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a b s t r a c t

Studies with laboratory animals have demonstrated fatal neurotoxicity that is associated with adminis-
tration of artemether (AM) and arteether (AE) intramuscularly or artelinic acid (AL) orally. Toxicokinetic
studies showed oil-soluble artemisinins form a depot at the intramuscular injection sites, which is asso-
ciated with fascia inflammation in muscles. Oral administration of AL induces a gastrointestinal toxicity
that is linked with delayed gastric emptying. These effects suggest that the exposure time of artemisinins
was extended due to drug accumulation in blood, and this in turn resulted in neurotoxicity. In the present
report, the drug exposure time with a neurotoxic outcome (neurotoxic exposure time) was evaluated as
a predictor of neurotoxicity in vivo. The neurotoxic exposure time represents a total time spent above a
lowest observed neurotoxic effect levels (LONEL) in plasma. The dose of AE required to induce minimal
neurotoxicity requires a 2–3 fold longer exposure time in rhesus monkeys (179.5 h) than in rats (67.1 h)
and dogs (103.7 h) by using a daily dose of 6–12.5 mg/kg for 7–28 days, indicating that the safe dosing
duration in monkeys should be longer than 7 days under the exposure. The neurotoxic exposure time of
artemisinins could be longer in humans as the comparison of monkeys to humans is likely more relevant

than from rodents or dogs. Oral AL required much longer exposure times (8-fold) than intramuscular
AE to induce neurotoxicity, suggesting that water-soluble artemisinins appear to be much safer than
oil-soluble artemisinins. Due to lower doses (2–4 mg/kg) used with current artemisinins and the more
rare use of AE in treating humans the exposure time is much shorter in humans. Therefore, the current
regimen of 3–5 days dosing duration should be quite safe. These findings support a recently published
WHO guide for malaria treatment with artemisinin regimens, such as artemisinin-based combination

therapies and injectable artesunate, to avoid neurotoxicity.

Published by Elsevier Ireland Ltd.
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. Introduction

Artemisinin class compounds act rapidly against drug-resistant
. falciparum strains, and are widely used for the treatment of var-
ous malarias in humans. The CNS effects from artemisinins that
ave been observed in laboratory animals are worrying, but dif-
cult to interpret clinically. In the animal toxicity studies of the
il-soluble artemisinin compounds such as artemether (AM) and
rteether (AE), the minimal dose of multiple intramuscular injec-
ions producing neuropathological findings was 12.5 mg/kg for 7
ays in rats, 6 mg/kg for 28 days in dogs, or 8 mg/kg for 14 days in
hesus monkeys (Brewer et al., 1994a, 1998; Classen et al., 1999;
enovese et al., 1995; Kamchonwongpaisan et al., 1997; Li et al.,
007; Petras et al., 1997). A similar finding was observed for oral
rtelinic acid (AL), which was reported to have similar pathological
eurotoxicity in rats following an oral dose at 160 mg/kg daily for
days (Si et al., 2007). However, there was little clinical or neu-

opathological evidence of the neurotoxicity found at high dose
evels of over 200 mg/kg/day for 28 days in mice treated with oral
M, artesunate (AS), and dihydroartemisinin (DHA) (Nontprasert
t al., 1998, 2000, 2002).

The water-soluble artemisinin derivatives, AS and AL, were
esigned for intravenous injection. Up to now, no neurotoxicity
pathologic or behavioural) has been observed in animal species fol-
owing intravenous administration at any repeated dose up to the

aximum tolerated dose (MTD). The MTDs of AS and AL have been
hown to be 240 and 80 mg/kg, respectively, following intravenous
njection daily for 3 days, and neurotoxicity was not detected in
hese rats (Xie et al., 2005). In another study, intravenous AS had
o effect on neurotoxicity scores at 120 mg/kg when adminis-
ered in sodium carbonate daily for 7 days (our unpublished data).
fter single intramuscular injection, a high dose of 420 mg/kg of
S or AL did not produce any neuronal necrosis in rats. Up to
00 mg/kg of AS administered orally daily for 5–7 days did not
esult in neuronal changes or any specific clinical signs (Dayan,
998).

To date, no systematic toxicity has been reported in humans,
espite the use of artemisinin and its derivatives in clinical trials
esigned with special emphasis on neurological symptoms such as
ovement, hearing, vestibular, or cerebral abnormalities (Efferth

nd Kaina, 2010). However, in many of these patients, it is entirely
ikely that the reason there were no reports from single episodes
f CNS events is due to the fact that they were severely ill mak-
ng it difficult to distinguish between CNS events related to the
rug and CNS events related to malaria. Severe malarial infection

tself, particularly cerebral malaria in multi-drug resistant strains in
he developing world, can leave patients with decreases in neural
unction. This occurrence has made characterization of potential
eurotoxic effects of the artemisinin derivatives very difficult to
scertain, even though these drugs are clinically utilized in ever
rowing numbers.

Five cases have been reported that suggest episodes of neu-

otoxicity due to multiple courses of artemisinins therapy (Elias
t al., 1999; Franco-Paredes et al., 2005; Haq et al., 2009; Miller
nd Panosian, 1997; Panossian et al., 2005). These reports may
onstitute evidence of a causal association that merits further
nvestigation. The possibility exists that repeated and longer dura-
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

tion administration of artemisinin compounds in malaria endemic
areas could result in cumulative neuronal damage, especially since
these drugs are often freely available for use in tropical coun-
tries. Although the authors reported that the toxicity is drug
related, there is considerable disagreement regarding these puta-
tive episodes of neurotoxicity and the evidence of such a causal
association may or may not be only related to artemisinin admin-
istration (Gachot et al., 1997; Newton et al., 2005; White et al.,
2006).

From the above controversy, it seems necessary to confirm the
observations of the neurotoxicity presented in animal species but
rarely observed in humans. At least, we need to provide evidence
for an indicator to determine whether the possible neurotoxicity
noted in animals will occur in humans. Otherwise, the argument
over possible artemisinin-associated neurotoxicity will be an end-
less debate with no substantive answers. In the present review,
drug exposure time to induce neurotoxicity from artemisinins in
animal species is summarized from the available pharmacologi-
cal literature. The drug accumulation and prolonged exposure time
that accompanies neurological effects should be concluded as a
more important marker to determine and predict neurotoxicity
than other factors.

2. Prolonged exposure time by accumulation of
artemisinins

Previous studies (Li et al., 2006, 2007) have demonstrated that
the neurotoxicity of artemisinins does not significantly depend
on the conversion rates of artemisinin to DHA (a common active
metabolite of artemisinin), the artemisinin distribution in the CNS,
or the higher exposure levels (Cmax and AUC) of artemisinins
in plasma. However, the neurotoxicity of artemisinins is highly
dependent on the drug exposure time. These studies also demon-
strated that the only artemisinin drug accumulation in plasma was
found in animals with multiple doses of AE and AM administered
intramuscularly and with multiple doses of AL administered orally.
Due to a drug induction metabolism, a decline in drug concentra-
tion in plasma was observed in repeated dosing of artemisinins
(QHS, AS, AM, and DHA) during multiple oral treatments in malaria
patients and healthy subjects (van Agtmael et al., 1999; Ashton
et al., 1996, 1998; Khanh et al., 1999; Li et al., 2004; Park et al.,
1998). The Cmax and AUC values were markedly reduced from one-
third to one-seventh on the last dose day compared with the first
day. The decrease in drug exposure levels during treatment is not
disease-related, since the artemisinin drug PK of treated patients is
similar to that reported in healthy subjects. Similar time-dependent
declines (Fig. 1) were also found in animal species treated with
intravenous (Li et al., 2005), intramuscular AS (Li et al., 2007), and
oral AM (Classen et al., 1999).

2.1. AM and AE accumulation after intramuscular injections
TK data demonstrates that AE and AM accumulation in plasma
is observed in rats (Li et al., 1999), beagle dogs (Classen et al., 1999),
rhesus monkeys (Li et al., 2007), and humans (Kager et al., 1994)
following multiple intramuscular injections. Data collected from
rat studies show that the accumulation of AE in plasma is due to a
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Fig. 1. Pharmacokinetic profiles measured by HPLC-ECD (markers) and computer
fitted curves of 36.7 mg/kg of intravenous artesunate (AS, top, dashed line), and its
active metabolite DHA (top, solid line) once daily for 3 days (Li et al., 2005). Study of
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Fig. 2. Pharmacokinetic profiles measured by HPLC-ECD (markers) and computer
fitted curves (solid line) of arteether (AE) in sesame oil in rats at daily dose of
25 mg/kg for 7 days (top, Li et al., 1999), in beagle dogs at daily dose of 15 mg/kg for
5 mg/kg of intramuscular artemether (AM, middle) was dosed daily for 7 days in
ats (Li et al., 2007). Another PK profiles after oral dose at 600 mg/kg of AM (bottom)
aily for 7 days in beagle dogs (Classen et al., 1999).

low and prolonged absorption from the injection sites. The elim-
nation t1/2 of AE after 7 daily doses was prolonged from 13.7 h
n the first day of dosing to 31.2 h on the last dosing day (Li et al.,
999) (Fig. 2, top). AE accumulation was also observed in beagle
ogs with severe neurotoxicity and death after daily intramuscular
dministration of 15 mg/kg for 14 days (Li et al., 2006). The elimina-
ion t1/2 of AE after dosing for 14 days was prolonged from 11.9 h
n day 1 to 21.5 h on day 14 (Fig. 2, middle). Similar accumulation
esults for AM were reported in dog plasma after daily intramus-
ular administration of 20, 40, and 80 mg/kg for 7 days (Classen
t al., 1999). The analysis of TK parameters on day 2–7 was sig-
ificantly different, when compared to the parameters estimated

n day 1. The elimination t1/2 of AM after 7 daily doses increased
rom 9 h on the first day of dosing day to 37 h on the last day of dos-
ng, suggesting that the exposure time of AM had greatly increased.

oreover, accumulation of AE was shown in the plasma of rhesus
14 days (middle, Li et al., 2007), and in rhesus monkeys at daily dose of 16 mg/kg
for 14 days (bottom, our unpublished data). The lowest observed neurotoxic effect
level (LONEL, dashed line) from AE measurement was estimated 41.32 ng/ml in rats,
40.92 ng/ml in dogs, and 193.8 ng/ml in rhesus monkeys, respectively.

monkeys after daily intramuscular administration of 16 mg/kg for
14 doses (Fig. 2, bottom). The elimination t1/2 of AE after 14 daily
doses increased from 22.6 h on day 1 to 82.1 h on day 14 (Li et al.,
2006).

2.2. AL accumulation after intragastric administration

Oral administration of AL also induces a gastrointestinal toxi-
city that is associated with delayed gastric emptying. Rats dosed
with 160 mg/kg of AL daily for 9 days showed moderate neurotoxi-
city during treatment due to prolonged absorption in the stomach.
Comparison of the day 1 and day 9 results revealed that the tox-
icokinetic parameters were very different. A significantly longer
(3.82-fold) elimination half-life was noted on day 9 (10.7 h) in
comparison to that observed on day 1 (2.8 h). This prolonged elimi-
nation results in drug accumulation. The mean AUC of AL was higher
on the last day of dosing (168.01 �g h/ml) than the AUC observed

on day 1 (128.38 �g h/ml). Furthermore, progressive delayed gas-
tric emptying and drug accretion were only found in rats treated
with 160 mg/kg of AL. These results imply that the observations of
delayed gastric emptying in turn resulted in AL accumulation and
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Table 1
Muscle injury severity in the injection site areas following repeated arteether (AE) and artemether (AM) injection with vehicle sesame oil by multiple daily intramuscular
dosing at 25 mg/kg for 7 days (n = 3) in rats (our unpublished data).

Datea Findings Sesame oil control AE AM Studentb t-test

Day 7 Fascial inflammation, pseudocysts,
muscle necrosis, and hemorrhage

1.75 ± 0.43 3.17 ± 0.37 2.50 ± 0.50 P = 0.0019

Day 10 Fascial inflammation, pseudocysts, 1.50 ± 0.50 3.00 ± 0.58 2.00 ± 0.0 P = 0.0045
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inding severity were grading as 0: no significant lesions; 1: minimal; 2: mild; 3: m
a Day 7 and 10 are one and four days, respectively after last treatment of daily do
b The t-test was conducted between animals treated both with AE and AM in ses

he mean half-life of AL was correspondingly extended on the last
osing day compared to day 1 (Si et al., 2007).

.3. Relationship of drug accumulation to prolonged absorption

The intramuscular administration of AM and AE was associated
ith a slow absorption because the drugs were dissolved in sesame

il that, when injected, formed a depot from which drug was slowly
eleased (Kager et al., 1994; Li et al., 2004). The slow elimination
f AE was recently demonstrated in a rat study, which also found
great deal of accumulation in plasma from injection sites (Li et

l., 1999). Following 25 mg/kg of AE in sesame oil daily intramus-
ular injections for 7 days, the results confirmed and extended the
esults of earlier studies (Li et al., 1998a) by demonstrating that the
bsorption of AE from the injection site of the muscle was incom-
lete. This study also indicated that up to 38% of the total single
ose of AE remained in the injection site 24 h after dosing, and 22%
f the total single dose still remained in the muscle after 48 h. Fol-
owing 7 days of multiple IM dosing of AE (25 mg/kg), 91.4% of a
ingle dose (25 mg/kg/day) was still left in the muscles from the
njection sites 24 h after last dose (Li et al., 1999).

Our histopathological data demonstrates that the cytotoxicity
f the drug on the muscle cell was determined at the injection site
Table 1). The severity of the damage was graded where no signif-
cant lesion detected is scored as 0; subacute to minimal damage
nd mild inflammation is scored as 1–2; damage along the connec-
ive tissue and between major skeletal muscle bundles showing
ubacute to chronic inflammation is scored as 2–3; inflammation
bserved rarely extending into or between muscle fibers is scored
s 3–4; prominent muscle damage with coagulative necrosis sur-
ounded by a reparative response of fibroplasia, fibrosis, skeletal
uscle regeneration, and muscle atrophy is scored as 4–5. The dis-

ribution of damage observed involves major muscle bundles and
ccurs in linear tracts, so it likely represents a direct effect of the
njected drug and/or vehicle on the muscle.

Overall, the rats in the 7-day group (24 h after last treatment)
ad more severe lesions than those in the 10-day group (96 h after

ast dosing), and the animals treated with AE had significantly more
evere lesions than those treated with AM (Table 1). The results
how that the chronic inflammation of the muscle located at the
ite of AE injection is more severe (moderate severity 3.00–3.17)
han the inflammation noted at the AM injection site (mild severity
.00–2.50). The inflammation of muscles induced by AE and AM

njection may, therefore, be a factor prolonging the absorption from
uscles.
Another report of drug accumulation is illustrated in rats dosed

ith 160 mg/kg of AL daily for 9 days. These rats showed moder-
te neurotoxicity due to prolonged oral absorption in the stomach
Si et al., 2007). This reservoir is similar to the depot effect seen

ith the oil-soluble artemisinins (AM and AE) at the intramuscular

njection sites. The stomach contents were examined in rats in the
aily 160 mg/kg dosing regimen for AL at 8 and 24 h post dosing
t different time points during the study. On days 3, 5, 7, and 9,
e detected 0, 46.52, 178.59, and 486.21 �g of AL/g in the stom-
te; 4: marked; 5: severe.
7 days. The date is given the dosing day as day 0.

il.

ach contents at 8 h after the last dose. The increasing amount of
drug observed remaining in the stomach over the course of dosing
shows that gastric emptying is inhibited (Kaplan et al., 1992; Li et
al., 1998b; van der Velde et al., 1999). The inhibition of gastric emp-
tying progresses from mild on day 5 to severe inhibition on day 9.
This inhibition persisted even at 24 h post dosing. At twenty-four
hour post dosing on days 5, 7, and 9, we found 5.74, 25.50, and
29.11 �g of AL/g in the stomach contents, respectively. It is postu-
lated that this decrease in GI motility could result from a decrease
in vagal tone due to a decrease in sympathetic outflow (Hull and
Maher, 1990).

3. Lowest observed neurotoxic effect level (LONEL)

Drug accumulation extends the drug exposure time, which is
a major factor inducing neurotoxicity (Li et al., 2006). The cur-
rent methodology for assessing no observed adverse effect level
(NOAEL) involves identifying the highest concentration or dose
administered that does not cause a statistically significant or bio-
logically significant response to treatment in comparison to the
control group. In the present report, the lowest observed neurotoxic
effect level (LONEL) represents the minimal plasma concentration
associate with the lowest dose that is found to cause a neuro-
logically and/or statistically significant response to treatment in
comparison to the control group. Therefore, determining the neu-
rotoxic exposure time (drug exposure time spent above the LONEL)
is critical, and the LONEL should also be determined before evalu-
ating the drug neurotoxic exposure time for each drug in various
animal species.

3.1. LONEL of intramuscular AE and oral AL in SD rats

Genovese et al. (1998) estimated that a minimal daily dose of AE
at 6.25 mg/kg for 7 days resulted in no observed neurotoxic effect
dose (NONED) defined by AE dosing not resulting in histopatholog-
ical findings in rats. Statistically significant neuropathology in brain
stem nuclei, however, was observed in a group of rats treated with
12.5 mg/kg for 7 days. These results demonstrate that AE-induced
brainstem neuropathology in rats can occur at the relatively high
dose of 12.5 mg/kg (double the NONED dose) for 7 days. The low-
est plasma AE concentration of 41.32 ng/ml has been determined
following intramuscular dose at 12.5 mg/kg by the previous stud-
ies (Li et al., 1999, 2002). Based on the NONED value of 6.25 mg/kg
obtained, it was possible to correctly identify the minimal neuro-
toxic effect level at 41.32 ng/ml, which has been defined as a LONEL
in the rat plasma. Administration above this concentration with a
certain exposure time should result in neuropathological effects
(Dayan, 1998; van Agtmael et al., 1999; Brewer et al., 1994b).

In a TK simulation, 7 multiple AE treatments using 12.5 mg/kg

doses were administered intramuscularly in rats (Li et al., 2002),
and the exposure time of 67.1 h in plasma was estimated as the min-
imum time spent above the LONEL concentration of 41.32 ng/ml.
This treatment was successful in inducing positive neurotoxic-
ity, confirmed by histopathological examination (Genovese et al.,
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Table 2
Drug accumulation, exposure level and neurotoxic exposure time of arteether (AE), artemether (AM), artesunate (AS) and artelinic acid (AL) at over the lowest observed
neurotoxic effect level (LONEL) in rats, dogs, and rhesus monkeys concerning with histopathological neurotoxicity after various dose regimens (Li et al., 2007; Si et al., 2007).

Sprague–Dawley rats Arteether, IM (sesame oil) Arteether, IM (1:2 CRM/saline) Arteether IMa (sesame oil) Artesunate, IM (5% NaHCO3)

Neurotoxicity Severe and death Moderate Minimal No
Dose 25 mg/kg × 7 25 mg/kg × 7 12.5 mg/kg × 7 25 mg/kg × 7
AUC 1–7 D (�g h/ml) 16.92 ± 4.04 46.29 ± 2.06 8.64 ± 4.11 8.57 ± 3.34
Cmax day 1 (ng/ml) 130 ± 39 1227 ± 171 56 ± 16 3981 ± 992
Cmax day 7 (ng/ml) 410 ± 91 1826 ± 118 173 ± 48 2078 ± 416
LONEL (ng/ml) 41.32 41.32 41.32 41.32 (from AE)
Exposure time (h)b 164.3 ± 7.9 103.0 ± 5.3 67.1 ± 5.8 22.3 ± 4.9

Sprague–Dawley rats Artelinic acid oral (suspension) Artelinic acid oral (suspension)

Neurotoxicity Moderate Minimal
Dose 160 mg/kg × 9 288 mg/kg × 5
AUC 1–9 D (�g h/ml) 1420 ± 454 1302 ± 905
Cmax day 1 (ng/ml) 113 ± 83 149 ± 109
Cmax day 9 (ng/ml) 122 ± 71 143 ± 93
LONEL (ng/ml) 346.26 346.26
Exposure time (h)b 186.0 ± 28.0 75.0 ± 12.0

Beagle dogs Arteether, IM (sesame oil) Artemether, IM (peanut oil) Arteether IMa (sesame oil) Artelinic acid oral (capsules)

Neurotoxicity Severe and death Moderate Minimal No
Dose 15 mg/kg × 14 20 mg/kg × 7 6 mg/kg × 28 25 mg/kg × 14
AUC 1–7, 14, or 28 D (�g h/ml) 24.39 ± 18.04 32.13 9.86 ± 6.55 191.14 ± 90.80
Cmax day 1 (ng/ml) 90 ± 15 190 38 ± 5 6279 ± 2995
Cmax day 7, 14, or 28 (ng/ml) 352 ± 203 346 145 ± 83 7177 ± 6248
LONEL (ng/ml) 40.92 40.92 40.92 40.92 (from AE)
Exposure time (h)b 277.6 ± 10.7 174.0 103.7 ± 8.6 47.4 ± 11.8

Rhesus monkeysc Arteether, IM (sesame oil) Arteether IMa (sesame oil)

Neurotoxicity Moderate Minimal
Dose 16 mg/kg14 8 mg/kg × 14
AUC 1–14 D (�g h/ml) 70962 ± 4588 31245 ± 2614
Cmax day 1 (ng/ml) 63 ± 9 38 ± 5
Cmax day 14 (ng/ml) 1038 ± 622 527 ± 306
LONEL (ng/ml) 193.80 193.80
Exposure time (h)b 307.4 179.5
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HA: dihydroartemisinin; CRM: cremophor; AUC: area under the curve; IM: intram
a PK data were simulated from our previous studies.
b The exposure times above LONEL concentration were calculated with neurotox
c The monkey results are from our unpublished data.

998) (Table 2). The result demonstrated that AE-induced brain-
tem injury occurred during a minimal period of 67.1 h in plasma
xposure above LONEL. In other words, the LONEL (41.32 ng/ml) for
eurotoxicity of AE was estimated based on 100% positive findings
f neuropathology following dosing at 12.5 mg/kg day for 7 days in
ats (Li et al., 1999, 2002).

Recently, AL showed a moderate neurotoxicity confirmed by
istopathology after treatment with 160 mg/kg daily for 9 days,
ut a minimal neuronal degeneration was observed following 5
oses of 288 mg/kg every other day in rats. However, the total dose
1440 mg/kg) and duration (9 days) were identical (Si et al., 2007).
he different neurotoxic results could be due to a prolonged expo-
ure time (186 h) in the 160 mg/kg group in comparison to the
horter time (75 h) spent above the LONEL in the 288 mg/kg group
Table 2). Based on the minimal inhibition of gastric emptying on
he day 5 and histopathological test in animals treated with oral AL
aily for 9 days, the LONEL was calculated as 346.26 ng/ml in this
tudy (Fig. 3). This data demonstrates that AL induced moderate
rainstem injury at a severity of 3.25 during a neurotoxic exposure
ime of 186.0 h in rats. After reducing the exposure time from 186.0
o 75.0 h with the dose regimen at 288 mg/kg every other day for 5
oses, AL could induce toxicity to a minimal brainstem wound at a

everity of 1.17.

This study also showed that the LONEL value (346.26 ng/ml)
ollowing oral AL administration in rats is approximately 8-fold
igher than that (41.32 ng/ml) after intramuscular AE. Intramus-
ular injection of 14C-arteether was compared to intravenous
ar.

ome.

administration of 14C-artelinic acid in rats. The results of this
study showed 0.89% total radioactivity in brain after 14C-arteether
administration while the administration of 14C-artelinic acid in rats
showed 0.1% of total radioactivity in the brain (Li et al., 2005). This
result suggests that 14C-labelled AL is less capable of penetrating
through the blood–brain barrier than 14C-arteether.

3.2. LONEL of intramuscular AE in beagle dogs

Davidson (1994) showed that a minimal daily dose of AE at
3 mg/kg for 28 days is a NONED that does not cause clinical
neurotoxicity or pathology in beagle dogs. AE-induced brain-
stem neuropathology has been detected with a dose as low as
5 mg/kg/day as shown by Brewer et al. (1994a,b, 1998), 6.25 mg/kg
observed by Dayan (1998), and 6.75 mg/kg observed by Davidson
(1994) in dogs based on a daily dose for 28 days. Based on these
three findings, the calculated average of the minimal dose neces-
sary to produce neurotoxicity by histopathology in dogs is 6 mg/kg
daily for 28. The minimal plasma concentration of AE with a dose of
6.0 mg/kg daily for 28 days has been estimated at 40.92 ng/ml and
this value could, therefore, be defined as a LONEL in plasma. The

LONEL of 40.92 ng/ml should be the first “at risk” level for caus-
ing neurotoxicity in dogs at a daily dose of 6 mg/kg for 28 days (Li
et al., 2006). As a result, the LONEL for toxicity of AE in dogs was
estimated based on all positive findings of neuropathology in these
animals.
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Fig. 3. Pharmacokinetic profiles measured by HPLC-ECD (markers) and computer
fitted curves (solid line) of oral artelinic acid (AL) in suspension at 160 mg/kg daily
for 9 dosages (top, n = 5), and oral AL at 288 mg/kg every other daily for 5 dosages in
r
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at 288 mg/kg every other day for 9 days, neuronal degeneration was
ats (bottom, n = 4) (Si et al., 2007). The two regimens have same total dose with
440 mg/kg and same treatment period for 9 days. The lowest observed neuro-
oxic effect level (LONEL) was defined as the plasma level of 346.26 ng/ml, at which
norectic and neuropathological toxicities were noted in daily dosing cohort of rats.

In the TK simulation of 28 repeated AE treatments at 6 mg/kg
osed intramuscularly in beagle dogs, the exposure time of 103.7 h

n plasma was estimated as a minimum time above the LONEL
40.92 ng/ml) to induce positive neurotoxicity, which was con-
rmed by histopathological examination (Brewer et al., 1994b;
avidson, 1994; Dayan, 1998) (Table 2). The result demonstrated

hat AE-induced brainstem injury occurred during a minimal period
f 103.7 h at a dog plasma exposure above this LONEL. Therefore,
he LONEL for neurotoxicity of AE was simulated based on 100%
ositive finding in neuropathology at daily 6 mg/kg for 28 days in
eagle dogs (Li et al., 2006, 2007).

.3. LONEL of intramuscular AE in rhesus monkeys

Since AE-induced brainstem neuropathology in rhesus mon-
eys occurred at a minimal dose of 8 mg/kg daily doses for 14
ays (Petras et al., 1997, 2000), the LONEL of AE was estimated at
93.8 ng/ml. This estimate is based on our TK analysis at 16 mg/kg
btained from 14 days repeated dose studies that should result
n a neuropathological determination (Petras et al., 1997; Li et al.,

006, 2007). In the TK simulation of 14 repeated AE treatments at
mg/kg intramuscularly in monkeys, the neurotoxic exposure time
f 179.5 h in plasma was also calculated as a minimum time spent
bove the LONEL (193.8 ng/ml) to necessarily induce pathological
ogy 279 (2011) 1–9

neurotoxicity. The result demonstrated that AE-induced brainstem
injury occurred during a minimal duration of 179.5 h in the neu-
rotoxic exposure time of AE (Li et al., 2006, 2007). The result also
shows that the LONEL value of 193.8 ng/ml in rhesus monkeys is 4-
fold greater than that of rats (41.32 ng/ml) and dogs (40.92 ng/ml),
indicating that rats and dogs seem to be more vulnerable than
rhesus monkeys to neurotoxic artemisinin-induced toxicity.

4. Artemisinin exposure time with neurotoxic effects

To determine the relationship between drug exposure time and
neurotoxic effects after artemisinin administration at various dose
regimens, we calculated the neurotoxic time that the drug plasma
level was spent above the LONEL. Although the LONEL is a minimum
observed neurotoxic effect level, a certain exposure time was nec-
essary to determine the neurotoxic effects in our previous studies
where artemisinins were shown to produce neurotoxicity. This pro-
cess gave us an initial estimation of drug LONEL and exposure time
and allowed us to correlate these data with observed histopathol-
ogy or neurotoxic effects from artemisinins with various regimens
in animal species.

4.1. TK/TD analysis of AE and AL in Sprague–Dawley rats

A neurotoxicity study was conducted to compare AE in two vehi-
cles, sesame oil and cremophore (Li et al., 2002). We calculated
what the exposure time of AE with sesame oil would be after dosing
over the LONEL (41.32 ng/ml) in rats, and the neurotoxic exposure
time we determined was 164.3 h in a 7-day treatment period after
daily 25 mg/kg intramuscular injections. The total neurotoxic expo-
sure time of AE with a formulation of 1:2 cremophore/saline at
the same dose regimen was 103.0 h, which was over one-third less
than with AE in sesame oil. The neurotoxicity outcomes in those
rats were reduced from severe to moderate. After simulating the
TK data on daily dosing at 12.5 mg/kg for 7 days (Li et al., 2007),
the drug exposure time spent over the LONEL was only 67.1 h and
the neuropathological toxicity was further reduced to a minimum
(Genovese et al., 1998), demonstrating that drug exposure time
plays a key role in the development of neurotoxicity (Table 2).

The drug exposure periods of intramuscular AL and AS at the
same dose regimen above the concentration of LONEL, which was
calculated from the AE study, were 42.48 and 22.3 h (Table 2),
respectively, and were significantly shorter (4–7 fold) without any
neurotoxic outcomes in comparison to that (164.3 h) observed with
intramuscular AE treatments at same dose in rats (Li et al., 2007). It
is important to note that the exposure times of AL and AS were also
much shorter than a minimal exposure time of 67.1 h (Table 2). The
animals treated with AL and AS would have avoided the risk and,
therefore, likely avoided the neurotoxic outcome expected due to
a reduction of drug exposure times. This result suggests that the
shorter exposure times of AL and AS spent above the LONEL seems
to be a major factor for avoiding clinical neurotoxicity.

In a similar case, the neurotoxic exposure time for oral AL was
186 h which defines the exposure period threshold to achieve neu-
rotoxicity (Fig. 3, top). These results indicate a correlation between
the neuropathology observed in rats and a prolonged AL expo-
sure time. The AL exposure time was related to an accumulation of
drug in the plasma resulting from delayed gastric emptying, which
induced prolonged absorption of the drug from the stomach (Si et
al., 2007). When rats were treated intermittently with 5 doses of AL
minimal (significantly different from that of vehicle control group)
until day 7 after the last treatment (Table 2). The minimal exposure
time required to induce neurotoxicity in these animals was calcu-
lated to be 75 h (Fig. 3, bottom). The data, therefore, indicates that
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y shortening the drug exposure time at LONEL level, it is possible
o reduce the risk of neurotoxicity.

.2. TK/TD analysis of AE and AL in beagle dogs

AE accumulation was also observed in plasma of beagle dogs
fter daily intramuscular administration of 15 mg/kg for 14 days
Li et al., 2006). The mean concentration–time profile of AE in the
eagle dog is shown in Fig. 2 (middle). The significant changes were
ound to involve different parameters of AUC and drug half-lives.
he elimination t1/2 of AE was prolonged from 11.9 h on the first
osing day to 22.5 h on the last dosing day, suggesting that the
xposure time of AE had been nearly doubled. Also, the LONEL
40.92 ng/ml) of AE in beagle dogs was first reached in that study
n day 6–7 (Li et al., 2006). Therefore, day 6–7 would be the earliest
ime to cause neurotoxicity in these beagle dogs with the high dose
evel, based on the TK data analysis.

When estimating the exposure time of AE at concentrations
bove the LONEL (40.92 ng/ml), the exposure period calculated was
77.59 h in this 14 day study after a daily intramuscular injection of
5 mg/kg in dogs which resulted in severe neurotoxicity and death
Table 2). Compared with AL dosing of suspension or capsules by
ral administration, the neurotoxic exposure times were calculated
o be 57.9 h for AL suspension, and 47.4 h for AL capsules (Table 2).
he animals treated with oral AL showed no neurotoxic outcomes
ue to the shorter drug exposure times with LONEL, which are
ven shorter than the minimal neurotoxic exposure time of 103.7 h
equired to induce a minimal pathological neurotoxicity in beagle
ogs (Table 2).

.3. TK/TD analysis of AE in rhesus monkeys

Substantial plasma accumulation of AE was shown in the plasma
f rhesus monkeys after daily intramuscular administration of AE
t 16 mg/kg for 14 days (Fig. 2, bottom). Based on a minimal injury
o the neuronal population in the monkeys treated with 8 mg/kg
aily for 14 days, it was possible to correctly identify 193.8 ng/ml
s the LONEL (Li et al., 2006, 2007). The neurotoxic exposure period
f AE was calculated as 307.4 h in the study following the daily
ntramuscular injection of 16 mg/kg for 14 days in the monkeys

ith moderate neurotoxicity (Petras et al., 1997, 2000) (Table 2).
his calculation was based on the estimated exposure time of AE
bove the LONEL concentration (193.8 ng/ml). The longer neuro-
oxic exposure time is likely the key factor involved in the induction
f neurotoxicity in rhesus monkeys (Li et al., 2007).

The rhesus monkeys treated with intramuscular AE at 8 mg/kg
aily for 14 days showed that the drug exposure time spent above
ONEL with minimal pathological toxicity was estimated at 179.5 h,
hich was shorter than the exposure time (307.4 h) from a previous

tudy following daily intramuscular administration of 16 mg/kg for
4 days (Li et al., 2006).

. Artemisinins exposure time can assess and predict
eurotoxicity

Even though no animal species exists with which the neu-
otoxicity of artemisinins in man can be completely mimicked,
he comparison of monkeys to humans is the closest that can be
chieved. With animal experiments, only certain aspects of the
hole complex TK/TD environment can be analyzed. In order to

chieve a prediction of neurotoxicity based on TK/TD parameters

uccessfully, the choice of animal species and the experimental set-
p have to be chosen carefully to represent the conditions existing

n humans in as suitable a model as possible. The more the model
eviates from human TK/TD conditions, the less likely the predic-
ion will be relevant. Today more information is available on the
ogy 279 (2011) 1–9 7

TK/TD properties of artemisinins in animal species. This body of lit-
erature will provide data on the neurotoxic doses of artemisinins
and on their non-neurotoxic doses relevant to man.

Since toxicity is dependent on chemical/drug exposure level and
time (Rangan et al., 1997; Rozman and Doull, 2000), the neuro-
toxicity of artemisinins has been demonstrated to occur through
continued drug exposure over a longer period of time rather than
through an elevated drug exposure level over a shorter period of
time (Jorgensen, 1980; Li et al., 2002, 2006; Rozman, 1998). The
drug exposure times above the LONEL required to cause minimal
neurotoxicity in animals for AE, which is the strongest toxicant
among the artemisinins, are 67.1, 103.7, and 179.5 h for rats, dogs
and rhesus monkeys, respectively, with a 6–12.5 mg/kg daily dose
(Table 2). The neurotoxic exposure time of artemisinins could be
longer in humans as the comparison of rhesus monkeys to humans
is likely more relevant than from rodents or dogs. We predict the
safe dosing duration in monkeys should be longer than 7 days
(168 h), and this estimate may also be relevant for humans. In addi-
tion, due to much lower doses (2–4 mg/kg) used in treatment and
the infrequent use of AE in the current antimalarial therapies, the
neurotoxic exposure time for humans is predicted to be even longer
than in rhesus monkeys with the higher doses. Given this key fact,
the safety duration in humans should be much longer than 7 days.
Therefore, the 3–5 days dosing duration in current antimalarial
regimens should provide an excellent safety margin.

The current clinical dose regimens of three-day artemisinin
combined therapies (ACTs) for uncomplicated cases of malaria, and
the dose regimens recommended for intravenous AS treatments for
severe malaria, which include a few days of a loading dose, may
be too short of a drug exposure time to induce neurotoxicity in
humans. Also, with regard to acute toxicity, humans appear to be
less sensitive than animals (Geyer et al., 1990; Kimbrough, 1990),
and humans have much better repair capabilities than animals to
respond to such toxicity (Culotta and Koshland, 1994).

In addition, the different artemisinins clearly show different
neurotoxic activities at different exposure times. As reported in
Table 2, the LONEL of oral AL is 346.26 ng/ml which is 8-fold
higher than the LONEL observed after intramuscular AE dosing
(41.32 ng/ml) in rats, demonstrating that oral AL treatment seems
to be much less likely to induce neurotoxicity than intramuscular
AE. Water soluble AL cannot easily penetrate the blood–brain bar-
rier, and this may be a possible mechanism to explain the lower
neurotoxicity observed compared to the oil-soluble AE which may
cross the blood–brain barrier with greater ease (Li et al., 2005).
That may be a reason why another water-soluble artemisinin, AS,
has not shown any neurotoxicity when used to treat malaria infec-
tions in humans. Currently, oral administration is the most common
means of administering artemisinin compounds and combination
therapies to malaria patients. Oral administration results in lower
peak concentrations and shorter exposure times, which is less likely
to induce neurotoxicity. Since more than 99% of malaria patients
have been treated with oral artemisinins or intravenous AS, this
may be the reason for the lack of neurotoxicity observed in malaria
patients. When relating the animal and human neurotoxicity of
artemisinins, the different neurotoxic exposure times may possibly
provide a greater margin of safety in humans.

6. Conclusion

Studies with laboratory animals have demonstrated neuro-

toxicity associated with a number of adverse effects including
movement disturbances, spasticity, balance deficits, brainstem tis-
sue damage, and even death following administration of some
intramuscular doses of oil-soluble AM and AE, or intragastric
water-soluble AL. There are significant differences in neurotoxicity
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bserved between rats, dogs and rhesus monkeys after treatment
ith different artemisinins suggesting that the exposure time

equired to induce neurotoxicity after dosing with artemisinins
s likely to be longer in humans. TK/TD analysis of neurotoxicity
fter artemisinin treatment of rats, beagles, and rhesus monkeys
as provided a wealth of data to provide a means of predicting the
eurotoxic exposure time of artemisinins in humans. Based on this
ata, we predict the safe dosing duration of artemisinins should be

onger than 7 days (168 h). Accordingly, the 3–5 days dosing dura-
ion currently used in artemisinin antimalarial therapy should be
uite safe. However, neurotoxicity may be caused in humans with

nappropriate dose regimens, and therefore, sustained drug expo-
ure times appear to be the critical factor to assess and prevent
eurotoxicity. Advances in our knowledge of artemisinin-induced
eurotoxicity can help refine the treatment regimens used to treat
alaria with ACTs as well as injectable AS products to avoid the

isk of neurotoxicity.
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