will be
referred to as pheroid(s) throughout the rest of the article.
Keywords: Malaria, Chloroquine, Pheroid® technology, Pharmacokinetic analysis, Primates.
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Introduction

Malaria remains one of the greatest burdens on humanity and is the fifth leading cause of
death worldwide, with almost half the world’s population at risk (1). Annual global deaths are
estimated at approximately 655,000, of which 91% occur in Sub-Saharan Africa. Groups
mostly affected include children under the age of 5 and pregnant women (2, 3). Malaria is
caused by protozoan parasites of the genus Plasmodium. While five species cause malaria,
Plasmodium falciparum is the most virulent. It is the intra-erythrocytic stages of the malaria
parasite that are responsible for the clinical manifestations of the disease (4, 5). Efforts to
control the disease have taken on an increased sense of urgency, given the increasing
resistance of P falciparum to anti-malarial drugs. Recently a delay in the malaria parasite’s
response to artemisinin therapy was reported (6, 7). Such increased tolerance, reported
initially in the Cambodia-Thailand region, where resistance was first reported for chloroquine
in 1957 (8), is now being reported increasingly in Southeast Asia (7). Should this tolerance
manifest itself in treatment failure, there will be little or no options for backup therapy (8).

The 4-aminoquinoline chloroquine (CQ) (Figure 1) was introduced 50 years ago as an
alternative to quinine (9).

CH3
CH3
N

CH3

HN

Cl

N

Figure 1: structure of CQ.

CQ exerts its anti-malarial activity by acting primarily on the late ring forms and mature
trophozoite stages in the intra-erythrocytic life cycle of the parasite through accumulation
within the acidic digestive vacuole (DV) where it inhibits the polymerization of the hemeFe(III) to hemozoin(10, 11, 12, 13). Heme-Fe(III) is toxic to the malaria parasite (14, 4, 9).

The emergence and spread of CQ-resistant strains of P. falciparum parasites has resulted in
a decline in the clinical use of CQ (15). Nevertheless CQ has many attractive features. It
has a relatively rapid onset of action, it is economical to prepare and is well tolerated. It is
also useful in the treatment of P. vivax and special patient groups such as pregnant woman
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and children (16, 1). In humans, the oral bioavailability of CQ is ~ 80%. The drug has a
large volume of distribution of > 100 L/kg and a half-life of 1-2 months. At the designated
dose of 10-20 mg/kg CQ is an extremely safe drug. However, acute CQ toxicity may be
associated with rapid administration of high doses of CQ via the parenteral route. Side
effects when CQ is taken orally include GI upset, headache, visual disturbance and urticaria.
Pruritus may also occur (17).

CQ-resistant parasites accumulate significantly less CQ in the DV than CQ-sensitive
parasites (18). The decrease in accumulation is believed to be due to polymorphisms in the
P. falciparum CQ resistant transporter gene (PfCRT) on chromosome 7, which effects CQ
transport across the digestive vacuolar membrane of the parasite (4, 19). It is predicted that
the efficacy of CQ may return at least a decade after its withdrawal from use, suggesting the
possible re-emergence of CQ as an important therapeutic option for treatment of malaria
(20, 21, 22).

Published pharmacokinetic studies of CQ in preclinical primate models are relatively scarce
(23, 24, 25). In general, pharmacokinetic studies conducted with non-human primates are
limited by the high cost of cynomolgus or rhesus monkeys since both species are
endangered.

The African green or vervet monkey (Chlorocebus aethiops) has been

identified as a suitable alternative for drug development studies (26, 27) and is the model
that was used in the current study.

The ability of pheroid technology to entrap, transport and deliver drugs of markedly different
structures to ensure effective delivery and enhanced bioavailability of therapeutic
compounds has been demonstrated (28, 29, 30) and a number of applications of this
technology have been patented (31, 32, 33) in various countries.

Both in vitro and in vivo

studies have shown that the use of pheroid technology may improve the therapeutic efficacy
and/or bioavailability of active pharmaceutical ingredients (28, 31-33, 29, 30). Since in vitro
studies suggested that the therapeutic efficacy of anti-infective compounds can be enhanced
by entrapment in pheroid, the aim of this study was to investigate the impact of pheroid
technology on the bioavailability and intra-erythrocytic levels of CQ in a non-human primate
model using the African green or vervet monkeys (Chlorocebus aethiops). A decrease in the
bioavailability by entrapment of CQ in pheroid would have negated the observed increased
efficacy.

The main components of the pheroid formulation are essential fatty acid ethyl esters
(collectively known as vitamin F ethyl ester), pegylated ricinoleic acid (Cremophor), α88
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tocopherol, and nitrous oxide-saturated water (31-33). This combination can be formulated
to produce carriers in the form of lipid-bilayer vesicles (pheroid vesicles), microsponges
(pheroid microsponges) or pro-pheroid, depending on the ratios of components and method
of production (28). The nitrous oxide imparts an ordered structure to the self-assembled
carriers and ensures its stability. Such carriers maintain structural integrity over periods of
greater than two years at room temperature (30). The formulations are easy to prepare, do
not use any rigid nanomaterial or supporting polymer matrix, and are more economical than
most other delivery systems (31-33). The technology is well established; there are currently
five pheroid technology-derived topical products and one agricultural product on the market
in a number of countries.

2. Materials and Methods

2.1 Materials

Chloroquine as the diphosphate salt was purchased from IPCA Laboratories Limited,
Mumbai, India.

Vitamin F ethyl ester was obtained from Chemimpo (South Africa) and

cremaphor® EL was obtained from BASF (South Africa). Butylated hydroxyanisole (BHA)
and butylated hydroxytoluene (BHT), and dl-α-tocopherol where purchased from Chempure
(South Africa). Purified water was obtained from SABAX (Johannesburg, South Africa).
Amodiaquine hydrochloride was obtained from TRC (Canada).

2.2 Reference formulations

The oral reference formulation was prepared from CQ diphosphate (1.6125 g) in DI water
(50 mL).

2.3 Pheroid vesicle formulations

Pheroid vesicles were produced by firstly preparing the water phase, which consisted of
saturating purified water with nitrous oxide (N2O) under pressure (200 kPA). The oil phase
was prepared by mixing and heating the Vitamin F ethyl ester (2.8 g), Chremphor EL (1.0 g),
BHA (0.02 g), BHT (0.2 g) and dl-α-tocopherol to 70 °C. The oil phase was then added to
the water phase while homogenizing with a Heidolph Diax 600 homogenizer (Labotec, South
Africa) at 2041 G until the temperature has decreased to ≤ 40 °C. The mixture was shaken
using a GLF shaker (DJB Labcare, England) until it has reached room temperature (20-25
C).

The described process resulted in the formation of pheroid vesicles.

CQ was
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spontaneously entrapped in the pheroid vesicles by the addition of chloroquine diphosphate
(1.6125 g) to pheroid vesicle formulation (50 mL). The pheroid vesicles formulation
containing CQ were shaken over night to ensure optimal entrapment.

The reference formulation and the pheroid vesicle formulation were prepared one day before
commencing the study.

All formulations were kept in amber glass bottles at room

temperature.

2.4 Animals

Healthy male and female vervet monkeys (Chlorocebus aethiops) weighing between 2.2 and
7.0 kg were utilized. All studies and procedures was conducted with prior approval of the
Ethics Committee of the North-West University (approval number of NWU-00027-10-A5) in
accordance with the National Code for animal use in research, education, diagnosis and
testing of drugs and related substances in South Africa (based on the ‘Guide for care and
use of laboratory animals’;NIH85-23, revised 1985).

The monkeys were maintained at the animal facility of Potchefstroom Campus, North West
University and were individually housed in 89 x 88 x 187 squeeze cages in rooms with
controlled temperature (21 ± 2°C ) and relative humidity (55 ± 5%) and 12 hour light/dark
cycles.

Their diet consisted of standard laboratory food, fresh fruits, vegetables and

peanuts. Water was available ad libitum. The monkeys were environmentally enriched so
as to ensure a minimal stress environment. Environmental enrichment was achieved by
reproducing some of the main features of their natural habitat and to create opportunities for
captive animals to develop such skills as they may need in the wild (34).

2.5 Oral bioavailability studies

For the assessment of oral absorption, the bioavailability of CQ was evaluated in plasma
and whole blood samples after administration of the reference formulation and test
formulation in a randomized single-blind parallel group study.

A study was conducted in plasma in seven monkeys to determine the bioavailability of CQ in
plasma. The monkeys were randomly divided into two groups with one group receiving the
reference formulation (n = 3) and the other group receiving the test formulation (n = 4). For
the reference group, 20 mg/kg of CQ in water was administered; for the test groups, a
similar dosage of 20 mg/kg CQ entrapped in pheroid vesicles was administered.

The
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volume per administration was 1mL/kg bodyweight. The monkeys were anaesthetized with
ketamine hydrochloride (10mg/kg) to enable handling and blood sampling. The femoral
triangle was then cleaned with alcohol and shaved if required. Monkeys were kept under
continuous sedation for the first 3 hours of the study and were monitored at all times for
distress or other signs of adverse drug reactions. Blood samples were collected at a range
of time intervals and centrifuged at 0 °C for 7 minutes at 1000 G to determine the CQ
plasma profile. The plasma was then transferred to cryovial tubes, snap frozen and
transported overnight on dry ice to the University of Cape Town for analysis.

For the determination of the CQ whole blood profile the same protocol was followed as
described above with the following exceptions. Fifteen monkeys, randomly divided into a
reference group (n = 7) and test group (n = 8) were utilized and the blood samples were
collected pre-dose and at 0.25, 0.5, 1, 2, 3, 5, 8, 12, 24, 48, 72, 96, 120 and 168 hours postdose.

2.6 Sample analysis

Chloroquine concentrations were determined using a validated LC-MS/MS assay method
developed in the Division of Clinical Pharmacology, University of Cape Town. An optimized
liquid-liquid extraction method was developed for the extraction of CQ from 50 µL monkey
whole blood or 50 µL monkey plasma, using a universal Britton Robinson buffer (pH 9) and
ethyl acetate containing the internal standard. The organic phase was evaporated under
reduced pressure by means of a rotary evaporator at 30 °C for 20 minutes. The dried
samples were reconstituted with mobile phase consisting of equal volumes of acetonitrile
and 0.1% formic acid, and 2 µL was injected onto the analytical column kept at 35 °C.
Chromatographic separation was achieved on a Luna 5 μm PFP(2), 100 A, 50 mm

2 mm

analytical column (Phenomenex, USA) using acetonitrile and 0.1% formic acid (80:20, v/v)
delivered at a constant flow rate of 0.5 mL/min. An AB Sciex API 3200 mass spectrometer
was operated at unit resolution in the multiple reaction monitoring (MRM) mode, monitoring
the transition of the protonated molecular ions at m/z 320.2 to the product ions at m/z 247.0
for CQ, and the protonated molecular ions at m/z 356.2 to the product ions m/z 282.9 for the
internal standard. Initially the assay was validated over the concentration range of 4 ng/mL
to 500 ng/mL for both plasma and whole blood samples. However, after analysis of the first
batch of whole blood samples (n = 5) it was observed that the levels were far greater in
whole blood than in plasma and consequently a new, broader range (16 ng/mL to 5000
ng/mL) was validated for analysis of the remaining whole blood samples (n = 10). The
accuracy and precision for both assays were well within internationally accepted criteria.
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2.7 Statistical analysis

The experimental data was evaluated in terms of drug concentration versus time. The
following parameters were calculated by using the SAS statistical computer package (35):
The peak drug concentration (Cmax) in ng/mL
Time to peak concentration ( Tmax) in h
Apparent elimination half-life (t1/2) in h
Area under the concentration-time curve between time 0 and the time of the last
sample collected (AUC0-last) in ng.h/mL.
Area under the concentration-time curve between time 0 to infinity (AUC0-inf) in
ng.h/mL
Descriptive statistics are reported for each characteristic in both pheroid and reference
groups as mean ± SEM together with its 95% confidence intervals. To compare the means
of the groups, the nonparametric Mann-Whitney test was used. The computer package
Statistica (36) was used to obtain these results.

The area under the blood concentration curve up to the last time point ( AUClast ) was
calculated by using the trapezoidal rule. The area under the curve extrapolated to infinity (

AUCinf ) was determined by adding Clast / ke to AUClast , where Clast is the concentration of
the last time point and

t1/ 2

ke the elimination rate constant. The half-life is calculated as

ln(2) / ke .

3. Results

3.1 Pheroid vesicle manufacturing

The size of the pheroid vesicles was determined with the aid of a Malvern Mastersizer. The
particle size distribution defines the size range of 10% (d(0.1)), 50 % (d(0.5)) and 90%
(d(0.9)) of particle in sample. Figures 2 and 3 illustrate the particle size distribution prior to
and after entrapment of CQ.
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Figure 2: Particle size distribution prior to spontaneous entrapment of CQ in pheroid
vesicles.

Figure 3: Particle size distribution after entrapment of CQ in pheroid vesicles.

3.2 LC-MS/MS assay

The assay was validated for both monkey plasma and whole blood. The accuracy and
precision of the assay during validation were well within internationally accepted criteria
(37,38). The limit of quantification for CQ was 16 ng/mL for the whole blood samples and 4
ng/mL for the plasma samples. Quadratic (1/x, weighting) regression analysis was used to
construct calibration curves. The assay also performed well during study sample analyses.
The calibration standards and quality control (QC) standards were analyzed in duplicate in
each study sample batch.

During inter-batch analysis of the plasma samples, the
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accuracies for the assay were 94.6%, 100.5% and 99.4% at the low, medium and high QC
levels respectively. The precision (expressed as % coefficient of variation) was less than
5.1% at all three QC levels. The accuracies for analysis of the first batch of whole blood
samples were 104.3%, 106.7% and 99.3% at the low, medium and high QC level, with
precision less than 5.5% at the three levels. The accuracies during inter-batch analysis of
the remaining whole blood samples were 98.8%, 102.3% and 101.1% at the low, medium
and high QC level respectively, with precision less than 7% at all three levels.

3.3 Oral bioavaolability studies

The plasma pharmacokinetic data obtained for both the reference formulation and pheroid
vesicle formulation after a single oral (20 mg/kg) administration are given in Table 1.
Table 1: Summary of the pharmacokinetic parameters of CQ in plasma
(reference n = 3, test n = 4)
Cmax
(ng/mL)
Ref

Phe

Mean
110.87 100.78
Lower
0
0
95 % CI
Upper
238.37 259.77
95 % CI
SEM
29.64
49.96
Ref = Reference formulation
Phe = Pheroid formulation

Tmax
(h)

AUC0-last
(ng.h/mL)

Ref

Phe

Ref

Phe

1.17

4.8

515

493

0.26

1.2

0

0

2.6

11.55

1132

1321

0.3

1.8

143

260

These results were unexpected. The mean maximum plasma concentration (Cmax) of CQ
was relatively low: 110.87 ± 29.64 ng/mL and 100.78 ± 49.96 ng/mL for the reference and
C
T
t
AUC
AUC
pheroid formulation max
respectively. Themax
time to peak CQ1/2concentrations in 0-last
the plasma (T max )0-inf
(ng/mL)
(h)
(h)
(ng.h/mL)
(ng.h/mL)
were 4.8 ± 1.8 h for the pheroid formulation and 1.17 ± 0.33 h for the reference formulation,
Ref

Phe

Ref

Phe

Ref

Phe

Ref

Phe

Ref

Phe

indicating
increase4.6
of Tmax 4.5
by pheroid
No statistically
Mean a substantial
1039
1753.6
18.09technology.
16.24
33409
45580 significant
37365
52047
Lower
AUC
0-last differences were observed.
424.7
848.4
2.0
0.0
13.92
12.45
18332 25306
21746
25539
95 % CI

Upper 95

1653.3

2658.8

7.1

11.1

22.27

20.03

48487

65855

52984

78556

CI drug profiles obtained from whole blood was substantially different from that
The%CQ

SEM for plasma.
251
382.8pharmacokinetic
1.0
2.8 data 4.53
4.51 oral
6162
6383
obtained
The
after a single
dose of8574
20 mg/kg
were11210
Mann- for both the reference formulation and pheroid vesicle formulation in whole blood
calculated
Whitney

0.06

0.075

0.23

0.20

0.20

andT-test
are given in Table 2.
Ref = Reference formulation
Phe = Pheroid formulation
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Species
Rhesus

Matrix
Whole

N

Drug

Route

Dose

Cmax

Tmax

AUC
(0-last)

AUC
(0-inf)

(mg/kg)

(ng/mL)

(h)

(ng.h/mL)

(ng.h/mL)

a

a

Reference

Lower
0
0
0.26
1.2
95 % CI
Upper
238.37 259.77
2.6
11.55
95 % CI
SEM
29.64
49.96
0.3
1.8
Ref = Reference formulation
Phe = Pheroid
formulation
Table
2: Summary
of the pharmacokinetic

0

0

1132

1321

143

260
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parameters of CQ in whole blood

(reference n = 7, test n = 8)
Cmax
(ng/mL)

Tmax
(h)

t1/2
(h)

AUC0-last
(ng.h/mL)

AUC0-inf
(ng.h/mL)

Ref

Phe

Ref

Phe

Ref

Phe

Ref

Phe

Ref

Phe

Mean

1039

1753.6

4.6

4.5

18.09

16.24

33409

45580

37365

52047

Lower
95 % CI

424.7

848.4

2.0

0.0

13.92

12.45

18332

25306

21746

25539

Upper 95
% CI

1653.3

2658.8

7.1

11.1

22.27

20.03

48487

65855

52984

78556

SEM

251

382.8

1.0

2.8

4.53

4.51

6162

8574

6383

11210

MannWhitney
T-test

0.06

0.075

0.23

0.20

0.20

Ref = Reference formulation
Phe = Pheroid formulation

The results obtained from whole blood is comparable to that described for man in the
literature and are graphically presented in Figure 4 as the mean whole
concentration
AUC blood
AUC
Dose
Cmax
Tmax
(0-last)
(0-inf)
Reference
Species
Matrix 168
N hours
DrugafterRoute
versus
time during
oral administration of CQ for the reference formulation
(mg/kg)

(ng/mL)

(h)

(ng.h/mL)

4

560

3

-

(ng.h/mL)

and the pheroid vesicle formulation. Each curve shows an absorption phase followed by an
Rhesus

Whole

4

CQP

im

a

-

a

28

monkey phase.
Blood The CQ in the pheroid vesicle formulation improved Cmax and AUC. The
elimination
Vervet
Whole
Current
7 blood
CQPconcentration
po
20
4.6 increased
33409
37365
mean
maximum
whole
(Cmax) 1039
of CQ was
significantly
on a
monkey
Blood
study
Vervet
CQCurrent
10%
level of Whole
significance
ie.
a Cmax 4.5
of 1753.6
± 382.8
ng/mL vs
that
8 by the pheroid
po vesicles,
20
1753.6
45580
52047
monkey

Blood

pheroid

study

of Rhesus
1039 ± 251.04 ng/mL for the reference formulation. The observeda maximum
peak whole
a
Plasma

4

CQP

im

4

183.3

3

-

-

28

monkey
blood
concentration was reached at approximately 4.5 hours in both the reference and

Rhesus
a
a
Plasma
2
CQ
im
3.7
262
3
29
pheroid
monkeyvesicle formulations. The apparent half life (t1/2) was 18.09 ± 4.53 hours for the
Rhesus
a
a
reference
and
16.246 ± 4.51
formulation,
Plasma
CQP hours
po for the
20 pheroid
320.8 vesicle
2
- representing
34
monkey

Vervet
Current
approximately
a 2 hour
time
difference
between
the
two formulations.
AUC0-last
represents
a
Plasma
3
CQP
po
20
110.87 1.17
515.47
monkey
study
theVervet
entire amount of CQ absorbed
during 168 hours into the systemic circulation after
a
CQCurrent
Plasma

4

po

20

100.78

4.8

493

-

a

monkey
pheroid
study
single
dose of CQ as either
the reference or pheroid vesicle formulation. The mean AUC
0-last
a

= no data available

obtained
for the reference
formulation was 33409 ± 6162 ng.h/mL and for the pheroid
CQP = Chloroquine
diphosphate
formulation 45580 ± 8574 ng.h/mL.

The AUC0-inf values quantified for the reference

!
formulation
and pheroid vesicle formulation were 37365 ± 6383 ng.h/mL and 52047 ± 11210

ng.h/mL respectively. Unlike the results obtained in plasma samples, both AUC0-last and
AUC0-inf from whole blood samples were greatly increased in the pheroid group.
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Figure 4: Mean whole blood concentration versus time graph of oral CQ reference and
pheroid vesicle formulations.
4. Discussion

The results of the bioavailability studies in plasma after oral administration of CQ reference
and pheroid formulation indicate a Cmax of 100.78 ± 49.96 and 110.87 ± 29.64 ng/mL
respectively.

Furthermore, the reference formulation returned a much lower Cmax value

when compared to the Cmax of 320.83 ± 22.25 ng/mL reported in a comparable study using
rhesus monkeys (25).

In contrast, the results of studies performed using whole blood

showed substantial improvements in bioavailability as a result of entrapment of CQ in a
pheroid formulation.

Administration of the test formulation containing CQ entrapped in

pheroid vesicles resulted in increases of the Cmax, AUC0-last and AUC0-inf by 68%, 36% and
99% respectively when compared to the reference group.

The disease-generating phase of the malaria parasite arises during the intra-erythrocytic life
cycle. Previous studies have indicated that CQ accumulates in erythrocytes (39, 40). The
current study in non-human primates is the first study to compare the concentration of CQ in
whole blood and plasma after an oral administration of 20 mg/kg CQ. The results indicates
that the concentrations of CQ in plasma were lower than that observed in whole blood, i.e. at
the Cmax there were 17.4 times more CQ in the whole blood than that in the plasma for the
test formulation, while there is only 9.3 times more CQ in the whole blood for the reference
formulation. Similarly, when one is looking at the total measure absorption (AUC0-last), there
was 92 times more CQ in the whole blood than in the plasma for the test formulation and 64
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times for the reference formulation. For the reference formulation, this indicates that there is
a general enrichment of CQ in whole blood, which correlates well with other findings (39, 41)
and supports the idea that pharmacokinetic studies for CQ should be conducted using whole
blood. Furthermore pheroid technology contributes to this enrichment in fact the whole blood
content of CQ is nearly double for the test formulation is both cases.

In Table 3 the

pharmacokinetic data obtained for CQ in non-human primates in the current study compared
with literature data are shown.
Table 3: Pharmacokinetic data for CQ in non-human primates
Species

Matrix

N

Drug

Route

Dose

Cmax

Tmax

AUC
(0-last)

(mg/kg)

(ng/mL)

(h)

(ng.h/mL)

Reference

Rhesus
monkey

WB

4

CQP

im

4

560

3

-

Vervet
monkey

WB

7

CQP

po

20

1039

4.6

33409

Current
study

Vervet
monkey

WB

8

CQpheroid

po

20

1753.6

4.5

45580

Current
study

Rhesus
monkey

P

4

CQP

im

4

183.3

3

-

a

23

Rhesus
monkey

P

2

CQ

im

3.7

262

3

-

a

24

P

6

CQP

po

20

320.8

2

-

a

25

P

3

CQP

po

20

110.87

1.17

515.47

Current
study

P

4

CQpheroid

po

20

100.78

4.8

493

Current
study

Rhesus
monkey
Vervet
monkey
Vervet
monkey

a

23

a = no data available; CQP =Chloroquine diphosphate; WB = Whole blood; P = Plasma

As seen from the table, the Cmax values obtained in plasma for the reference formulation
orally administered at 20 mg/kg in the current study are substantially lower than the much
higher Cmax of 320.83 ± 22.25 ng/mL reported for plasma obtained from rhesus monkeys
(25). This result is rather different to that (110.9 ng/mL) we report here. The difference may
be due to the analytical procedure used in each case.

The CQ concentrations in the

relevant rhesus monkey study (25) were determined by an analytical method based on
fluorometric detection after solvent extraction. According to authors this technique does not
differentiate between CQ and its metabolites (41,42), and hence may provide artificially high
concentrations of CQ. With the LC-MS/MS method used in the current study, only CQ levels
were determined.
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The whole blood pharmacokinetic data obtained in the current study is nearly double that
observed in one of the earlier studies (23). The Cmax of 1039 ± 251 ng/mL in the current
study compares with that of 560 ng/mL observed earlier. It is once again important to note
that CQ was administered intramuscularly at 4 mg/kg (23) in comparison with the 20 mg/kg
oral administration used in the current study. Our whole blood pharmacokinetic data shows
a better correlation with that obtained from humans (43).

A Cmax of 838 ng/mL (95%

confidence interval of 656-1587 ng/mL) after an oral dose of 25 mg/kg CQ in whole blood
was reported. These results support the use of the Vervet monkey (Chlorocebus aethiops)
as an alternative preclinical non-human primate model for predicting pharmacokinetic
parameters in humans (44, 45).

In line with the ability of pheroid technology to enhance absorption of orally-administered
anti-infective drugs (28, 30) and topical applications (46), pheroid offers the potential for
exploitation as an anti-malarial drug delivery system. The method of formulation and the
type of pheroid plays a role in the extent of absorption and the rate and measure of transport
of the pheroid-drug formulation into the intracellular domain (28). However, the precise
manner in which the pheroid is taken up by the cells needs to be elucidated.
5. Conclusion

The results provide evidence that pheroid technology has the ability to enhance the
intracellular absorption of chloroquine. From a drug delivery standpoint, the CQ-pheroid
formulation rendered major improvements in Cmax and AUC of CQ in whole blood. This is of
potential significance in relation to enhancing efficacy of CQ against intra-erythrocytic stages
of the malaria parasite, there exists the possibility that the pheroid-CQ formulation may act
to inhibit incipient access of CQ to the Pfmdr transporter.
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Abstract
Amodiaquine (AQ) is used in artemisinin based combination therapy for uncomplicated
Plasmodium falciparum malaria.

The use of Pheroid® technology improves the

pharmacokinetics of some drugs by improving their absorption and bioavailability. In this
study we evaluate the effect of Pheroid® technology on the in vitro and in vivo drug
metabolism and pharmacokinetics (DMPK) of AQ.

Oral pharmacokinetic studies were

conducted in two groups of vervet monkeys (Chlorocebus aethiops), with the reference
group receiving capsules containing AQ and the test group receiving capsules containing a
pro-Pheroid® formulation of AQ. AQ was administered at 60 mg/kg. Blood concentrations
of AQ and N-desethylamodiaquine (DEAQ) were monitored from 0.5 to 168 hours. AQ and
pro-Pheroid® formulated AQ were incubated in vitro with human and monkey liver (HLM
and MLM) and intestinal (HIM and MIM) microsomes and recombinant cytochrome P450
enzymes. The studies confirmed the rapid metabolism of AQ to the main metabolite DEAQ
in monkeys. The pharmacokinetic parameters varied substantially among the monkeys,
with no statistical difference between the test and reference formulation.

DEAQ

pharmacokinetics was similar except that the AUC in the reference was significantly higher
than that in the test formulation. For HLM, MLM and CYP2C8, the test formulation showed
significantly longer AQ clearance and slower formation of DEAQ. However, the effect was
reversed in MIM. Pheroid® technology did not enhance the absorption and bioavailability of
AQ or DEAQ. Pheroid® is a registered trademark but for ease of reading will be referred to
as pheroid(s) throughout the rest of the article.
Keywords: Malaria, Amodiaquine, Pheroid® technology, Pharmacokinetic analysis,
Metabolism, Primates

108

Chapter 5: Manuscript 3
1. Introduction
Amodiaquine is a Mannich base 4-aminoquinoline that is structurally related to chloroquine,
with the exception that the aminoalkyl side chain is rigidified by partial incorporation into an
aromatic ring (O’Neill et al., 1998; Schlitzer, 2007). During the 1970s it was withdrawn from
chemoprophylactic use due to its toxic effects that included agranulocytosis and hepatitis
(Neftel et al., 1986). Despite these concerns, and in view of the widespread resistance to
chloroquine and fansidar (pyrimethamine and sulfadoxine), amodiaquine is currently
recommended by the WHO as a partner drug in artemisinin based combination therapy
(ACT) of uncomplicated malaria (German & Aweeka, 2008; WHO, 2010). In one of the
currently used ACTs, amodiaquine is combined with artesunate (WHO, 2010). However,
this ACT does appear to be the least effective of the ACTs currently in use (White et al.,
2010).

The pharmacokinetic-pharmacodynamic (PK/PD) rationale of ACTs is to combine the very
potent but short half-life artemisinin derivatives such as artemether, artesunate or
dihydroartemisinin with a longer half-life partner drug such as amodiaquine, lumefantrine,
mefloquine or piperaquine. Whilst the artemisinin derivatives cause rapid reduction in
parasitemia, they tend to be associated with high recrudescence if used alone (WHO,
2010).

Partnering them with long half-life anti-malarial partner drugs ensures total

clearance of parasitemia (WHO, 2010; Bosman & Mendis, 2007).

Amodiaquine is rapidly metabolized in vivo to its major metabolite, N-desethylamodiaquine
(DEAQ) (Figure 1) that has 3-fold less anti-malarial potency than AQ. AQ has a half-life of
approximately 4 hours, whereas that of DEAQ is approximately 211 hours. This effectively
renders AQ a prodrug of DEAQ, which then acts as the long half-life anti-malarial (Jullien et
al., 2010).

Due to structural similarities between AQ and CQ, their pharmacokinetic

properties in humans may be expected to be similar. However, it turns out that AQ has a
smaller volume of distribution (17 – 34 L/kg), a shorter terminal elimination half-life (1 to 3
weeks) and, along with DEAQ, is over 90% bound to plasma proteins (Krishna & White,
1996).
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Figure 1: structures of (a) amodiaquine (AQ) and (b) N-desethylamodiaquine (DEAQ).

In vitro studies of AQ with human liver microsomes (HLM) and recombinant human
cytochrome P450 (rCYPs) shows that CYP2C8 is responsible for the rapid hepatic
metabolism of AQ to DEAQ (Li et al., 2002; Li et al., 2003). The liver toxicity of AQ is
associated with its biotransformation to a quinone imine (Schlitzer, 2007).

AQ is also

metabolised by extra-hepatic CYPs 1A1 and 1B1 to a reactive aldehyde metabolite
(Johansson et al., 2009; Li et al., 2003) that may be a possible cause of agranulocytosis
(Johansson et al., 2009; Schlitzer, 2007).

Very few pharmacokinetic studies of AQ using primate models have been carried out
(Ramanathan-Girish et al., 2004). In general, pharmacokinetic studies conducted with nonhuman primates are limited by the high cost of cynomolgus or rhesus monkeys since both
species are endangered. The African green or vervet monkey (Chlorocebus aethiops) has
been identified as a suitable alternative for drug development studies (Ward et al., 2008;
Ward et al., 2009) and is the model chosen for the current study.

There are relatively few new anti-malarial drugs being produced (Schlitzer et al., 2012),
largely because market forces discourage major pharmaceutical companies from investing
in the discovery of drugs for neglected diseases (Chatelain & Loset, 2011; Hotez & Pecoul,
2010). Therefore, efforts are being made to protect current anti-malarial drugs from their
pharmacokinetic and safety liabilities and to minimize development of drug resistance.
Thus, formulations designed to improve PK/PD profiles by increasing the bioavailability or
lengthening the duration of drug exposure are being developed (Crowley & Martini, 2004).
In addition, the design and synthesis of analogues of current drugs aimed at overcoming
adverse PK, toxic properties, and potential for resistance are also generating useful leads.

Pheroid technology forms the basis of a colloidal type drug delivery system that has the
ability to entrap, transport and deliver drugs of markedly different structures (Grobler, 2008;
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Saunders et al., 1999; Steyn et al., 2011). In vitro and in vivo (rodent) studies suggested
that the therapeutic in vitro efficacy and in vivo bioavailability of amodiaquine can be
enhanced by pheroid technology (Langley, 2010). The aim of this study was to investigate
the impact of pheroid technology on the in vivo bioavailability of amodiaquine in vervet
monkeys (Chlorocebus aethiops).

We also conducted in vitro metabolism studies of

formulated and unformulated AQ with human and monkey liver and intestinal microsomes,
and with recombinant human CYPs to investigate the effect of the delivery system on the
different enzymes.
2. Materials and Methods

2.1 In vivo pharmacokinetics

2.1.1 Materials

Amodiaquine hydrochloride was purchased from DB Fine Chemicals (South Africa).
Vitamin F ethyl ester was obtained from Chemimpo (South Africa) and Cremaphor ® EL was
obtained from BASF (South Africa).

Butylated hydroxyanisole (BHA), butylated

hydroxytoluene (BHT), polyethylene glycol (PEG 400) and dl-α-tocopherol were purchased
from Chempure (South Africa). Purified water was obtained from SABAX (Johannesburg,
South Africa). Capsules were purchased from CapsuGel (Durban, South Africa). The
internal

standards,

amodiaquine-d10

and

N-desethylamodiaquine-d5

and

the

N-

desethylamodiaquine reference standard were obtained from Toronto Research Centre
(Canada).

2.1.2 Reference standard

For the reference, unformulated AQ hydrochloride was encapsulated in capsules.

2.1.3 Pro-pheroid formulations

The pro-pheroid formulation was prepared by mixing and then heating the Vitamin F ethyl
ester (24.38 g), Chremphor EL (10.16 g), PEG 400 (2.5 g), BHA (0.005 g) and BHT (0.005
g) to 70 °C. Dl-α-tocopherol (0.5 g) was then added. Amodiaquine (12.45 g) was added to
the mixture. The mixture was gassed with nitrous oxide (N2O) under pressure (200 kPA).
This formulation does not contain a water phase and is referred to as pro-pheroid. Once
admixed with 0.1 N HCl the pro-pheroid reassembles into discrete pheroid vesicles, whose
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size was determined with the aid of a Malvern Mastersizer Micro 2000 (Malvern
Instruments Ltd, Malvern, Worcestershire, UK). The pro-pheroid formulation was kept in an
amber glass bottle at room temperature. The capsules for the reference and test group
were prepared one day in advance of treatment.

2.1.4 Animals

Healthy male and female vervet monkeys (Chlorocebus aetiops) weighing between 2.2 and
7.0 kg were used. All studies and procedures were conducted with prior approval from the
Ethics Committee of the North-West University (approval number of NWU-00027-10-A5) in
accordance with the National Code for animal use in research, education, diagnosis and
testing of drugs and related substances in South Africa (based on the ‘Guide for care and
use of laboratory animals’; NIH85-23, revised 1985).

The monkeys were maintained at the animal facility of the Potchefstroom Campus, NorthWest University, and were individually housed in 89 x 88 x 187 cm squeeze cages in rooms
in which the temperature was kept at 21 ± 2 °C and the relative humidity at 55 ± 5%, with
12 hour light/dark cycles. Their diet consisted of standard laboratory food, fresh fruits,
vegetables and peanuts. Water was available ad libitum. Environmental enrichment for
the monkeys was achieved by reproducing some of the main features of their natural
habitat and creating opportunities for captive animals to develop such skills as they may
need in the wild (Terao, 2005).

2.1.5 Oral bioavailability study

For the assessment of oral absorption, the bioavailability of AQ and DEAQ was evaluated
in whole blood samples after administration of the reference standard and test formulation
in a randomized single-blind parallel group study.

A study was conducted in fourteen monkeys, randomly divided into two groups with the
reference group (n = 6) receiving AQ hydrochloride capsules and the test group (n = 8)
receiving encapsulated pro-pheroid formulation containing the same dosage, namely 60
mg/kg AQ. Capsules were prepared for each monkey in accordance with their weight. The
monkeys were anaesthetized with ketamine hydrochloride (10 mg/kg) to enable handling
and blood sampling. Drug administration was accomplished by placing a single capsule at
the back of the tongue and holding the mouth shut while externally massaging the throat to
ensure swallowing. The femoral triangle was then cleaned with alcohol and shaved if
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required. The monkeys were kept under continuous sedation for the first 3 hours of the
study and were monitored at all times for distress or other signs of adverse drug reactions.
Blood samples were collected pre-dose and at 0.5, 1.5, 2.5, 3.5, 5, 8, 12, 24, 48, 72, 96,
120 and 168 hours post-dose. The collected blood was then transferred to cryovial tubes,
snap frozen and transported overnight on dry ice to the University of Cape Town for
analysis.

2.1.6 Sample analysis

The concentrations of AQ and DEAQ were determined using a validated quantitative LCMS/MS assay method developed in the Division of Clinical Pharmacology, University of
Cape Town. An optimized liquid-liquid extraction method was developed for the extraction
of AQ and DEAQ from 20 μL monkey whole blood samples, using an universal Britton
Robinson buffer (pH 8) containing the internal standards (amodiaquine-d10 and Ndesethylamodiaquine-d5) and ethyl acetate. The organic phase was evaporated under
nitrogen at 30 °C for 20 minutes. The dried samples were reconstituted with mobile phase
and 2 μL per sample was injected onto the analytical column at 35 °C.
Chromatography was performed on a Luna 5 μm PFP(2), 100 A, 50 mm

2 mm analytical

column (Phenomenex, USA) using acetonitrile (ACN) and 0.1% formic acid (85:15, v/v) as
mobile phase at a flow rate of 0.5 mL/min. An AB Sciex API 4000 mass spectrometer was
operated at unit resolution in the multiple reaction monitoring (MRM) mode, monitoring the
transition of the protonated molecular ions at m/z 356.2 to the product ions at m/z 283.0 for
AQ, the protonated molecular ions at m/z 328.1 to the product ions m/z 282.9 for DEAQ,
the protonated molecular ions at m/z 366.2 to the product ions m/z 283.1 for the deuterated
AQ internal standard, and the protonated molecular ions at m/z 333.2 to the product ions
m/z 283.0 for the deuterated DEAQ internal standard. The assay was validated over a
range of 3.91 ng/mL to 4000 ng/mL for AQ and 9.77 ng/mL to 10 000 ng/mL for DEAQ.
The precision and accuracy were within 15% of the nominal value; well within
internationally accepted criteria. The reliability of the assay was monitored at three levels
with quality control samples.

2.1.7 Statistical analysis

The experimental data were evaluated in terms of drug concentration versus time. The
following parameters were calculated from the blood drug levels obtained:
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The peak drug concentration (Cmax) in ng/mL
Time to peak concentration ( Tmax) in h
Apparent elimination half-life (t1/2) in h
Area under the concentration-time curve between time 0 and the time of the last
sample collected (AUC0-last) in ng.h/mL.
Area under the concentration-time curve between time 0 to infinity (AUC0-inf) in
ng.h/mL

Descriptive statistics are reported for each characteristic in both reference and pro-pheroid
groups as mean ± SEM together with its 95% confidence intervals. To compare the means
of the groups, the nonparametric Mann-Whitney test was used. The computer package
Statistica (StatSoft, 2011; SAS, 2003) was used to obtain these results.

The area under the blood concentration curve up to the last time point ( AUClast ) was
calculated by using the trapezoidal rule. The area under the curve extrapolated to infinity (

AUCinf ) was determined by adding Clast / ke to AUClast , where Clast is the concentration of
the last time point and ke the elimination rate constant.

t1/ 2

The half-life is calculated as

ln(2) / ke (StatSoft, 2011).

2.2 In vitro metabolism

2.2.1 Materials

Recombinant CYPs 1A1, 1B1 and 2C8 were purchased from CYPEX (Dundee, UK).
Human liver microsomes (HLM), human intestinal microsomes (HIM), monkey intestinal
microsomes (MIM) and monkey liver microsomes (MLM) were obtained from Xenotech
(Kansas, USA). All other reagents were of bioanalytical grade.

2.2.2 Reference formulation

The reference formulation for the in vitro metabolism studies was prepared with AQ
dihydrochloride (0.0465 g) in deionised water (100 mL). The end concentration of AQ in
the reference formulation for the in vitro metabolism studies was 1mM. Deionised water
was used for dilutions.
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2.2.3 Pro-pheroid formulations

The pro-pheroid formulation was prepared as described above, with the concentration of
AQ entrapped in the pro-pheroid formulation being 1 mM. A blank pro-pheroid formulation,
containing no entrapped active (AQ), was also prepared and used for dilution of the study
formulations.

The reference and pro-pheroid formulations were kept in amber glass bottles at room
temperature.

2.2.4 Metabolic stability

Reference and pro-pheroid formulations (1 µM) were incubated with enzyme (0.5 mg/mL)
and 0.1 M phosphate buffer (pH 7.4). The reaction was initiated by the addition of NADPH.
An aliquot was taken at various time points (0, 5, 10, 20, 30 and 45 minutes) and the
reaction was stopped by the addition of ice cold acetonitrile. The samples were then stored
at 4 C to allow protein precipitation. Extraction was carried out twice with acetonitrile. The
acetonitrile extracts were combined and submitted to centrifugation at 10 000 G for 15
minutes at 4 C. The supernatant was collected and dried under a gentle stream of
nitrogen. The residue was reconstituted in mobile phase and qualitatively analysed by LCMS.

2.2.5 Enzyme inhibition

Reference and pro-pheroid formulations (2 µM) were incubated with enzyme (0.5 mg/mL
(microsomes) or 10 pmol/mL (rCYPs)) and 0.1 M phosphate buffer (pH 7.4) and inhibitor (5
μM). The reaction was initiated by the addition of NADPH, and stopped at zero and 30
minutes with the addition of ice cold acetonitrile. The zero time point represented the
unmetabolised drug and the 30 minute time point the remaining drug after oxidative
metabolism. Extraction was carried out twice with acetonitrile, the extracts were combined
and centrifuged at 10 000 G for 15 minutes at 4 C. The supernatant was collected and
dried under a gentle stream of nitrogen. The residue was reconstituted in mobile phase and
analysed by LC-MS.
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2.2.6 Sample analysis

The qualitative analysis of AQ and DEAQ were performed on a Waters Quattro mass
spectrometer (Waters, Milford, MA, USA) with ESI interface. Chromatographic separation
was performed on an Agilent 1100 system (Agilent Technologies, USA) connected to a
CTC HTS PAL autosampler, using an Atlantis T3 C18 column (2.1 x 30 mm, 3µm). The
mobile phase consisted of water and acetonitrile (50:50, v/v) acidified with 0.1% formic acid
at a flow rate of 0.2 mL/min.

2.2.6.1 Determination of intrinsic clearance

Intrinsic clearance (CLint) studies were performed for AQ with HLM, HIM, MLM and MIM
using the substrate depletion approach (Houston, 1994; Obach et al., 1999), where drug
concentrations determined after different times of incubations with microsomes were
expressed as percentage of drug remaining, using the t = 0 minutes concentration value as
100%. The fundamental basis of this approach lies in the derivation of the integrated
Michaelis-Menten equation (Segel, 1975):

Equation 1

Over one t½ (i.e. when [S] =0.5[S]t=0 the following equation applies:

Equation 2

A necessary assumption in this approach, which is included in the experimental design, is
that the substrate concentration used is below the KMapp value (in this case 1 μM versus the
KM of 2.4 μM), such that:

Equation 3

The in vitro t½ is incorporated into the following equation:

Equation 4
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2.2.6.2 In vitro-in vivo correlations
The CLint in the incubations is expressed as μL/min/mg (microsomes). The CLint can be
scaled to the apparent clearance for the whole liver (whole liver CLint).

The following

scaling factors were used: microsomal protein yield per gram of liver (MPGL): human, 39.8
mg/g (Hakooz et al., 2006); monkey, 45 mg/g (Laufer et al., 2009); and liver weight used for
human and monkey were 1680 g and 150 g respectively (Davies & Morris, 1993). Using
these factors the equation is:

Equation 5

The in vivo hepatic clearance (CLH) due to oxidative metabolism was estimated according
to the ‘well-stirred liver’ model (Laufer et al., 2008). The in vivo hepatic clearance (CLH), is
expressed as:

Equation 6

where QH is the hepatic blood flow.

The values used for hepatic blood flow (Q H) were as

follows: human 21 mL/min/kg and monkey 43.6 mL/min/kg (Davies & Morrris, 1993).

3. Results

3.1 Pro-pheroid manufacturing

The size distribution of the pro-pheroid formulation was determined with the aid of a
Malvern Mastersizer. The particle size distribution defines the size range of 10% (d(0.1)),
50 % (d(0.5)) and 90% (d(0.9)) of particles in the sample and should comply to set size
parameters. Figure 2 illustrates the particle size distribution of the pro-pheroid formulation.
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Figure 2: Particle size distribution of pre-entrapped AQ in pheroid vesicles. The initial
formulation used was a pro-pheroid formulation. After the application of the drug, and once
admixed with 0.1 N HCl, the pro-pheroid reassembles into pheroid vesicles containing AQ,
of which the size distribution is then determined with the aid of the Malvern Mastersizer.
Upon contact with the gastric fluid, the same process occurs.

3.2 In vivo pharmacokinetic study

3.2.1 LC-MS/MS assay

The bioanalytical assay was validated for monkey whole blood.

The accuracy and

precision of the assay during validation were within internationally accepted criteria (FDA,
2001; EMA, 2011). The assay also held up well during study sample analyses. The limit of
quantification for AQ and DEAQ was 3.91 ng/mL and 9.77 ng/mL, respectively. Quadratic
regressions (1/x weighting) were used to construct calibration curves.

The calibration

standards and quality control (QC) standards were analyzed in duplicate in each study
sample batch. The precision (total-assay coefficients of variation; CV%) during sample
analysis was less than 8% at high, medium and low (3000, 1500 and 11.7 ng/mL,
respectively) QC levels for AQ, and was less than 10% at high, medium and low (8000,
4000 and 31.3 ng/mL, respectively) QC levels for DEAQ.

3.2.2 Oral bioavailibility study

The pharmacokinetic parameters of all the monkeys (n=14), after a single oral dose of 60
mg/kg of AQ were calculated for both the reference (n=6) and test group (n=8). The data
are presented in Table 1.
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Table 1: Summary of the pharmacokinetic parameters of AQ and DEAQ in whole blood
(reference n = 6, test n = 8)
Cmax
(ng/ml)
Ref

Tmax
(h)

Phe

Ref

t1/2
(h)

Phe

Ref

AUC0-last
(ng.h/ml)
Phe

AUC0-inf
(ng.h/ml)

Ref

Phe

Ref

Phe

Amodiaquine
Mean

841,1

480,4

12,3

6,1

14,8

21,8

9417,6

5126,5

9431,3

5183,0

Lower
95 % CI

-421,0

182,0

2,8

3,1

9,2

4,1

-1372,3

2900,5

-1383,6

3039,6

Upper
95 % CI

2103,1

778,8

21,9

9,0

20,3

39,6

20207,4

7352,5

20246,2

7326,3

491,0

126,2

3,7

1,3

1,8

7,5

4197,4

941,4

4207,2

906,4

SEM
p-value
MW
test

0,5

0,1

0,4

0,2

0,2

Desethylamodiaquine
Mean

3754,0

2790,1

14,0

9,4

57,6

55,6

164680,8

109875,3

194180,0

131734,3

Lower
95 % CI

1153,5

1268.3

2,1

3,7

46,8

38,7

129559,0

61659,1

152267,1

74625,9

Upper
95 % CI

6354,5

4311,9

25,9

15,2

68,5

72,4

199802,6

158091,6

236092,9

188842,6

936,6

643,6

4,3

2,4

3,9

7,1

12649,9

20390,7

15095,9

24151,1

SEM
p-value
MW
test

0,5

0,3

0,03

0,5

0,04

Ref = Reference group; Phe = pro-pheroid/Test group; MW = Mann Whitney test

!

The incorporation of AQ in the pro-pheroid formulation (test AUC
group) resulted
AUC in lower
Dose
Cmax
Tmax
T1/2
CL
Species
N AQ
Drug
concentrations
of
in the systemic circulation compared to that(0-last)
observed in(0-inf)
the reference
(mg/kg)

(ng/ml)

(h)

(h)

(ng.h/ml)

(ng.h/ml)

(L/kg/h)

group. At the mean maximum whole blood
concentration (Cmax) in the test group there was
Amodiaquine
Cynomolgus
a
43%
less bAQ in2 the AQ-13
systemic 20
circulation
compared
to that
of the 12438,7
reference group.
Similarly,
356,3
7,9
36,3
0,3
monkey

for
the total drug exposure over 168 hours (AUC0-last), the amount of AQ in thea test group
Cynomolgus
2
AQ-13
b
monkey
Vervet
6
AQ
monkey and test groups
reference
Vervet
Phe
themonkey
test group 8compared
AQ

100

5694,4

1,9

38,2

124422,6

-

0,35

was 46% lower than that of the reference group. The AUC0-inf values quantified for the
60

841,1

12,3

14,8

9417,6

9431,3

-

a

had a 56% lower AQ concentrations in the systemic circulation of
a

480,4
6,1
21,8observed
5126,5
5183,0
to 60
the reference
group.
The
maximum
peak whole

blood concentration for the test groupDesethylamodiaquine
was reached at half the time of the reference group.
Cynomolgus

a

a

2 life
AQ-13
12,0
21,5approximately
43935,9 0.7 fold
- compared
b
Themonkey
apparent
half
(t1/2) of 20
the test1441,4
group was
increased

toCynomolgus
the
reference
2 group.
AQ-13
b
monkey
Vervet
monkey
TheVervet
mean
monkey

6

AQ

a

100

5516,5

48,0

57,8

697670,8

-

60

3754,0

14,0

57,6

164680,8

194180,0

-

a

-

a

peak whole
Pheblood concentration (Cmax) of the main metabolite (DEAQ) was 26%
a
8

AQ

60

2790,0

9,4

55,6

109875,3

131734,3

-

lower
the test Phe
group
to the formulation;
referenceb group.
Similarly,etthe
mean AUC 0-last and
a = notin
determined;
AQ =compared
AQ in the pro-pheroid
= Ramanathan-Girish
al., 2004.
AUC0-inf obtained for the test group was 32% lower than that of the reference group. The
values obtained for the AUC0-last and AUC0-inf was statistically significant (p < 0.05). The
difference in apparent half life (t1/2) between the reference and test group was very small,
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Desethylamodiaquine
Mean

3754,0

2790,1

14,0

9,4

57,6

55,6

164680,8

Lower
95 % CI

1153,5

1268.3

2,1

3,7

46,8

38,7

129559,0

109875,3 194180,0 131734,3
Chapter
5: Manuscript 3
61659,1

152267,1

74625,9

representing
approximately a 2 hour time difference between the two groups. Table 2
Upper
95 % CI

6354,5

4311,9

25,9

15,2

68,5

72,4

199802,6

158091,6

236092,9

188842,6

SEM

936,6

643,6

4,3

2,4

3,9

7,1

12649,9

20390,7

15095,9

24151,1

illustrates the pharmacokinetic data obtained for AQ and DEAQ in non-human primates in
this
study compared with literature data.
p-value
MW
test

0,5

0,3

0,03

0,5

0,04

Ref = Reference group; Phe = pro-pheroid/Test group; MW = Mann Whitney test
Table
2: Means of pharmacokinetic parameters for AQ and DEAQ in whole blood of non-

!
human
primates
Species

N

Drug

Dose

Cmax

Tmax

T1/2

AUC
(0-last)

AUC
(0-inf)

CL

(mg/kg)

(ng/ml)

(h)

(h)

(ng.h/ml)

(ng.h/ml)

(L/kg/h)

Amodiaquine
Cynomolgus
b
monkey
Cynomolgus
b
monkey
Vervet
monkey
Vervet
monkey

2

AQ-13

20

356,3

7,9

36,3

12438,7

-

a

0,3

2

AQ-13

100

5694,4

1,9

38,2

124422,6

-

a

0,35

6

AQ

60

841,1

12,3

14,8

9417,6

9431,3

-

a

8

Phe
AQ

60

480,4

6,1

21,8

5126,5

5183,0

-

a

Desethylamodiaquine
Cynomolgus
b
monkey
Cynomolgus
b
monkey
Vervet
monkey
Vervet
monkey

2

AQ-13

20

1441,4

12,0

21,5

43935,9

-

a

-

a

2

AQ-13

100

5516,5

48,0

57,8

697670,8

-

a

-

a

6

AQ

60

3754,0

14,0

57,6

164680,8

194180,0

-

a

8

Phe
AQ

60

2790,0

9,4

55,6

109875,3

131734,3

-

a

a = not determined; Phe AQ = AQ in the pro-pheroid formulation; b = Ramanathan-Girish et al., 2004.

3.3 In vitro metabolism studies

3.3.1 Metabolic stability and inhibition

In an effort to evaluate the effect of pheroid technology on the metabolism of AQ in humans
and monkeys, the in vitro clearance of AQ and the formation of the DEAQ was investigated
in systems comprising human liver microsomes (HLM), human intestinal microsomes
(HIM), monkey liver microsomes (MLM) and monkey intestinal microsomes (MIM). Studies
were performed to determine the in vitro intrinsic clearance (CLint) of the two formulations
by measuring the depletion of AQ over time from an initial substrate concentration of 1 μM.
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Figure 3: Metabolic stability of AQ reference standard and pro-pheroid formulation in (a)
HLM, (b) HIM, (c) MLM and (d) MIM over 45 minutes. The dashed line represents the
trendlines.

The metabolic in vitro half life (t½) was calculated using the slope of the linear regression
from natural logarithmic percentage substrate remaining versus incubation time (Figures
3a-d). The in vitro half life (t½) was used to determine the intrinsic clearance (CLint) of AQ in
both formulations. The results are given in Table 3.
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Table 3: Calculated intrinsic clearance (CLint) of the AQ reference and AQ incorporated in
pro-pheroid using the t½ in HLM, HIM, MLM and MIM and in vivo estimated hepatic
clearance (CLH) for HLM and MLM

Estimated in

In vitro CLint
Compound

vivo CLH

(µL/min/mg)

(L/kg/h)

AQ reference
AQ in pro-pheroid
formulation

HLM

MLM

HIM

MIM

HLM

MLM

41

30

6

5

0,82

1,26

8

11

5

16

0,34

0,66

In Figures 4a-d, the percentages of AQ remaining following incubation in the different
enzyme systems in the absence and presence of specific inhibitors are given. Previous
studies have shown that CYP2C8 is the main hepatic CYP isoform responsible for the
oxidation of AQ to DEAQ in the liver. Quercetin is a specific inhibitor for CYP2C8 (Li et al.,
2003). Further, it has been established that extra-hepatic CYP1A1 and CYP1B1 also play
a role in the oxidation of AQ, and that α-naphthoflavone is a specific inhibitor for CYP1A1
(Li et al., 2002; Li et al., 2003; Johansson et al., 2009; Martignoni et al., 2006). In the
absence of specific inhibitors the results suggest the possibility that pheroid technology has
the ability to protect AQ from oxidative metabolism in HLM, HIM, MLM and to a lesser
extent in MIM. The presence of quercetin in the HLM and MLM incubations failed to inhibit
the oxidation of AQ in the reference formulations. The incubation of AQ incorporated in the
pro-pheroid formulation in the presence of quercetin, showed inhibition of AQ in the HLM.
The results of incubations of HIM and MIM in the presence of α-naphthoflavone are not
given, because very little metabolism took place during these incubations; the effect of the
inhibitor is minimal in these enzyme systems.
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Figure 4: Effect of pheroid technology on AQ clearance in the presence and absence of
selective inhibitors in (a) HLM, (b) HIM, (c) MLM and (d) MIM.
Figures 5a-d show the percentage of DEAQ formed following incubation in the different
enzyme systems in the absence and presence of specific inhibitors. In the absence of
specific inhibitors, DEAQ was formed in HLM, HIM, MLM and MIM following incubations
with the reference and test formulations. However, HLM incubation with the pro-pheroid
formulation resulted in formation of decreased levels of DEAQ compared to the other
enzyme systems. In the presence of specific inhibitors of the CYP isoforms involved in the
oxidative metabolism of AQ, the following observations were made: quercetin inhibited the
formation of DEAQ in both the reference and pro-pheroid formulations in HLM; quercetin
inhibited the formation of DEAQ in the reference formulation in MLM, but not in the propheroid formulation.
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Figure 5: Effect of pheroid technology on DEAQ formation in the presence and absence of
selective inhibitors in (a) HLM, (b) HIM, (c) MLM and (d) MIM.

In addition, as illustrated in Figure 6, the pro-pheroid formulation protected AQ from
oxidative metabolism in human recombinant CYP1A1, CYP1B1 and CYP2C8. The
recombinant CYP2C8 correlated well with the results obtained from HLM and MLM
incubations with the reference formulation.
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Figure 6: Effect of pheroid technology on AQ clearance in different recombinant enzyme
systems.

4. Discussion

The incorporation of AQ into pro-pheroids gave unexpected results in the vervet primate
model.

It is clear from Table 1 that lower concentrations of AQ were present in the

systemic circulation when compared to the reference standard. However, with HLM, MLM
and CYP2C8 in vitro the pro-pheroid formulation tended to suppress the metabolism of AQ
to its major metabolite DEAQ. The results of the MIM showed a reverse effect (Table 3).

After a single 60 mg/kg oral dose of AQ in the reference and test formulations, Cmax of AQ
was observed earlier than the Cmax of the metabolite (DEAQ) for the reference group, which
is consistent with a lag time associated with the formation of DEAQ (Table 1). Table 2
illustrated the pharmacokinetic data obtained for AQ and DEAQ in non-human primates in
the current study compares well with literature data.

The Cmax and AUC(o-last) values

obtained for AQ and DEAQ in the reference group are comparable with the Cmax and AUC(olast)

values obtained in a previous study using cynomolgus monkeys (Ramanathan-Girish et

al., 2004). Pharmacokinetics parameters for AQ and DEAQ show great inter-individual
variation (Pussard et al., 1987; White et al., 1987).

The pharmacokinetic parameters

evaluated in the current study also showed great inter-individual variation. The cause of
these inter-individual variations is unclear, but may be due in part to variability in the
capacity of the enzymes to metabolize AQ.
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It is evident from Table 1 that the concentrations of AQ and DEAQ after oral administration
of the pro-pheroid formulation were lower than those observed for the reference standard.
Though not statistically significant, the following trends were observed. For the ratios of the
means (Cmax)DEAQ:(Cmax)AQ and (AUC0-last)DEAQ:(AUC0-last)AQ for both the reference standard
and pro-pheroid formulation, it is apparent that at Cmax there is 5.8 times more DEAQ in the
whole blood after administration of the pro-pheroid formulation, while there is 4.6 times
more DEAQ in the whole blood after administration of the reference standard. Similarly, for
the mean total measured absorption (AUC0-last), there is 25.4 times more DEAQ in the
whole blood for the pro-pheroid formulation, compared to 17.5 times more DEAQ for the
reference standard. The cause of the lower AQ levels in the test group is unclear, but may
be due in part to an increased metabolic turnover of AQ after the administration of the propheroid formulation or decreased absorption.

Limited literature is available for species differences in intestinal metabolic activities of
other CYP isoforms, i.e. CYP2C8, which is involved in the biotransformation of AQ to
DEAQ. However a recent study indicated that there was a higher intestinal metabolic
activity for CYP2C8 and CYP4F in cynomolgus monkeys compared to that in humans
(Nishimuta et al., 2011). It is important to note that cynomolgus monkey CYP2C8 cDNA
has 95% homology with human CYP2C8 cDNA (Komori et al., 1992; Uno et al., 2006).
Furthermore, the CYP2C8 cDNA of the vervet monkey is very similar to cynomolgus
CYP2C8 cDNA (Uno et al., 2011). CYP4F plays an important role in the metabolism of
polyunsaturated fatty acids (PUFA) (Fer et al., 2008), one of the main components of the
pro-pheroid formulation.

Therefore we presume that when the pro-pheroid enters the

intestine of the monkey. The increased intestinal metabolic activity of CYP4F isoforms
results in rapid metabolism of the pro-pheroid. Consequently AQ is rapidly released and
metabolized by CYP2C8 that is also present in the intestine of the monkey.

This

presumption is partly supported by the in vitro metabolic stability data presented here, in
which a higher CLint for the pro-pheroid formulation in the MIM were observed compared to
the reference, HIM and MLM (Table 3).

Interestingly, the t½ of AQ in the pro-pheroid formulation is increased: t½ for the parent
compound (AQ) in the reference standard is 14.77 ± 1.82 hours, whilst for the pro-pheroid
formulation, t½ is approximately 21.84 ± 7.51 hours.

This suggests that when AQ is

incorporated in the pro-pheroid formulation, there is a longer duration of exposure in the
systemic circulation compared with that of the reference standard.

Further, this result

correlates well with results of the in vitro studies on the metabolic clearance of AQ, in which
the pro-pheroid formulation displays reduced clearance of AQ in HLM and MLM (Figures 4a
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and 4b).

The formulation was also demonstrated to protect AQ from microsomal

metabolism in recombinant enzymes CYP2C8, 1A1 and 1B1 (Figure 6).

An unexpected observation was made during the in vitro studies. We expected to see
decreased levels of DEAQ formed in the HLM, HIM and MLM studies, given that the propheroid formulation seemed to protect AQ from depletion in vitro. Despite the latter, it
seems that DEAQ is still formed.

A possible reason may be the intercession of

autoxidation of AQ. Previous studies have indicated that autoxidation of AQ occurs in a
solution at physiological pH under air (Maggs et al., 1988; Harrison et al., 1992). It is
apparent that AQ is labilized by the presence of the aminophenol moiety that is
susceptible to autoxidation.
5. Conclusion

The results of the in vivo pharmacokinetic and in vitro metabolism studies confirm the
rapid metabolism of AQ to the main metabolite DEAQ in monkeys. The results of the in
vivo PK studies indicated higher levels of AQ and DEAQ in the reference group compared
to the test group, with the exception of the extended half-life of the formulated drug. The
in vitro results suggest that pheroid technology has the ability to protect AQ from
microsomal metabolism, however a increase in the bioavailibility was not observed in our
in vivo model.
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The WHO recommends the use of artemisinin combination therapy (ACT) for the treatment
of uncomplicated P.falciparum malaria (WHO, 2010). In spite of the apparent utility of
combination therapies in suppressing emergence of resistance (White, 2004), it is
particularly alarming to note that ACTs are becoming less potent for the treatment of
malaria in Cambodia. The time given for fixed doses of an ACT to clear parasites from the
blood is increasing. This has been shown to be the result of increasing tolerance of the
malaria parasite to the artemisinins, the core component of ACTs (Cheeseman et al., 2012;
Noedel et al., 2009). The spread of artemisinin-resistant parasites will have devastating
consequences for malaria control.

Therefore, the importance of the search for new

treatment modalities that may overcome resistance, such as the development of novel
drugs, and improvements in the use of existing drug regimens to prolong the lifespan of
these regimens. Alternative drug delivery technologies such as pheroid technology have
the potential to enhance both the effectiveness of delivery and increase the bioavailability of
existing anti-malarial drugs. The aim of this study was to evaluate the effectiveness of
formulating the well-known anti-malarial drugs amodiaquine (AQ) and chloroquine (CQ) by
application of pheroid technology. Pheroids are lipophilic vesicles that have demonstrated
capacity to enhance bioavailability and efficacy of other known drugs (Steyn et al., 2010).
CQ and AQ were each evaluated in a reference formulation and in pheroid formulations. In
vivo pharmacokinetic studies were conducted for reference and pheroid formulations of CQ,
and in vitro and in vivo drug metabolism and pharmacokinetic (DMPK) studies were
conducted for AQ.
CQ, a 4-aminoquinoline, has been the mainstay for anti-malarial therapy and was widely
used before the emergence of resistant P. falciparum in 1957 (Trape et al., 1998; O’Neil et
al., 2012; Kaur et al., 2009). However, because CQ usage has been withheld for such a
long time, it is now predicted that the efficacy of CQ may return, suggesting the possible reintroduction of CQ as an important therapeutic option in combination therapies for the
treatment of malaria (Kublin et al., 2003; Laufer et al., 2006). AQ, also a 4-aminoquinoline
drug, is used as a partner drug with artesunate in one of currently used ACTs. However,
this ACT does appear to be the least effective of ACTs currently in use (White et al., 2010).
Both CQ and AQ exert their mode of action during the intra-erythrocytic stages of the
parasites life cycle, by interfering with the sequestration of heme-Fe3+ (ferriprotoporphyrin
IX), which is produced during the digestion of hemoglobin (Kumar et al., 2007; Klonis et al.,
2007). These drugs bind to heme-Fe (III) to prevent the formation of hemozoin (Müller &
Hyde, 2010; Fitch, 2004; Egan et al., 2006; Stiebler et al., 2010).

However a recent

alternative hypothesis involving drug-assisted transport of heme-Fe(III) out of the DV into
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the cytosol may more realistically account for drug action of each of CQ and AQ (Haynes et
al., 2012).
For any drug to be effective, it has to reach its site of action in quantities that are at least
sufficient to exert a therapeutic effect. In vivo availability of any active pharmaceutical
ingredient (API), that is, the drug, within a formulation can be greatly influenced by the
formulation. The latter plays an important role in ensuring the stability of the API as well as
the points of absorption and the absorption rates.

The pheroid formulation primarily

consists of ethyl esters of essential fatty acids and nitrous oxide water and has the ability to
entrap, transport and deliver hydrophilic and hydrophobic drugs of markedly different
pharmacological categories (Meyer 2002, Grobler, 2008; Steyn et al., 2011; Grobler, 2007;
Grobler & Kotze, 2006; Grobler et al., 2009). Formulations used without a water phase for
oral administration are referred to as a pro-pheroid formulation. After the application of the
drug, and once admixed with nitrous oxide water, the pro-pheroid reassembles into pheroid
vesicles. A similar process has been shown to occur in gastric fluid in vitro (Grobler, 2008).
The resulting vesicles can be manipulated in various ways to suit the solubility
characteristics of the drug molecules, which need to be delivered.

Chapter 4 describes the oral pharmacokinetic studies conducted in vervet monkeys
(Chlorocebus aethiops). Two formulations were prepared with CQ, a reference formulation
of CQ in water, and also a pheroid vesicle formulation. Monkeys were randomly divided
into two groups with one group receiving the reference formulation and the other group
receiving the pheriod vesicle formulation. The monkeys were anaesthetized with ketamine
hydrochloride to enable handling and blood sampling. The formulations were administered
at a dose of 20 mg/kg via oral gavage. Blood samples were collected by means of
percutaneous venipuncture of the femoral vein at a range of pre-determined time intervals.
The concentration of CQ in both whole blood and plasma samples were determined with a
LC-MS/MS method.

A sensitive, selective and reproducible LC-MS/MS method was developed and validated in
the Division of Clinical Pharmacology, University of Cape Town, for the quantification of CQ
in 50 μL vervet monkey whole blood and plasma and is described in chapter 3. The
accuracy and precision of the assay during validation were well within internationally
accepted criteria (EMA, 2011). The LC-MS/MS method described here involves the use of
a solvent-solvent extraction technique, resulting in a much cleaner extract. Compared to
previous LC-MS/MS methods used to quantify CQ (Singal et al., 2007; Hodel et al., 2009)
the method described here uses smaller whole blood and plasma sample volumes and
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injection volumes (2 μL). The smaller whole blood or plasma sample volume is important
for preclinical pharmacokinetic studies in monkeys in order to comply with the National
Code for animal use in research, education, diagnosis and testing of related substances in
South Africa.

The bioavailability studies in plasma after oral administration of each of the CQ reference
and pheroid formulation, resulted in a Cmax of 100.78 ± 49.96 and of 110.87 ± 29.64 ng/mL,
respectively. In contrast, the result of entrapment of CQ in a pheroid formulation indicated
a substantial improvement in bioavailability in the whole blood. The Cmax obtained for whole
blood was 1039 ± 251.04 ng/mL for the unformulated reference sample of CQ and 1753.6 ±
382.8 ng/mL for the pheroid formulation of CQ. The AUC0-inf was 37365 ± 6383 ng.h/mL
(reference) and 52047 ± 11210 ng.h/mL (pheroid).

The results show an enhanced

bioavailability of CQ after administration of the pheroid formulation. Overall, the general
enhancement of CQ levels in the whole blood correlates well with other findings
(Gustafsson et al., 1983; Bergqvist & Domeij-Nyberg, 1983) and supports the idea that
pharmacokinetic studies for CQ should be conducted using whole blood. Use of pheroid
formulations further enhances CQ levels in whole blood; in fact the whole blood content of
CQ was nearly double for the test formulation when compared to the reference formulation
in both cases.

In general it can be concluded that pharmacokinetic data obtained for CQ delivered
compelling evidence in favour of the ability of pheroid technology to enhance the
bioavailability of CQ. Studies rendered major improvements in the observed Cmax and AUC
of CQ in whole blood.

The pheroid vesicle formulation had the ability to enhance

intracellular absorption of CQ. It is important to keep in mind that the disease-generating
phase of the malaria parasite arises during the intra-erythrocytic life cycle. Thus the use of
pheroid formulations is of potential importance in relation to the enhancement of efficacy of
CQ against the intra-erythrocytic stages of the malaria parasite. The use of CQ in pheroid
formulations may prove to be an essential component in anti-malarial combination therapy
regimens.

The entrapment of AQ in a pro-pheroid formulation did not produce such promising results.
Oral pharmacokinetic studies were conducted in two groups of vervet monkeys, with the
reference group receiving capsules containing the hydrochloride salt of AQ and the test
group receiving capsules containing a pro-pheroid formulation of AQ. Blood concentrations
of AQ and N-desethylamodiaquine (DEAQ) were monitored over 13 time points.
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addition, AQ and pro-pheroid formulations of AQ were incubated in vitro with human and
monkey liver (HLM and MLM) and intestinal (HIM and MIM) microsomes and recombinant
cytochrome P450 enzymes.
Both the in vitro and in vivo studies confirmed the rapid metabolism of AQ to the main
metabolite DEAQ in monkeys.

The pharmacokinetic parameters varied greatly.

Parameters for AQ and DEAQ in the test (pro-pheroid) group were lower compared to those
observed in the reference group. During incubations with HLM, MLM and CYP2C8, the
pro-pheroid formulation showed significantly longer AQ clearance and slower formation of
DEAQ. However, the effect was reversed in MIM. Though not statistically significant, the
following trends were observed, at Cmax there was 5.8 times more DEAQ present in the
systemic circulation compared to 4.6 times more in the reference group. The same was
true for the AUC0-last. These findings were indicative of an increase in the metabolism of AQ
after the administration of the pro-pheroid formulation and could possibly explain the lower
levels of AQ for the test group. A recent study indicated a higher intestinal metabolic
activity for CYP2C8 and CYP4F in cynomolgus monkeys compared to that in humans
(Nishimuta et al., 2011). We therefore speculate that when the pheroid vesicles is absorbed
in the intestine of the monkey the increased intestinal metabolic activity of CYP4F isoforms,
which is responsible for the metabolism of polyunsaturated fatty acids (Fer et al., 2008)
results in rapid metabolism of the pheroid vesicles. Consequently the AQ is rapidly released
and metabolized by CYP2C8 that is also present in the intestine of the monkey. This
speculation was partly supported by the in vitro metabolic stability data presented in this
thesis, in which a higher CLint for the pro-pheroid formulation in the MIM was observed
compared to the reference, HIM and MLM.
The pheroid formulation did not enhance the absorption and bioavailability of AQ or DEAQ.
This is contrary to the observed effects of pheroid technology on the PK of other drugs such
as artemisone and CQ where the formulation increases AUC and prolongs the drug halflife.
Recommendations to consider for future studies on CQ, AQ and pheroid technology may
include the following:
Complete metabolic studies should be conducted to determine the involvement of
the CYP P450 enzymes, especially the CYP 4F family in the metabolism of the
pheroid delivery system. The involvement of mitochondrial metabolism should also
be examined.
The stability profile of AQ and other compounds supceptible to oxidation, entrapped
in pheroid formulations should be investigated, as it is apparent that AQ and DEAQ
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are susceptible to autoxidation due to the presence of the 4-hydoxyanilino aromatic
moiety in AQ. It will be important to establish if the components of the pheroid
formulation may possibly influence this process.
DNA integrity (Comet assay) studies should be conducted on all pheroid
formulations.

The efficacy both in vitro and in vivo of chloroquine in combination with other anti-malarial
drugs should be evaluated in combination with pheroid formulations, as these combinations
may prove to be of great value in the near future.
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