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Abstract
The global spread of multi-drug resistant P. falciparum, P. vivax, and P. malariae strains and absence of long-term effec-
tive vaccine makes chemotherapy the mainstay of malaria control strategies in endemic settings. The Mossman’s assay and 
the Organization for Economic Co-operation and Development (OECD), 2001 guideline 423, were used to determine the 
cytotoxicity and acute oral toxicity of a novel hybrid drug, artesunate-3-Chloro-4(4-chlorophenoxy) aniline (ATSA), in vitro 
and in vivo, respectively. A modified Desjardins method was used to screen for antiplasmodial activity using P. falciparum 
 (3D7 and  W2) strains in vitro. The Peter’s 4-day suppressive tests (4DTs) was used to evaluate the in vivo antimalaria activ-
ity using P. berghei ANKA strain, lumefantrine resistant (LuR), and piperaquine resistant (PQR) P. berghei lines. In silico 
prediction of absorption, distribution, metabolism, excretion, and toxicity (ADMET) profiles was assayed using PreADMET 
online prediction tool. The reference drug in all experiments was artesunate (ATS). Statistical significance between ATSA’s 
activities in treated and control mice was evaluated by one-way analysis of variance (ANOVA). Results show that inhibitory 
concentrations-50  (IC50) of ATSA is 11.47 ± 1.3  (3D7) and 1.45 ± 0.26  (W2) against 4.66 ± 0.93  (3D7) and 0.60 ± 0.15  (W2) 
ng/ml of ATS with a selective index of 2180.91(3D7) and a therapeutic index (TI) of > 71). No mortalities were observed in 
acute oral toxicity assays and mean weight differences for test and controls were statistically insignificant (P > 0.05). The 
in vivo activity of ATSA was above 40% with effective dosage-50  (ED50) of 4.211, 2.601, and 3.875 mg/kg body weight 
against P. berghei ANKA, LuR, and PQR lines, respectively. The difference between treated and control mice was statisti-
cally significant (P < 0.05). ATSA has high intestinal absorption (HIA) > 95% and has medium human ether-a-go-go related 
gene (hERG)  K+ channel inhibition risks. Preclinical and clinical studies on ATSA are recommended to evaluate its value 
in developing novel drugs for future management of multi-drug resistant malaria parasites.

Keywords Antimalaria · Artesunate-3-chloro-4-(4-chlorophenoxy) aniline · Hybrid drugs · ADMET profiles

Introduction

Malaria is still a global health burden (Joseph et  al. 
2019; Beteck et al. 2014). An estimated 241 M cases 
and 627,000 deaths were reported in 2020 with the high-
est disease burden occurring in the sub-Saharan Africa 
(Cravo 2022; Nghochuzie et al. 2020). The major parasite 
species responsible for global malaria incidences are P. 
vivax; the most wide spread (Angrisano and Robinson 
2022) and P. falciparum (Hermansyah et al. 2017) the 
most virulent (Tachibana et al. 2022). Acquired immu-
nity (Joseph et al. 2019) which develops after a few epi-
sodes of parasite infections is short-lived (Horata et al. 
2017). Vaccine development to boost host immunity, 
remains elusive hence chemotherapy is the mainstay of 
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malaria control efforts (Dhanawat et al. 2009). Hybrid 
therapy is a recent approach which involves linking two 
compounds with individual mechanisms of action into 
a single molecule (Muregi and Ishih 2010). The result-
ant hybrid drugs exhibit enhanced chemo-therapeutic 
profiles (Meunier 2008) such as reduced drug toxicity, 
increased therapeutic outcome, and improved dosage 
compliancy (Lombard et al. 2013; Nilsen et al. 2014). 
They also display high parasite selectivity (Sharma et al. 
2014) due to synergistic output of hybridized molecules. 
Development of resistant parasites is also circumvented 
or delayed since individual molecules target the parasite 
using different modes of action (Muregi and Ishih 2010; 
Nilsen et al. 2014).

Various antimalarial drugs have been developed since 
the onset of hybridization. They include 4-aminoquinoline-
pyrimidine that exhibited enhanced therapeutic outcome to 
both sensitive and resistant malaria parasites (Meunier 2008).

PA1103-SAR116242 showed improved antimalarial 
potency against CQ resistant and pyrimethamine resistant 
malaria strains; it acts by inhibiting hemozoin bio-crystal-
lization (aminoquinoline moiety) and alkylating heme mol-
ecules (Meunier 2008). Trioxaquine comprising artesunate 
and 4,7-dichloroquinoline manifested superior antimalarial 
efficacy in treatment of cerebral malaria compared to precur-
sors separately (Odhiambo et al. 2017). 4-Aminoquinolone-
pyrimidine-derived hybrids also manifested higher efficacies 
in P. falciparum sensitive  (D6) and resistant  (W2) clones 
in vitro as well as in vivo in P. berghei parasites with wide 
safety margins compared to chloroquine (Manohar et al. 
2012). Mefloquine-artesunate hybrid (MEFAS) derived from 
hybridization of mefloquine and artesunate gave improved 
potency compared to single molecules in vitro on P. falci-
parum  W2 and  3D7 clones and in vivo on P. berghei NK65 
strain (Varotti et al. 2008).

Malaria control is extremely hampered by existing multi-
drug resistant Plasmodium falciparum, Plasmodium vivax, 
and Plasmodium malariae strains (Feng et al. 2020). Since 
the rapidly growing malaria parasites portray an exacer-
bated demand for lipids (Sifuna et al. 2019), type 2 fatty 
acid biosynthesis pathway offers an excellent target for anti-
malarial drugs. Inhibition of a vital P. falciparum enzyme; 
enoyl acyl carrier protein reductase (Pf. EACP) which cata-
lyzes a NADH-dependent reduction of trans-2-enoyl-ACP 
to acyl-ACP, halts parasite survival (Sifuna et al. 2019). 
In this study, artesunate-3-chloro-4-(4-chlorophenoxy)
aniline(ATSA) hybrid molecule was synthesized via cova-
lent linkage of artesunate (ATS) and 3-chloro-4-(4-chloro-
phenoxy)aniline (ANI) under the concept of covalent bio-
therapy (Muregi and Ishih 2010). Toxicity assays of ATSA 
was determined by Mossman’s and the Organization for Eco-
nomic Co-operation and Development (OECD) 423 proto-
cols. Antimalarial activities were determined in vitro using 

P. falciparum  (3D7) and  (W2) and in mice using P. berghei 
ANKA and P. berghei lumefantrine resistant (LuR) and 
piperaquine resistant (PQR) parasite lines. The absorption, 
distribution, metabolism, excretion, and toxicity (ADMET) 
profiles were predicted in silico using the Pre-ADMET 
online tool. Artesunate (ATS) was used as a reference drug.

Experimental setup, methods, 
and conditions

Experimental site

This study was laboratory-based and all experiments were 
conducted at the malaria unit of the Centre for Biotechnol-
ogy, Research and Development (CBRD), and the Centre for 
Traditional Medicine and Drug Research (CTMDR) both of 
Kenya Medical Research Institute (KEMRI) Headquarters, 
Mbagathi, Nairobi, Kenya.

Experimental animals

Randomly bred Swiss albino mice, 5 to 6 weeks old, same 
sex weighing 20 ± 2 g were maintained in an animal house 
experimental room in standard polypropylene (hard plastic) 
cages. The mice were placed in groups of three or five (sep-
arate male and female), clearly labeled with experimental 
details and fed on commercial rodent food and water ad libi-
tum. Good Laboratory Practice and the KEMRI’s Animal 
Care and Use Committee (ACUC) standards and regulations 
were strictly adhered to hence minimizing animal suffering 
during all the assays. At the end of the experiments, both 
dead and moribund mice were euthanized using sodium 
pentobarbital (150 mg/kg), placed in biohazard disposable 
bags and autoclaved at 121 °C for 15 min to reduce environ-
mental contamination during incineration.

Malaria parasites, Vero cells, and test drugs

Cryopreserved P. falciparum, the chloroquine (CQ) sensi-
tive  3D7 and CQ resistant,  W2, P. berghei ANKA strain, 
P. berghei lumefantrine resistant (LuR), P. berghei pipe-
raquine resistant (PQR), and Vero cell lines used in the 
assays were obtained from the KEMRI-CTMDR laboratory. 
To revive the cryopreserved P. berghei parasites, their sus-
pensions were initially thawed, centrifuged to remove the 
cryopreservative and injected into three groups (P. berghei 
ANKA, LuR, and PQR) of two mice each using a needle 
of size 26G × 5/8″ through the intraperitoneal route. The 
parasites were passaged on a weekly basis into naive mice 
to resuscitate their virulence. These infected mice served 
as donors for setting the standard 4-day suppressive tests 
(4-DT) and curative tests after establishing a steady state 
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parasitemia. Artesunate (ATS) was purchased from Sigma-
Aldrich®, India. The hybrid drug (ATSA) was synthesized 
by covalently linking its precursors ATS and ANI through 
a sequential coupling solvent extraction process as sum-
marized in Fig. 1. Briefly, 0.5 mmol of ATS was dissolved 
in dichloromethane (DCM) of volume v = 5 ml. 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydro-chloride 
(EDC) (1.5 eq), 1-hydroxy-benzotriazole (HOBt) (1.5 eq), 
and diisopropylethylamine (DIPEA) (3.0 eq) were then 
added and the whole mixture stirred at 0 °C in a round bot-
tomed flask. To this mixture was added a solution of ANI 
(1.0 mmol) dissolved in 5 ml of DCM dropwise and the 
reaction stirred at room temperature overnight. The mixture 
was the quenched off with saturated  NaHCO3, the organic 
phase separated and the aqueous phase back extracted with 
methylene chloride. Combined organic layers were dried 
using anhydrous magnesium sulfate  (MgSO4), filtered and 
the solvent removed in vacuo.

Toxicity assays

Cytotoxicity assays

Vero E6 cell line was used to screen for the cytotoxicity of 
ATSA using the Mosmann, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetra-zolium bromide (MTT) cell viability 
assay. Prior to the assay, the trypan blue exclusion method 
was used to determine the cell density using an inverted 
microscope (A. Kruss Optronic, Germany) at × 400 mag-
nification. Briefly, 100 µl of cell suspension at a density of 
2 ×  104 was seeded into 96-well flat-bottomed microtiter 
plates. The culture plates were then incubated at 37 °C 
with 5%  CO2 for 24 h. Thereafter, 150 µl of the test drugs 
were added and a triplicate dilution was performed. The 
plates were again incubated for 24 h before 10 µl of 5 mg/
ml MTT solution was added to each well to give a final 
concentration of 0.5 mg/ml. These plates were incubated 

for a further 4 h followed by addition of 100 µl dimethyl 
sulfoxide (DMSO) to dissolve formazan crystals. The 
absorbance was read at 562 nm/690 nm using a scanning 
multi-well spectrophotometer (Multi-scan EX Lab-sys-
tems). Data was entered in a MICROSOFT EXCEL soft-
ware and inhibitory concentration that causes death of 50% 
cells  (CC50) determined using Eq. 1 (Mosmann 1983).

The selective indices (SI) of the drugs were determined 
by Eq. 2:

Acute oral drug toxicity assays

Acute oral toxicity was conducted in accordance with 
the Organization of Economic Co-operation and Devel-
opment (OECD 2001) guideline 423  Jonsson et  al. 
2013. Swiss female albino mice (three mice per group), 
7 weeks old and weighing between 20 and 26 g were 
used. The mice were starved for 3 h, weighed and 200 µl 
of a single dose of 300 mg/kg body weight (bwt) of 
freshly prepared solutions of ATSA and ATS given by 
oral gavage using a stainless-steel feeding cannula. Neg-
ative control group received equal volume of distilled 
water. The mice were then observed continuously for 
the first 30 min post drug administration and then after 
4 h and 24 h for any physical signs of drug intoxica-
tion: mortality, gross behavior, body conditions such as 
tremors, diarrhea, lethargy, salvation, and convulsions. 
The mice were continuously monitored at intervals of 
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Fig. 1  Hybridization of ATS 
and ANI to form artesunate-
3-chloro-4-(4-chlorophenoxy) 
aniline (ATSA) hybrid
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4 days for 14 days with surviving mice weighed and the 
weight recorded. Therapeutic index (TI) of test drugs 
was then determined by Eq. 3:

where  LD50 is lethal dose which cause death to 50% of the 
test animals while  ED50 is the effective dose that suppresses 
50% of the parasite (Muller and Milton 2012).

In vitro antiplasmodial screening assays

Human malaria parasites were cultured using the method 
of Trager and Jensen with slight modifications (Trager 
and Jensen 1976). P. falciparum cultures were main-
tained continuously at 37 °C followed by a 72 h sus-
ceptibility tests using radio-labelled [3H] hypoxanthine 
incorporation semi-automated microdilution assay tech-
nique in 96-well microtiter plates. Early-stage parasites, 
 3D7 and  W2, were tested in duplicate. Briefly, 25 µl com-
plete culture medium was added to all wells. Twenty-five 
microliters of either ATSA or TSA drugs was then added. 
A serial twofold dilution over a 64-fold concentration 
range was carried out using a motorized hand diluter. 
Two hundred microliters of parasitized RBCs at 0.4% 
parasitemia was then added to test wells. Into some con-
trol wells, 200 µl of non-parasitized RBCs was added. 
The plates were place in an air-tight gas chamber, gassed 
with 3%  CO2, 5%  O2, and 92%  N2 and incubated for 72 h 
at 37 °C. Each specific well was then pulsed with 25 µl of 
culture medium containing 0.5 µCi of [3H] hypoxanthine 
and the plates incubated for 18 h. The contents of each 
well was harvested in glass fiber filters, washed several 
times and radioactivity measured in counts per minute 
using a liquid scintillator (Khan et al. 2017). The 50% 
inhibitory concentration  (IC50) was obtained by nonlinear 
probit or regression of percentage growth inhibition for 
each drug.

In vivo assays

Parasite inoculation

Infected red blood cells (iRBCs) was collected into 
heparinized syringes using a needle whose size was 
26G × 5/8 following cardiac puncture of the anes-
thetized donor mice with increasing parasitemia of 
between 10 and 15%. The parasitemia was adjusted 
downwards to approximately 1% using autoclaved 
phosphate saline with glucose (PSG) buffer. The buffer 
was initially constituted using 2.696 g disodium hydro-
gen phosphate, 5 g glucose, 0.156 g hydrated sodium 

(3)TI =
LD

50

ED
50

dihydrogen phosphate, and 0.85 g sodium chloride all 
dissolved in 500 ml double-distilled water, sterilized 
by autoclaving and stored in the dark at 4 °C. During 
parasite injection, a mouse was restrained by holding 
tail ends with one hand while gently but firmly holding 
the loose skin at the neck and back using the same hand. 
The mouse was then held in an upright position and 
200 µl parasite inoculum injected in the intraperitoneal 
(ip) cavity using the other hand.

Early infection tests

The standard 4-day chemo-suppressive tests (4DTs) 
were used to assess the percentage reduction in para-
sitemia in mice injected with P. berghei ANKA, LuR, 
and PQR iRBCs as described by Peters et al. (1975). 
Briefly, infected mice were distributed randomly into 
three test dose groups and a negative control group 
of five mice each. Drug solutions were freshly pre-
pared just before administration by first solubilizing in 
dimethyl sulfoxide (DMSO) final concentration 1% fol-
lowed by serial dilution with distilled water to required 
experimental concentrations. Two hundred microliters 
of each drug were administered orally to the mice at a 
time t = 3 h, 24 h, 48 h, and 72 h post infection using 
a stainless steel, 24-gauge feeding cannula (Harvard 
Apparatus; 25 mm in length, 1.25 mm ball diameter). 
Negative controls received distilled water. On day 4 
(96 h) pi, thin blood smears from mice tail snips were 
prepared.

Thin smear staining and examination

Thin blood smears were fixed by immersing slides in abso-
lute methanol for 30 s, air-drying, staining with 10% work-
ing Geimsa solution for 20 min, washing over running tap 
water and drying at the extreme edge of the hood (Omwoyo 
et al. 2014). A drop of immersion oil was placed on the 
smears and parasites examined using a microscope (OLYM-
PUS X3) at × 1000 magnification. Parasite load (percentage 
parasitemia; PP) from four random microscope fields was 
calculated using Eq. 4:

where  TiRBC is the total number of infected RBCs while  TRBC 
is the total number of RBCs. Percentage parasitemia sup-
pression (PPS) (chemo-suppression) was determined using 
Eq. 5:

(4)PP =
T
iRBC

T
RBC

× 100

(5)PPS =
A − B

A
× 100
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where A is the mean parasitemia in negative control group 
while B is the mean parasitemia in test groups.

Curative test

Experimental mice were injected ip with the P. berghei 
ANKA iRBCs and randomized into two test groups and a 
negative control of five mice each. Smears were made on 
 D4 post-infection just before start of treatment to confirm 
infection and determine initial parasitemia. Drug solutions 
equivalent to  ED50s of ATSA obtained in early infection test 
was administered on  D4,  D5, and  D6. Smears were made 
on  D7,  D9,  D11, and  D13 to monitor the reduction in para-
sitemia. Percentage parasitemia was determined as previ-
ously described and average percentage suppression (APS) 
of parasitemia determined using Eq. 6:

where  PD4 is the average % parasitemia before treatment, 
day 4, while  PD7 is the average % parasitemia after treat-
ment, day 7.

In silico prediction of ADMET profiles

ADMET profiles were predicted using Pre-ADMET online 
prediction tool. The 2D structures of ATSA and ATS were 
drawn using an online user interphase Chem-Doodle® 

(6)APS =
PD

4

PD
7

× 100

drawing tool in Pre-ADMET server and directly submitted 
for calculation of absorption, distribution, metabolism, and 
toxicity parameters.

Data analysis

The in vitro data was expressed as mean ± SD while in vivo 
data was processed in Microsoft® Excel (Microsoft Corp.) 
data sheet and effective dose fifty  (ED50) estimated graphi-
cally by linear regression using Statistica 2000 version 5.5. 
Statistical difference was determined using one-way analysis 
of variance (ANOVA) where a value of P < 0.05 was set as 
statistically significant.

Results

In vitro cytotoxicity and antiplasmodial activity

As shown in Fig.  2, the concentrations capable of 
causing visible alterations by 50% and thus inhibit-
ing growth of cells  (CC50) was 25.015 ± 2.325 µg/ml 
and 48.945 ± 0.035 µg/ml for ATSA and ATS, respec-
tively. The  IC50 for ATSA were 11.47 ± 1.3 ng/ml and 
1.45 ± 0.11 ng/ml compared to 2.00 ± 0.93 ng/ml and 
1.9 ± 0.15  ng/ml for ATSA using (3D7) and (W2), 
respectively. The selective index  (SI50) was 2180.91 
for ATSA and 42,475 for ATS using the sensitive  3D7 
clone.

Acute in vivo toxicity

After 14 days, the mean weights of experimental mice 
in test and control groups ranged between 22.0 mg/kg 
body weight to 23.75 mg/kg as shown in Table 1. The 
mean weight difference between the test and control 
groups was statistically insignificant, P > 0.05. Based on 
these results, the  LD50s for ATSA drug was estimated to 
be > 300 mg/kg bwt.

Fig. 2  In vitro cytotoxicity and anti-plasmodial activity

Table 1  Mice weights in acute 
oral toxicity assay after 300 mg/
kg body weight dose

Group Mice identity D1 D5 D9 D14 Mean 
weight ± SD 
(mg/kg)

Weights of mice ATSA M1 24 22 24 25 23.75 ± 1.26
M2 24 24 22 25 23.75 ± 1.26
M3 22 24 22 23 22.75 ± 0.96

Control M1 20 24 24 22 22.5 ± 1.91
M2 20 24 24 22 22.5 ± 1.91
M3 20 24 24 22 22.5 ± 1.91
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In vivo antimalarial activity assays

Early infection test

Percentage chemo-suppression of ATSA and ATS were 
determined in mice using the standard 4DTs against P. 
berghei ANKA, LuR, and PQR parasites. The results 
demonstrate dose-dependent relationships. In P. berghei 
ANKA, parasite chemo-suppression after a 3.0 mg/kg body 
weight was 41.47% for ATSA. ATSA suppressed LuR para-
sites by 63.30% and PQR parasites by 55.66% as shown 
in Fig. 3. The percentage activities of ATSA in P. berghei 
ANKA, LuR, and PQR compared to the controls were sta-
tistically significant P < 0.05. The effective dosages capa-
ble of decreasing the population of parasites by fifty per-
cent  (ED50s) were 4.211 mg/kg/day, 2.601 mg/kg/day, and 
3.875 mg/kg/day for ATSA and 2.108 mg/kg/day, 1.883 mg/
kg/day, and 0.961 mg/kg/day for ATS against P. berghei 
ANKA, LuR, and PQR parasites,respectively, as shown in 
Fig. 4.

Curative test

The average percentage chemo-suppression of ATSA in the 
curative test against P. berghei ANKA were determined 
on  D7 in mice treated for 3 days  (D4 to  D6) with the drug’s 
 ED50s value of 4.211 mg/kg/day obtained in the early infec-
tion test. The ATSA showed similar inhibitory potential 

compared to the untreated control and the percentage 
chemo-suppression of ATSA novel drug was statistically 
significant P < 0.05. Figure 5 indicates the average para-
sitemia between  D4 and  D13. The parasite load decreased 
gradually till  D7. Beyond  D7, growth of parasites began to 
increase.

In silico ADMET profiles

Absorption, distribution, metabolism, and toxicity pro-
files of ATSA with reference ATS were determined in 

Fig. 3  In vivo percentage parasitemia in early infection test

Fig. 4  In vivo effective dosage-50  (ED50)

Fig. 5  In vivo activity of ATSA in a curative test

Table 2  ADME and toxicity profiles of ATSA against ATS

HIA human intestinal absorption, Caco-2 human epithelial adeno-
carcinoma colorectal cell line, MDCK Mandin-Darby canine kidney, 
BBB blood–brain barrier, PPB plasma protein binding, P-gp P-glyco-
protein, CYP cytochrome P450 subfamily, hERG human either-a-go-
go gene, TA100/1535 S. typhimurium strain, RLI rat liver homogen-
ate, NA no metabolic activation

Target test ATSA ATS

HIA (%) 96.831371 88.675981
Caco-2 (cm/s) 29.8626 13.1902
MDCK (cm/s) 0.0695573 0.344241
P-gp inhibition Inhibitor Non-inhibitor
Skin permeability  − 2.44849 (cm/h)  − 3.77087 (cm/h)
BBB  (Cbrain/Cblood) 0.355308 0.0112762
PPB (%) 91.507 70.122
CYP2C19 inhibition Inhibitor Inhibitor
CYP 2C9 inhibition Inhibitor Inhibitor
CYP 2D6 inhibition Inhibitor Non
CYP 2D6 substrate Non Non
CYP 3A4 inhibition Inhibitor Inhibitor
CYP 3A4 substrate Substrate Substrate
Ames test Mutagen Non-mutagen
Mouse carcinogenicity Non-carcinogen Carcinogen
Rat carcinogenicity Carcinogen Non-carcinogen
hERG inhibition Medium-risk Low-risk
TA 100_10RLI Non-mutagen Non-mutagen
TA 100_NA Non-mutagen Non-mutagen
TA 1535_10RLI Non-mutagen Non-mutagen
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silico, and the results are summarized in Table 2. Most 
ADMET parameters of the ATSA are similar as those of 
ATS which indicates the safety of the novel hybrid drug 
candidate.

Absorption profile

The human intestinal absorption (HIA), permeability to 
the human epithelial colorectal adenocarcinoma (Caco-
2) cells, the Mandin-Darby canine kidney (MDCK) cells, 
P-glycoprotein (P-gp) inhibition, and skin permeability 
profiles demonstrate the absorption parameters. The novel 
drug ATSA shows a slightly higher HIA value, 96.831371% 
as compared to HIA value of 88.675981% for ATS. ATSA 
also exhibits a remarkably low permeability to MDCK cells 
(0.0695573* cm/s) as compared to 0.344241 cm/s for ATS 
but has high permeability to CaCO-2 cells (29.8626 cm/s) 
compared to 13.1902 cm/s for ATS.

ATSA inhibits P-gp and has a skin permeability 
of − 2.53826 cm/h while ATS is a non-inhibitor to P-gp with 
a skin permeability of − 3.77087 (cm/h), Table 2.

Distribution profile

Brain-blood barrier (BBB) penetration and percentage 
plasma protein binding (PPB) parameters display distribu-
tion patterns of ATSA and ATS. ATSA show a BBB value 
of 0.355308 compared to 0.0112762 for ATS. The PPB is 
91.507% and 70.122% for ATSA and ATS respectively, 
Table 2

Metabolism profile

Metabolism was determined by screening whether ATSA in 
comparison with ATS was an inhibitor or a substrate to vari-
ous members of cytochrome P450 gene (CYP) subfamilies: 
CYP 2C19 inhibition, CYP 2C9 inhibition, CYP 2D6 inhi-
bition, CYP 3A4 inhibition, CYP 2D6 substrate, and CYP 
3A4 substrate using Pre-ADMET predictor. It was found that 
ATSA is an inhibitor of CYP 2C19, CYP 2C9 and CYP 3A4 
and non-substrate to CYP 2D6. ATSA also inhibits CYP 
2D6 but it is a substrate for CYP 3A4, Table 2.

Toxicity profile

Toxicity was determined by screening for Ames muta-
genicity, carcinogenicity in mouse or rat models and 
human ether-a-go-go related gene (hERG) potassium ion 
 (K+) channel inhibition. ATSA shows non-mutagenic-
ity to both TA100 and TA1535 strains similar to ATS. 
ATSA is carcinogenic to the rat model but not mouse 
model while ATS is carcinogenic to the mouse model 

alone. ATSA exhibit medium risks while ATS displays 
low risk of hERG  K+ channel inhibition, Table 2.

Discussion

The world continues to lose effective antimalarial 
drugs due to the growing number of multi-drug resist-
ant human malaria parasites. Since malaria continues 
to cause death mostly to children below the age of 
5 years and pregnant women particularly in sub-Saha-
ran Africa, alternative medications efficacious to both 
sensitive and resistant parasites are in constant need. 
This study thus evaluated the antimalarial activity, 
toxicity and in silico ADMET profiles of a novel mol-
ecule, artesunate-3-chloro-4(4-chlorophenoxy) aniline 
(ATSA) hybrid. Artesunate (ATS) was used as a stand-
ard drug. The in vitro cytotoxicity results revealed that 
the hybrid drug has a wide safety margin of 2180.91 
compared to 42,475 for ATS using the sensitive  3D7 
strain. No mortalities or significant weight differences 
occurred between the negative control mice and mice 
treated with ATSA at 300 mg/kg bwt. The  LD50 for 
ATSA was estimated to be > 300 mg/kg with a thera-
peutic index (TI) > 71. The resultant safety margin was 
more than 30 times the effective dosage; 4.211 mg/
kg/day required to reduce the parasite population by 
50%  (ED50).

ATSA exer ted parasi te  chemo-suppression to 
both the sensitive and resistant P. falciparum and P. 
berghei parasites, P > 0.05. However, the antimalarial 
activity of ATSA was observed to be less than that 
of the popular clinically used trioxane drug artesu-
nate. This might have been due to low solubility of 
the aniline component, which could in turn have 
affected the overall efficacy of the hybrid antima-
larial candidate drug. It is also possible that ANI is 
a short acting drug and since artesunate is similarly 
a short acting antimalarial medicine, a decrease in 
the percentage parasite chemo-suppression for the 
hybrid was evident. However, the potency of this drug 
candidate may be enhanced through specific slight 
modifications of the linker as these have been shown 
to improve the chemotherapeutic outcome of hybrid-
ized drugs (Dambuza et al. 2015). ATSA targets the 
malaria parasites by two distinct mechanisms, ANI 
is cr itical in the FAS-II pathway in plasmodium 
apicoplasts (Sifuna et  al. 2019). Artesunate on the 
other hand, promotes heme alkylation through its 
1,2,3-trioxane entity which implies that development 
of resistance to this novel hybrid might be delayed or 
altogether circumvented (Coslédan et al. 2008).
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Absorption of drugs into blood systems depends on 
apical-basolateral (A-B) permeability. Since the intestinal 
membrane acts as the first barrier to orally administered large 
and charged molecules (Gessner and Neundorf 2020), poor 
performance and low drug concentrations at target regions is 
attributed to limited solubility in aqueous media (Mehmood 
et al. 2020).

A drug penetrates membranes through passive diffu-
sion, active transport and paracellular transport (Knöpfel 
et al. 2019) and various in silico tools are available to 
calculate percentage HIA as a sum of bioavailability and 
absorption. HIA is evaluated from the ratio of excretion 
or cumulative excretion in urine, bile and feces (Zhao 
et al. 2002) and permeability of a compound to either 
Caco-2 cells or MDCK cells. MDCK cells predict oral 
drug absorption with high accuracy. Caco-2 cells have 
multiple transport channels through the intestinal epithe-
lia that mimics most transport pathways in gastrointestinal 
tracts. ATSA exhibited a high percentage HIA of 96.83% 
and a Caco-2 permeability of 29.86 cm/sec compared 
to 88.675981% and 13.1902 cm/s respectively for ATS. 
ATSA has remarkably low MDCK cell permeability of 
0.0695573 cm/sec compared to the 0.344241 cm/s for 
ATS. This suggests that ATSA is highly bioavailable to 
suppress malaria infections.

Drug delivery into blood circulation through the skin 
has a wide range of advantages such as stomach bypass, 
higher patient compliancy, expeditious delivery of drugs 
with short half-life or narrow therapeutic index among 
others (Parhi and Mandru 2021). Skin permeability 
index analysis for a new drug is thus important as it 
indicates whether across-the-skin delivery is possible. It 
also indicates the possible extent of damage due to acci-
dental contact with a drug (Silva et al. 2014). A nega-
tive value for skin permeability of − 2.44849 (cm/h) for 
ATSA and − 3.77087 (cm/h) of ATS suggest that ATSA 
cannot penetrate the skin and thus is equally safe as 
artesunate.

Distribution of a drug is determined by calculating the 
BBB penetration and percentage PPB profiles. BBB is 
a ratio of drug concentration in the brain to its concen-
tration in blood  (Cbrain/Cblood). Plasma protein binding 
of a drug influences its action and disposition as only 
unbound drug molecules are free to cross membranes 
by diffusion or active transport as well as for interaction 
with drug targets (Dohutia et al. 2017). From the results, 
ATSA has a considerably higher predicted BBB value of 
0.355308 compared to 0.0112762 of ATS. It also has a 
higher PPB of 91.507% compared to 70.122% of ATS. A 
high BBB value may suggest that ATSA could find value 
in treatment of cerebral malaria. ATSA’s high PPB is 
likely to modify its pharmacokinetics hence its bioavail-
ability and efficacy.

Drug metabolism is key to its eventual excretion from the 
body. In this study, the Pre-ADMET tool analyzed whether 
ATSA is a substrate or an inhibitor to the members of the 
CYP subfamily: CYP 2C19 inhibition, CYP 2C9 inhibition, 
CYP 2D6 inhibition, CYP 3A4 inhibition, CYP 2D6 sub-
strate and CYP 3A4 substrate. Our results (Table 2) show 
ATSA as an inhibitor of CYP 2C19, CYP 2C9, and CYP 
3A4 genes and a non-substrate to CYP 2D6 genes. It inhib-
its CYP 2D6 but it is a substrate for CYP 3A4. This displays 
an additional safety of ATSA to the human host cells.

Ames mutagenicity, carcinogenicity, and hERG  K+ 
channel inhibition assays are used to determine toxic-
ity profiles of drug candidates (Khan et al. 2017). Two 
strains of Salmonella typhimurium, TA100 and TA1535 
(+ S9 activated with 10% liver homogenate and -S9 not 
activated) having mutations in genes responsible for 
histidine metabolism were used in predicting Ames test. 
The Ames test shows that ATSA is none mutagenic to 
the TA100 strain of bacteria. The hERG  K+ channels are 
predominately expressed in cardiac muscles and block-
ade of these channels by drugs induces acquired long 
QT syndrome that may trigger arrhythmias (Tschirhart 
et al. 2019). ATSA exhibit medium risks to hERG  K+ 
channel inhibition suggesting that it is safe.

Conclusion

Artesunate-3-chloro-4-(4-chlorophenoxy) aniline 
(ATSA) shows antimalarial chemosuppression activity 
against both the sensitive and the resistant human and 
mice malaria parasites with wide safety margins. This 
compound is thus a promising antimalarial drug can-
didate. To confirm the predicted ADMET parameters, 
in vivo studies are recommended. Pre-clinical and clini-
cal studies should then follow to evaluate their value in 
the development of novel antimalarial drugs for future 
use in the management of multi-drug resistant malaria 
parasites.
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