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Abstract 

Background  Parenteral artesunate is the first-line therapy for severe malaria. Artesunate, in its current formulation, 
must be prepared immediately before administration by first dissolving in sodium bicarbonate solution and then 
diluting in saline. A novel solvent for rapid and stable single step reconstitution of artesunate was recently developed 
showing improved solubility and stability. This study aimed to compare the safety and pharmacokinetic properties 
of the currently available and newly developed parenteral formulation of artesunate in healthy Thai volunteers.

Methods  This was an open-label, randomized, 4 periods, 4-treatments, 24-sequence, single-dose, cross-over study 
in 72 male and female healthy Thai volunteers. Frequent pharmacokinetic samples were collected in all volunteers 
at each dose occasion. Observed concentration–time profiles were analysed with a non-compartmental approach 
followed by a bioequivalence evaluation.

Results  Both intramuscular and intravenous administrations of the new parenteral formulation of artesunate were 
safe and well-tolerated, with no additional safety signals compared to the currently used formulation. The pharma-
cokinetic properties of artesunate and its active metabolite, dihydroartemisinin, were well-characterized, and showed 
rapid conversion of artesunate into dihydroartemisinin. Intramuscular administration of the newly formulated artesu-
nate resulted in almost complete bioavailability of dihydroartemisinin. The pharmacokinetic properties were similar 
between the old and new formulation.

Conclusions  The new and more easily prepared formulation of artesunate was safe and well-tolerated, with similar 
pharmacokinetic properties compared to the currently used formulation. Dihydroartemisinin, the active metabolite 
responsible for the majority of the anti-malarial effect, showed equivalent exposure after both intravenous and intra-
muscular administration of artesunate, suggesting that both routes of administration should generate comparable 
therapeutic effects.

Trial registration: The study was registered to clinicaltrials.gov (#TCTR20170907002).

Keywords  Malaria, Pharmacokinetics, Bioequivalence, Formulation, Artesunate, Intravenous, Intramuscular, Healthy 
volunteer

†Joel Tarning and Borimas Hanboonkunupakarn equal contribution.

*Correspondence:
Podjanee Jittamala
podjanee@tropmedres.ac
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-024-05085-9&domain=pdf


Page 2 of 12Tarning et al. Malaria Journal          (2024) 23:296 

Background
In 2022, there were an estimated 249 million cases of 
malaria worldwide, leading to 608,000 deaths. Children 
under the age of 5 accounted for 76% of the total malaria-
related deaths [1]. Artesunate belongs to the artemisinin 
class of anti-malarial drugs which are the most potent 
and rapidly acting drugs currently available for the treat-
ment of malaria. Artesunate kills all erythrocytic stages 
of the malaria parasite, including the young ring stage 
parasites, as well as late stage gametocytes responsible 
for malaria transmission [2, 3]. Artesunate is available in 
different formulations that allow for oral, rectal and par-
enteral administration. Oral formulations of artemisinin 
derivatives in combination with a longer acting partner 
drug (artemisinin-based combination therapy; ACT) are 
the first-line treatment of uncomplicated malaria recom-
mended by the World Health Organization (WHO) [4]. 
Artesunate is the only artemisinin derivative that can be 
dissolved in water and, therefore, can be administered 
intravenously (IV) or intramuscularly (IM) to ensure 
rapid resolution of severe malaria and prevent death [4–
6]. The WHO recommends dosing of 2.4 mg/kg (3.0 mg/
kg in children < 20  kg) every 12  h for at least 24  h and 
until the patient is able to tolerate oral medication [4, 7, 
8]. Once a patient has received at least 24 h of parenteral 
therapy and can tolerate oral therapy, the treatment is 
completed with a standard 3-day course of an ACT.

Parenteral administration of artesunate is associated 
with very high initial drug concentrations, which decline 
rapidly, resulting in a typical elimination half-life of less 
than 15 min [9]. After administration, artesunate is rap-
idly converted into its active metabolite, dihydroarte-
misinin, by esterase in the blood and by cytochrome 
P450 (CYP) 2A6 [10]. Dihydroartemisinin concentrations 
peak within 25  min post-dose, and dihydroartemisinin 
is eliminated with a terminal elimination half-life of 
30–60 min [9]. Dihydroartemisinin is glucuronidated by 
UDP-glucuronosyltransferase (UGT) 1A9 and 2B7 in the 
gastrointestinal tract and liver into inactive glucuronide 
metabolites [11]. Both artesunate and dihydroartemisinin 
pharmacokinetics have shown considerable within- and 
between-patient variability [7, 12].

Artesunate and dihydroartemisinin have equivalent 
anti-malarial effects, but dihydroartemisinin accounts for 
most of the anti-malarial treatment effect because of its 
greater exposure compared to artesunate [13]. The effi-
cacy of anti-malarial drugs depends on several factors, 
including parasite susceptibility, drug quality, drug adher-
ence, dosing regimen, and the pharmacokinetic drug 
properties in the group of patients being treated. Severe 
malaria is a life-threatening disease and often accom-
panied by high parasite burden at presentation. Thus, it 

is critical to achieve maximum  antiparasitic efficacy as 
soon as possible in the treatment of severe malaria.

Appropriate preparation of the parenteral artesunate 
formulation is crucial in order to ensure therapeutic 
effectiveness. Artesunate is unstable in neutral solution, 
so it has to be kept as anhydrous powder  of artesunic 
acid, and the currently available injectable formulation of 
artesunate must be dissolved in 5% (w/v) sodium bicar-
bonate solution to form artesunate  and then be  diluted 
with physiological saline solution immediately before 
administration. However, it is difficult and time-consum-
ing to prepare artesunate satisfactory in this two-step 
procedure prior to injection. If the solution is cloudy or a 
precipitate is present, the preparation must be discarded. 
This preparation process is not easily implemented in the 
field, and could lead to unsafe drug administration (e.g. 
clotting issues and inflammatory responses associated 
with injection of precipitated drug solutions). Injection 
of precipitated drug solutions can also lead to variations 
in dosing and potentially under-dosing of this life-saving 
treatment. A novel solvent for rapid and stable recon-
stitution of artesunate was developed recently by Guilin 
Pharmaceutical Co., Ltd, showing improved solubil-
ity and overall stability. This new injectable formulation 
received WHO pre-qualification in June 2023 [14]. The 
aim of this study was to compare the safety and phar-
macokinetic properties of artesunate and dihydroarte-
misinin after IV and IM administration of the currently 
available and the new parenteral formulation of artesu-
nate in healthy Thai volunteers.

Methods
Study participants and design
A total of 72 healthy male and female volunteers were 
enrolled in an open-label, randomized, 4 periods, 4-treat-
ments, 24-sequence, single-dose, cross-over study in the 
Hospital of Tropical Diseases, Faculty of Tropical Medi-
cine, Mahidol University, Bangkok, Thailand. Volunteers 
were screened according to the pre- defined inclusion/
exclusion criteria.

Volunteers were enrolled only if their health was fully 
verified, including verification that serum biochemis-
try and haematology parameter values were within pre-
defined normal ranges. The inclusion criteria included 
being healthy, male or female, aged between 18 and 
55  years old with body mass index of 18–25  kg/m2, no 
evidence of underlying disease, normal electrocardio-
gram with Fridericia-corrected QT (QTcF) and Bazett-
corrected QT (QTcB) intervals < 450  ms, not pregnant, 
agrees to using effective contraceptive methods during 
the study period, willingness to participate in the study, 
and provision of a signed written inform consent.
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Volunteers were excluded if they had history of (or sus-
pected of ) hypersensitivity to artesunate or any ingredi-
ents in the study drug preparation, history of increased 
risk for bleeding (e.g. history of abnormal bleeding 
after minor injury or prolonged haematoma follow-
ing intramuscular injection, thrombocytopenia (plate-
let < 150,000 per µl), abnormal coagulation (prothrombin 
time or partial thromboplastin time > upper normal limit 
or > 1.5 of the international normalized ratio), received 
any form of anti-coagulant within 14  days prior to the 
study drug administration or planned to receive any 
form of anti-coagulant while participating in the study, 
raised transaminase enzymes (AST or ALT 1.5 × upper 
normal limit), or were HIV, HBV or HCV positive. Addi-
tional exclusion criteria were a history of cardiac disease 
or arrhythmias, family history of sudden cardiac death, 
administration of a drug with known QT-prolongation 
properties (e.g. mefloquine, lumefantrine, chloroquine, 
quinine, and piperaquine) in the preceding 3  months 
prior to the starting of the study, participation in a clini-
cal trial or receiving any drug or a new chemical entity 
within 30  days, 5 half-lives or twice the duration of the 
biological effect (whichever is longer) prior to the first 
dose of study medication, donated > 300  mL of blood 
within 30-day prior to the study, history or suspected 
substance abuse or dependence, and unwilling to abstain 
from alcohol consumption in the 48  h prior to drug 
administration.

Volunteers were screened within 14 days before the first 
drug administration. They were hospitalized a day before 
administration of study drug in each dosing period. There 
were four study drug regimens, including test formula-
tion by IV injection (TIV), test formulation by IM injec-
tion (TIM), reference formulation by IV injection (RIV) 
and reference formulation by IM injection (RIM). All vol-
unteers were randomly assigned to one of the 24 possi-
ble treatment sequences of the four study regimens in the 
four different study periods (supplement Table S1), with a 
maximum allocation of three volunteers to each specific 
treatment sequence. The randomized order of receiving 
each study drug (i.e. treatment sequence) was generated 
using Stata statistical software, version 14.0. There were 3 
washout periods of at least 7 days between dosing events.

Sample size calculation
This study was designed as a cross-over bioequiva-
lence trial. Bioequivalence was declared if the exposure 
parameters were equivalent in the test and reference 
formulations. The US Food and Drug Administration 
(FDA) standard bioequivalence acceptance reference of 
0.8–1.25 was used in the sample size calculation [15]. 
The expected mean ratio of test/reference formula-
tion was assumed to be 1.00, and the study sample size 

calculation was based on 90% power (beta = 0.90) at 5% 
significance level (alpha = 0.05). From a previous popula-
tion pharmacokinetic study, the within-patient variabil-
ity was estimated to 42% (CV%; coefficient of variation 
(CV) × 100%), resulting in a within-patient variance of 
0.16 (i.e. σ2 = ln(1 + CV2)). Based on these parameters, 
the sample size was calculated to be 72 individuals [16, 
17]. Discontinued volunteers were replaced to maintain a 
total sample size of 72.

Study drugs and administration
Both the new parenteral formulation of artesunate (test 
formulation) and the currently available parenteral for-
mulation of artesunate (reference formulation) were pro-
vided by the Guilin Pharmaceutical Co., Ltd. (Guilin). 
Both preparations were stored below 30  °C and pro-
tected from light. The reconstitution of study drug and 
administration was performed according to a pre-defined 
approved work instruction. In brief, the reconstitution 
was done under aseptic conditions in a temperature-con-
trolled room (< 30 °C) by trained and qualified personnel. 
The reconstituted artesunate solution was injected within 
1 h of preparation.

A total dose of 2.4  mg/kg of study drug was admin-
istered as a single dose in each treatment arm (TIM, 
TIV, RIM, and RIV), and the total amount of artesunate 
administered (i.e. mg dose) was identical within a volun-
teer across all dosing occasions. The total injection vol-
ume was calculated for each dose administration based 
on the formula  below, with a rounding precision of 
0.2 ml.
Injection volume(ml) = bodyweight(kg)×

2.4(mg/kg)
20(mg/ml)

 
Test IV; Test IM; Reference IM.
Injectionvolume(ml) = bodyweight(kg)×

2.4(mg/kg)
10(mg/ml)

 
Reference IV.

Reconstituted artesunate solutions were injected slowly 
over 1–2  min. IM administration was performed in the 
anterior thigh, and if the total volume exceeded 10  ml, 
the volume was divided equally and injected in both 
thighs. The total fluid intake was restricted to a maxi-
mum of 3 L per day during the dosing period. In addition, 
volunteers refrained from grapefruit, illicit drugs, tea, 
coffee, caffeinated beverages, alcohol, sedatives, hypnot-
ics, and stabilizers throughout the study period. Alcohol 
consumption was not allowed within 48 h prior to study 
drug administration and throughout the study.

Pharmacokinetic sampling
Blood samples were obtained by IV cannula for the dura-
tion of sampling, and normal saline solution was used to 
flush the cannula after each sample. An initial volume 
of < 1.0  ml of blood was collected and discarded prior 
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to collection of each whole blood sample to ensure that 
the saline solution did not dilute the samples. Pharma-
cokinetic samples (3  ml of blood) were collected before 
drug administration (0 h, pre-dose) and at 5 min, 15 min, 
30 min, 45 min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h, 12 h 
and 24 h after drug administration, resulting in a total of 
15 blood samples collected from each volunteer at each 
of the 4 treatment occasions. Blood samples were col-
lected into pre-chilled fluoride-oxalate tubes, placed on 
ice and centrifuged within 15 min of collection to obtain 
plasma (i.e. centrifuged at 4  °C and 2000 × g for 7 min). 
Plasma was transferred into cryovial within 15  min of 
centrifugation. All plasma samples were stored tempo-
rarily at − 20  °C and transferred to − 80  °C within 48 h 
and stored until drug concentration analysis.

Drug measurements were performed at the Clini-
cal Pharmacology Laboratory (ISO15189; ISO15190), 
Mahidol Oxford Tropical Medicine Research Unit 
(MORU), Faculty of Tropical Medicine, Bangkok, Thai-
land. A validated LC–MS/MS bioanalytical method was 
used to quantify the drug concentrations of artesunate 
and dihydroartemisinin in plasma [18]. All quality con-
trol samples were within regulatory acceptance limits 
(± 15%CV).

Safety
History, physical examination, vital signs, 12-lead ECG 
measurements, and laboratory evaluations (biochemistry, 
haematology, electrolytes and urine examination) were 
conducted a day before drug administration and before 
discharge at each study occasion. Adverse events (AE) 
were monitored after drug administration and through-
out the study period. AEs were assessed and graded fol-
lowing the Division of AIDS (DAIDS) Table for Grading 
the Severity of Adult and Paediatric Adverse Events, ver-
sion 2.0, November, 2014 [19].

ECG measurements (Nihon Kohden ECG-1250 Car-
diofax S, Tokyo, Japan) were recorded before the drug 
administration (pre-dose) and just before blood sam-
pling at 10 min, 30 min, 1 h, 2 h, and 24 h. All ECGs 
were read manually and QT-intervals were corrected 
for heart rate using the Bazett correction (QTcB) and 
the Fridericia correction (QTcF). The most appropri-
ate correction factor was determined by ordinary lin-
ear regression of corrected QT and ventricular rate. 
Derived QT-prolongation (ΔQT), based on pre-dose 
QT reading vs post-dose reading, was evaluated by 
ordinary linear regression of ΔQT and drug concen-
trations. All volunteers who received at least one dose 
of study drug were included in the safety analysis. 
Count data were summarized using frequency counts 
and percentages. The incidence of AEs was tabulated 

and reviewed for potential clinical importance. The 
frequency of AEs was compared between treatment 
arms using the Fisher’s exact test at a significance 
level of 5%.

Pharmacokinetic analysis
Volunteers who received the study drug as per proto-
col (i.e. those who completed all drug administrations) 
were included in the pharmacokinetic analysis. Indi-
vidual pharmacokinetic parameters of artesunate and 
dihydroartemisinin were calculated after each dose 
administration using a non-compartmental approach 
in Phoenix 64 v.8.1 (Certara, USA). Drug concentra-
tion measurements below the lower limit of quantifica-
tion were ignored in the analysis. Total exposure up to 
the last measured concentration (AUC​LAST) was calcu-
lated using the linear trapezoidal method for ascending 
concentrations and the logarithmic trapezoidal method 
for descending concentrations. The terminal elimina-
tion half-life (t½) was estimated by the slope (λZ) of the 
best-fit log-linear regression of the observed concentra-
tions in the terminal elimination phase. Drug exposure 
was extrapolated from the last observed concentration to 
time infinity by CLAST/λZ for each individual volunteer to 
compute total drug exposure (AUC​∞). The peak concen-
tration (CMAX) and time to peak concentration (TMAX) 
were taken directly from the observed data. Elimination 
clearance (CL) and volume of distribution (V) were com-
puted individually. Pharmacokinetic parameters were 
summarized and stratified by group.

An analysis of variance (ANOVA) was carried out on 
the log-transformed pharmacokinetic exposure param-
eters (CMAX, AUC​LAST, and AUC​∞) to assess the bio-
equivalence of the drug formulations. If the administered 
doses of the test and reference formulation deviated with 
more than 5% within a volunteer, the above analysis was 
carried out with dose-normalized parameter values. Bio-
equivalence was assumed if the 90% CIs of the log-trans-
formed ratio (Test/Reference) of exposure parameters 
fell within 80–125% [15, 20]. As a secondary analysis the 
IM bioequivalence of artesunate and dihydroartemisinin 
exposures were evaluated, comparing the IM test for-
mulation and the IV test formulation. Artesunate and 
dihydroartemisinin were evaluated separately, but also 
by adding the molar concentrations of artesunate and 
dihydroartemisinin at each time-point for each individ-
ual before the pharmacokinetic analysis. The combined 
exposure analysis was conducted as both compounds 
have equipotent anti-malarial efficacy, but somewhat 
different pharmacokinetic profiles, in order to evaluate 
the relevant pharmacokinetic profile linked to treatment 
efficacy.
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Results
A total of 95 volunteers were screened, and 20 failed 
the screen, resulting in 40 male and 35 female healthy 
volunteers enrolled into the study (Table 1 and Fig. 1). 
All volunteers were Thai. The 3 volunteers who did not 
complete all dose occasions were included in the safety 
analysis but not in the PK analysis. In conclusion, 74 

volunteers received TIV, 72 volunteers received TIM, 
74 volunteers received RIV, and 73 volunteers received 
RIM. 

Safety analysis
Both formulations and routes of administration were well 
tolerated, and no severe adverse events were reported. 
There were a total of 98 AEs in 46 volunteers, out of 
75 volunteers receiving a total of 293 treatment doses 
(33.4%) across the 4 treatment arms (Table 2). Almost all 
AEs were considered mild, except for 1 volunteer with 
moderate pain at the injection site after receiving the 
reference formulation as an IM injection. Among these 
98 AEs, 48 AEs in 31 volunteers were considered related 
to the study drug, and all of them were reported in all 
treatment arms. The other, 50 AEs were not considered 
related to the study drug, and they occurred across all 4 
treatment arms. 97 out of the 98 AEs were of mild sever-
ity and only one AE was of moderate severity (pain at the 
injection site).

The most common AE was bitter taste (27 out of 98) 
that occurred only in IV arms (RIV and TIV) and pain 

Table 1  Summary of volunteer demographic variables

All variables are presented as median (min–max range) if not otherwise stated

Demographics Baseline 
enrolment (safety 
analysis)

Complete drug 
administration 
(pharmacokinetic analysis)

Total volunteers 75 72

Male, n (%) 40 (53%) 39 (54%)

Female, n (%) 35 (47%) 33 (46%)

Age (years) 34 (21–54) 35 (21–54)

Body weight (kg) 59 (44–82) 59 (44–82)

Height (cm) 164 (147–183) 164 (147–183)

BMI (kg/m2) 22.2 (18.1–24.9) 22.3 (18.5–24.9)

•

•
•
•
•
•
•

•
•
•

Fig. 1  Study design and enrolment. ALT, alanine transaminase; AST, aspartate aminotransferase; F/U, follow up; HCV hepatitis C virus; HIV, human 
immunodeficiency virus; INR, international normalized ratio; IV, intravenous; n, number of volunteers; PT, prothrombin time; PTT, partial prothrombin 
time; RIM, reference formulation administered intramuscularly; RIV, reference formulation administered intravenously; TIM, test formulation 
administered intramuscularly; TIV, test formulation administered intravenously; and ULN, upper limit of normal
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at injection site (18 out of 98) occurring only in IM arms 
(RIM and TIM). All of these AEs were transient and 
returned to normal within 24  h of drug administration. 
There were no clinically relevant findings in laboratory 
chemistry and liver/kidney functions. Two volunteers 
had mild (Grade 1) haematological AEs of low haemoglo-
bin (1 volunteer in RIV, 1 volunteer in TIV), considered 
not related to study treatment. Seven volunteers reported 
high systolic blood pressures and 3 reported high dias-
tolic blood pressures after drug administration, but all 
of these AEs were transient, not clinically significant, 
and returned to baseline shortly after study drug admin-
istration. There were no uncorrected or corrected QT 
intervals measured above 500 ms in any volunteers dur-
ing the study (Fig. S1). Fridericia correction provided the 
best correction for heart rate with no substantial resid-
ual trend in QTcF vs heart rate, as compared to Bazett 
showing a clear tendency of over-correction (Fig. S2). 
No ΔQTcF above 60 ms was reported during any of the 
293 separate dosing events, and there was no correlation 
between ΔQTcF and drug concentration (Fig. S2).

Pharmacokinetic analysis
All volunteers who received all drug administrations 
according to the protocol (2.4  mg/kg of TIV, RIV, TIM, 
and RIM) were included in the pharmacokinetic analy-
sis. The pharmacokinetic properties of artesunate and 
dihydroartemisinin were evaluated separately, and also 
combined by adding the molar concentrations of artesu-
nate and dihydroartemisinin at each time point for each 
volunteer before analysis (ART-DHA). The designed 

sampling schedule provided ideal data for a model-free 
analysis, resulting in complete pharmacokinetic profiles 
for all volunteers for both artesunate and dihydroarte-
misinin after IV and IM administration of the two formu-
lations (Figs. 2 and 3). The pharmacokinetic parameters 
of artesunate and dihydroartemisinin are summarized 
and stratified by treatment arm in Tables 3 and 4. There 
were no apparent trends showing any substantial differ-
ences in the pharmacokinetic parameters for artesunate 
and dihydroartemisinin when comparing the test and 
reference formulation. As expected, there were substan-
tial differences in the pharmacokinetic parameters of 
both artesunate and dihydroartemisinin when given IM 
compared to IV. Dose-normalization was not performed 
because all administered doses of artesunate (test and ref-
erence formulations) were within ± 5% for each patient.   

Overall, the two drug formulations exhibited simi-
lar exposure and demonstrated bioequivalence, except 
for the maximum concentration of artesunate that was 
somewhat lower for the test formulation compared to 
the reference formulation (Fig. 4). All parameters for the 
main metabolite, dihydroartemisinin and for the evalua-
tion of the combined exposure to parent and metabolite 
demonstrated bioequivalence. There was no significant 
(p > 0.05) sequence effect identified in the bioequivalence 
analysis.

Discussion
Safety
The IM or IV administration of the new parenteral for-
mulation or the currently used parenteral formulation 

Table 2  Summary of adverse events

All values are given as number of adverse events (%)

Adverse event Treatment arm

Test IV (n = 74) Reference IV (n = 74) Test IM (n = 72) Reference IM (n = 73) Total 
treatments 
(n = 293)

Total adverse events 27 29 15 27 98

Bitter taste 14 (18.9%) 13 (17.6%) 0 0 27 (9.2%)

Pain at injection site 0 0 5 (6.9%) 13 (17.8%) 18 (6.1%)

Common cold 1 (1.4%) 3 (4.1%) 5 (6.9%) 1 (1.4%) 10 (3.4%)

Headache 1 (1.4%) 2 (2.7%) 1 (1.4%) 1 (1.4%) 5 (1.7%)

Rhinorrhoea 3 (4.1%) 1 (1.4%) 0 1 (1.4%) 5 (1.7%)

Diarrhoea 0 1 (1.4%) 0 2 (2.7%) 3 (1.0%)

Nausea 2 (2.7%) 1 (1.4%) 0 0 3 (1.0%)

Back pain 0 1 (1.4%) 0 1 (1.4%) 2 (0.7%)

Dizziness 1 (1.4%) 0 1 (1.4%) 0 2 (0.7%)

Metallic taste 1 (1.4%) 1 (1.4%) 0 0 2 (0.7%)

Sore throat 0 0 1 (1.4%) 1 (1.4%) 2 (0.7%)

Other 4 (5.4%) 6 (8.1%) 2 (2.8%) 7 (9.6%) 19 (6.5%)
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of AS was generally safe and well tolerated in this  four-
sequence crossover treatment in healthy volunteers. All 
AEs were mild and transient, except for 1 volunteer with 
moderately severe pain at the injection site after receiv-
ing IM reference formulation, and none of the reported 
AEs resulted in discontinuation from the study. The most 
common AE was bitter taste, reported in both IV arms at 
an equal frequency (18.9% vs 17.6%). Artesunate has been 
shown to attenuate airway resistance in animal models 
via bitter taste receptor-dependent calcium signalling 
[21] and artesunate and dihydroartemisinin concentra-
tions in saliva have been reported to be directly propor-
tional to that in plasma in patients with metastatic breast 
cancer [22]. This dose-dependent interaction might sug-
gest that the very high drug concentrations, associated 
with IV administration, are needed to generate the bit-
ter/metallic taste reported here. Pain at the injection site 
was the second most common AE, reported only after 
receiving IM administration, and was more commonly 

reported with the reference formulation (17.8%) com-
pared to the test formulation (6.9%). This could be due 
to the larger injection volume associated with the refer-
ence formulation or the formulation itself. No QT-pro-
longation (ΔQTcF > 60  ms) were reported in any of the 
293 dose occasions and there was no association between 
drug concentration and QT-prolongation. There were 
no deaths or other SAEs reported with either formula-
tion of AS. All AEs reported in laboratory test and vital 
signs were transient, and their values returned to base-
line shortly after completion of study drug administra-
tion. Thus, the new parenteral formulation of AS showed 
no additional safety signals compared with the currently 
used parenteral formulation.

Pharmacokinetic analysis
Complete concentration–time profiles of both artesunate 
and dihydroartemisinin were achieved by the frequent 
blood sampling conducted here, enabling an unbiased 
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Fig. 2  Pharmacokinetic concentration–time profiles of artesunate (left panel) and dihydroartemisinin (right panel), after IV administration 
of reference (upper panel) and test (lower panel) formulations. The open circles show individual drug measurements, and the solid lines and shaded 
areas show the average and 95% prediction interval of measured drug concentrations at each sampling time
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Fig. 3  Pharmacokinetic concentration–time profiles of artesunate (left panel) and dihydroartemisinin (right panel), after IM administration 
of reference (upper panel) and test (lower panel) formulations. The open circles show individual drug measurements, and the solid lines and shaded 
areas show the average and 95% prediction interval of measured drug concentrations at each sampling time

Table 3  Pharmacokinetic parameters of artesunate, stratified by treatment arm

AUC​LAST is the area under the drug concentration–time curve from time zero to the last measurable drug concentration; AUC​∞ is the area under the drug 
concentration–time curve from time zero to infinity; CL is the drug elimination clearance; CMAX is the maximum observed plasma concentration; F is the absolute 
bioavailability; TMAX is the time to maximum plasma concentration; t1/2 is the terminal elimination half-life; V is the apparent volume of distribution. Absolute IM 
bioavailability was calculated by dividing the individual total exposure (AUC​∞) to that after IV administration for each volunteer. All values are presented as median 
(inter-quartile range)

Treatment arm

Parameter Reference IV (n = 72) Test IV (n = 72) Reference IM (n = 72) Test IM (n = 72)

TMAX (h) – – 0.25 (0.25–0.25) 0.25 (0.25–0.25)

CMAX (ng/mL) 6705 (5365–8468) 5755 (4405–6773) 1230 (1020–1473) 1400 (1130–1665)

AUC​∞ (h × ng/mL) 689 (590–886) 610 (505–757) 998 (847–1122) 1073 (908–1178)

AUC​LAST (h × ng/mL) 688 (589–886) 610 (504–756) 993 (844–1120) 1071 (907–1175)

t1/2 (h) 0.21 (0.18–0.26) 0.20 (0.15–0.22) 0.46 (0.37–0.62) 0.43 (0.37–0.53)

CL (L/h) 198 (162–252) 240 (185–284) 148 (130–161) 140 (123–159)

V (L) 60.7 (46.8–75.6) 64.0 (54.6–77.4) 102 (79.5–132) 86.9 (69.8–115)

F (%) – – 135 (117–171) 168 (132–206)
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Table 4  Pharmacokinetic parameters of dihydroartemisinin, stratified by treatment arm

AUC​LAST is the area under the drug concentration–time curve from time zero to the last measurable drug concentration; AUC​∞ is the area under the drug 
concentration–time curve from time zero to infinity; CL is the drug elimination clearance; CMAX is the maximum observed plasma concentration; F is the absolute 
bioavailability; TMAX is the time to maximum plasma concentration; t1/2 is the terminal elimination half-life; V is the apparent volume of distribution. Absolute IM 
bioavailability was calculated by dividing the individual total exposure (AUC​∞) to that after IV administration for each volunteer. All values are presented as median 
(inter-quartile range)

Treatment arm

Parameter Reference IV (n = 72) Test IV (n = 72) Reference IM (n = 72) Test IM (n = 72)

TMAX (h) 0.25 (0.08–0.25) 0.25 (0.08–0.25) 0.75 (0.50–0.75) 0.75 (0.50–0.75)

CMAX (ng/mL) 1735 (1388–2140) 1705 (1380–2245) 749 (641–832) 760 (643–901)

AUC​∞ (h × ng/mL) 1983 (1712–2248) 1929 (1682–2188) 1715 (1483–1924) 1846 (1540–2048)

AUC​LAST (h × ng/mL) 1968 (1704–2238) 1904 (1667–2170) 1702 (1466–1891) 1833 (1525–2042)

t1/2 (h) 1.88 (1.65–2.17) 1.83 (1.61–2.13) 1.65 (1.47–1.89) 1.72 (1.53–1.92)

CL (L/h) 52.5 (46.8–62.8) 54.7 (45.4–64.4) 62.4 (54.6–73.3) 59.2 (50.5–72.4)

V (L) 143 (126–174) 145 (118–174) 152 (128–183) 147 (122–168)

F (%) – – 87.0 (80.2–93.2) 92.6 (85.4–101)
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Artesunate Dihydroartemisinin Artesunate & dihydroartemisinin combined

Fig. 4  Bioequivalence of test formulation, compared to reference formulation, after IV and IM administration. Bioequivalence parameters 
are presented as the geometric mean ratio between the test and reference formulation (90% confidence interval). CMAX is the maximum 
concentration; AUC​LAST is the area under the concentration–time curve from time zero to the last measurable observation; AUC​∞ is the area 
under the concentration–time curve from time zero to infinity; ART-DHA is the combined molar drug measurement of artesunate 
and dihydroartemisinin. The shaded area in the plot shows the 80–125% criterion for bioequivalence. * Indicates that the criterion 
for bioequivalence was not fulfilled, i.e. the CI 90% of the ratio (test/reference) was not contained within 80–125%



Page 10 of 12Tarning et al. Malaria Journal          (2024) 23:296 

model-independent analysis for each treatment occasion 
in all volunteers completing the four treatment arms. 
To the best of our knowledge, this is the most detailed 
pharmacokinetic evaluation of parenteral artesunate 
in the literature. The pharmacokinetic parameters pre-
sented here for artesunate and dihydroartemisinin were 
similar to those reported in previously published studies 
[12, 23–25]. Since both test and reference formulations 
were aqueous-based, their bioavailability was assumed 
to be 100% after IV administration, with an immediate 
presentation of artesunate in the systemic circulation, 
resulting in very high peak concentrations of artesunate. 
Artesunate was rapidly metabolized to dihydroarte-
misinin, peaking at approximately 15 min after IV admin-
istration and 45  min after IM administration. Thus, the 
absorption rate of artesunate from the injection site at 
the anterior thigh, was slower than the true elimination 
rate of artesunate seen with IV administration, result-
ing in absorption-limited kinetics (i.e., flip-flop) after IM 
administration. This can be seen clearly by a substan-
tially shorter terminal elimination half-life of artesunate 
after IV compared to IM administration (0.20 vs. 0.44 h). 
The practical implications are an almost fivefold lower 
peak concentration, but a 61% larger total drug expo-
sure to artesunate when administering an identical dose 
IM compared to IV. The larger exposure seen after IM 
administration also resulted in an absolute bioavailabil-
ity of > 100% compared to IV administration. However, 
this has little clinical significance as dihydroartemisinin, 
which is the main driver associated with anti-malarial 
efficacy, does not show formation-rate limited kinetics 
after IM and IV dosing. Thus, the metabolism of artesu-
nate into dihydroartemisinin is faster than the elimina-
tion of dihydroartemisinin, irrespectively of route of 
administration. The overall absolute bioavailability of 
dihydroartemisinin was high after intramuscular admin-
istration (average bioavailability of 90.9%), suggesting 
that intramuscular administration of artesunate should 
not compromise treatment efficacy compared to intrave-
nous administration.

Observed peak concentrations of artesunate were lower 
after IV administration of the test formulation, compared 
to the reference formulation, resulting in the lower bound 
of the 90% confidence interval to drop below 80%. How-
ever, all other exposure parameters for artesunate, dihy-
droartemisinin and the combined drug measurements 
of artesunate and dihydroartemisinin demonstrated bio-
equivalence after both IV and IM administration. The 
very rapid biotransformation of artesunate to dihydroar-
temisinin results in a typical terminal elimination half-life 
of less than 15 min. This rapid conversion combined with 
an IV injection of test and reference formulation directly 
into the systemic circulation, might have resulted in early 

sampling time points (i.e., 5-min and 15-min post-dose) 
failing to describe completely the initial concentration–
time profile of artesunate. This might explain why bio-
equivalence could not be concluded for artesunate peak 
concentration when administered IV. However, these 
slightly lower observed peak concentrations of artesunate 
have no clinical significance, either in terms of safety or 
therapeutic effectiveness. The minimal inhibitory con-
centration (MIC) of artesunate is more than 1000-fold 
lower than these observed concentrations [26] and the 
therapeutic efficacy is more likely related to time-above-
MIC or total drug exposure, rather than peak concentra-
tions. Furthermore, these two pharmacodynamic drivers 
are highly dependent on dihydroartemisinin due to the 
considerably longer terminal elimination half-life (0.20 
vs. 1.86 h after IV administration) and the approximately 
threefold higher total exposure to dihydroartemisinin 
compared to artesunate (646 vs. 1970 h × ng/mL after IV 
administration).

The main limitation of this study is that artesunate and 
dihydroartemisinin were evaluated in healthy volunteers, 
whom might have different pharmacokinetic properties 
compared to patients with severe malaria. However, it is 
unlikely that patients would show a substantial difference 
in pharmacokinetic properties between the new, more 
easily prepared formulation and the  reference formula-
tion when this was not seen in a detailed healthy volun-
teer study.

Conclusions
In conclusion, this healthy volunteer trial demonstrated 
bioequivalence of a newly developed more easily prepared, 
and pre-qualified parenteral formulation of artesunate 
when compared to the currently used parenteral formu-
lation. Both the active metabolite, dihydroartemisinin, 
responsible for most of the therapeutic efficacy and an 
evaluation of combined parent and metabolite expo-
sure showed bioequivalence. Thus, it is assumed that this 
novel simplified and more stable parenteral formulation of 
artesunate would result in equivalent therapeutic efficacy 
in patients, compared to currently available formulations. 
Both IM or IV administration of this new formulation was 
safe and well-tolerated, and showed no additional safety 
signals compared to the reference formulation.
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