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ABSTRACT
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Over a decade after artemisinin-based combination therapy (ACT) approval as the most preferred anti-malarial
drug. Seven ACTs can be sourced as over-the-counter medications in most African pharmacies without
prescription. A comparative neurotoxicity of these ACTs was investigated in an in vivo experimental model.
Swiss mice numbering 40, weighing 18 - 26 g were allotted to eight groups (n = 5). Group 1 (normal control
[NC]), received distilled water 10 mL, while groups 2 to 8 were administered (5.71 mg artesunate+amodiaquine
[AA]); (19.29 mg artesunate+mefloquine [AM]); (10.36 mg artesunate+sulfadoxine+pyrimethamine [ASP]);
(19.29 mg artesunate+pyronaridine [APy]); (12.5 mg artemisinin+piperaquine [AP]); (15.42 mg
dihydroartemisinin+piperaquine [DP]); and (8 mg artemether+lumefantrine [AL]) per kg body weights,
respectively orally for 3 days, but for 2 days in group 6.  Animals were sacrificed 24 hrs after last administration
under ketamine anaesthesia (100 mg/kg, i.p), and excised brains were evaluated for neurochemical and
neurohistological alterations. Oxidative stress markers: malondialdehyde and reduced glutathione significantly
(p < 0.05) increased as well as antioxidant enzymes glutathione peroxidase, catalase, superoxide dismutase in
ACT-administered groups compared to NC. Neurohistology of hippocampal cornu ammonis 1 (CA1) and
cerebellum demonstrated vacuolations, neuronal hypertrophy and atrophy pyramidal, and Purkinje neurons.
Immunohistochemistry with glial fibrillary acidic protein antibody demonstrated mild to mostly severe
astrogliosis in the ACT-administered groups. In conclusion, oxidative stress markers and antioxidants were
elevated in the order DP>APy>AP>ASP>AA>AL>AM. Together with the neurohistology, neurotoxicity were in
the order DP>ASP>APy>AP>AL>AA>AM particularly in the hippocampus compared to the cerebellum.

KEYWORDS: Artemisinin-based combination therapies, Cerebellum, CA1 region of the hippocampus,
Neurodegeneration, Oxidative stress.
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AIDS it is the leading cause of death from
infectious diseases on African continent[1] with
the most preferred drug for malarial treatment

Nearly half of the global population is
susceptible to malaria infections, and after HIV/
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Excessive production of free radicals resulting
from insufficient level of antioxidant defense
system results in oxidative stress, and the brain
is most prone to this challenge due to its high
oxygen uptake and lipid content. Excess free
radical result in the production of ROS-related
compounds like superoxide anions (O2•–),
hydrogen peroxide (H2O2) which can intercon-
nect with cellular biomolecules and
subsequently cause damages to them [14].
Lipid peroxidation is one of the major
mechanisms involved in oxidative stress, which
involves disarrangements of intramolecular
structures that result in conjugated diene
production following polyunsaturated fatty
acids attack by ROS [14,15]. Antioxidants are
present in low concentrations in the body and
can help delay or prevent substrate oxidation
and are responsible for preventing and
blocking ROS, oxidative stress, and other
parameters of cell death [16]. Some vital first
line of defense for body include superoxide
dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), glutathione-S-transferase
(GST) and peroxiredoxins which constitute the
enzymatic antibodies [17]. ACTs has been
reported to alter the enzymatic and non-
enzymatic antioxidants concentrations [18-20]
and exposing the cells to oxidative stress [20].
Artemisinin and its derivatives in animal’s
studies reported to induce neuronal damage
and fatal outcomes in adults or embryos
irrespective of the specie used like mouse, rat,
dog, and non-primates [21].
These neurological effects associated with
artemisinin exposure for 24 hrs are reported
to appear after 7 days and worsen after 14
days [21,22] Their seriousness and time to
onset are dose-dependent [23] and intrave-
nous administration seems more neurotoxic
than the orals[5,24]. Several studies have
shown that African children are long term
survivors of cerebral malaria and elicit
various neurological deficits including
attention, memory, and visual skills [25,26].
Mefloquine has been reported to induce
ototoxicity in healthy subjects and different
dose dependent neuropsychiatric adverse  re-
actions [26,27]. It has also been reported that
co-administration of artemeter-lumefantrine

being artemisinin-based combination thera-
pies (ACTs) [2], for over a decade now. WHO
recommends oral administration of ACTs for
the treatment of uncomplicated malaria due
to P. falciparum and P. vivax  parasites. ACTs
act to arrest parasites multiplication via the
combined action of two active ingredients
which are both fast and slow acting on their
biochemical targets [3,4].
The current anti-malarial medications are
artesunate and amodiaquine, artesunate and
mefloquine, artesunate and pyronaridine,
artesunate with sulfadoxine and pyrimetha-
mine, artemisinin and piperaquine, dihydroar-
temisinin and piperaquine, and artemether
and lumefantrine, respectively), although
some have been associated with  undesirable
outcomes. Since malaria is endemic in
Nigeria, the frequent exposure to anti-malarial
is common and it has been associated with
low to moderate neurotoxicity in different
literatures [5,6] as most are  administered
orally.
Artemisinins are hydrolysed to the active
metabolite dihydroartemisinin and its
by-products artemether, artemotil, and
artesunate respectively which are partially
soluble in water (artesunate) or oil
(artemether and artemotil) [7,8]. Artemisinins
are proposed to act through a mechanism that
involve the cleavage of their endoperoxide
bridge by free heme and C-centred radicals
which then interacts with several cellular tar-
gets [9], and through the inhibition of para-
site mitochondria transport chain (complex-
IV) through reactive oxygen species (ROS) syn-
thesis [9,10]. Artemisinin is rapidly absorbed
via the gastrointestinal tract and dispensed in
the liver, bile, and kidney with about 80% of
the medication eliminated within 24 hours of
administration through urine and faeces [4,11].
Generally, artemisinin and its derivatives
possess a short elimination half-life of roughly
2 - 5 hours and their partner drug has long
elimination half-life with mefloquine (17 - 25
days), amodiaquine (16 - 18 days), lumefantrine
(4 - 6 days), piperaquine (14 - 21 days),
pyronaridine (7 - 9 days) and sulfadoxine –
pyrimethamine (3 - 9 days) to prevent
recrudescence of malaria parasites [12,13].
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maybe neurotoxic to neurons in successive
dosing by its artemisinins derivatives
[20,26,28,29].
The brain is one of the most vital and sensi-
tive body organs that are highly susceptible
to ACTs toxicities [30,31]. The cerebellum is
the part of the brain that controls coordina-
tion of muscles as well as the maintenance of
body equilibrium [32,33]. Whereas the
hippocampal cornu ammonis 1 (CA1) is the
brain region involved in the formation and
consolidation of memory [32,33] and its
neurons very sensitive to damage. Thus,
toxicities directed toward these areas of the
brain may hinder and/or distort their normal
physiology with attendant effects that may
even impact on the quality of life [6,32].
It became pertinent to investigate the
comparative neurochemical of the whole
brain, and microstructural alterations of the
hippocampal CA1 region and cerebellum
following oral therapeutic doses of the seven
ACTs commonly available in Nigeria to
determine the least and most neurotoxic.

MATERIALS AND METHODS

Animal House, Faculty of Pharmacy, University
of Uyo, Uyo, Nigeria and randomized into eight
groups of five mouse each. All animals were
weighed, marked for identification, and placed
in a standard plastic cage for acclimatization
under optimum pathogen-free environment
and maintained in a 12 h light/dark cycles of
25 – 27 oC at relative humidity of 40 – 60 %
measured using CEM hydrometer (DT 615,
Shenzhen China), one week before the start
of the experiment allowing access to diet and
water. The animal cages were maintained
adequately by changing sawdust, leftover feed
and drinking water, daily. All animals were fed
with pelletized grower mash (Grand Cereal
Vital® Feed Ltd. Jos) and provided drinking
water ad libitum. The study design and
protocols were approved by the Department
of Human Anatomy, University of Uyo,
Nigeria, in tandem with the globally accepted
guideline [34]. The experiment conformed with
the Basic and Clinical Pharmacology and
Toxicology policy for experimental studies [35].
Experimental Design: The animals were allot-
ted into eight groups for placebo and drug
administrations, as follows:

Drug acquisition and preparations:
The seven  ACTs were: Camosunate®,
(artesunate+amodiaquine [Geneith Pharma-
ceutical Limited, Oshodi, Lagos] Lot No.:
440720); Artequin® (artesunate+mefloquine
[Ateco, Switzerland] Lot No.: 20055175);
Pyramax® (artesunate+pyronaridine [Shin
Poong Pharmaceutical Co. Ltd, Korea] No.:
01750087300132), Co-Arinate® (artesunate
+sulfadoxine+pyrimethamine [Famar Italia 
Spa, Italy] Lot No.: 220021); Artequick®
(artemisinin+piperaquine [Artepharm Co. Ltd,
China] Lot No.: 20191103), P-Alaxin®
(dihydroartemisinin+piperaquine [Bliss Pharm
Ltd, India] Lot No.: J1A1W021), and Coartem®
(artemether+lumefantrine [Novartis Pharma-
ceutical Limited, Switzerland] Lot No.: KR471),
respectively. The drugs (normally in solid
forms) were pulverized in a mortar and pestle.
The powdered drugs were separately dissolved
in 400 mL of distilled water to constitute the
stock solution.
Experimental Animals: The forty (40) male
Swiss mice (18 – 26 g) were sourced from the

Group   Treatment
Dose 

(mg/kg/day) 
Duration 

(days)
1 DW (NC) 10 mL 3
2 AA 5.71 3
3 AM 19.29 3
4 ASP 10.35 3
5 Apy 10.29 3
6 AP 12.5 2
7 DP 15.42 3
8 AL 8 3

Legend: NC = Normal control; DW = distilled water;
AA = artesunate+amodiaquine;
AM = artesunate+mefloquine;
ASP = artesunate+sulphadoxine+pyrimethamine;
APy = artesunate+pyronaridine;
AP = artemisinin+piperaquine;
DP = dihydroartemisinine+piperaquine;
AL = artemether+lumefantrine.

Administration of experimental drugs: Drug
administrations were performed through oral
gavage for three days based on each mouse’s
body weight using digital compact scale (Zeiss,
Germany) and determined by the dose
calculation: desired over have formula method
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described by Toney-Butler et al. [36].
All drugs were administered using at required
therapeutic doses for a period of three days;
however, the Group 6 (AP) was administered
for two days as per instruction on drug leaflet
for each drug.
Necropsy of experimental animals: The
animals were euthanized with ketamine (100
mg/kg i.p.) 24 hrs after the last oral
therapeutic administration of ACTs. Intracar-
diac perfusion was performed with phosphate
buffered saline (PBS) for 2 minutes. A 4%
paraformaldehyde was then utilized via a
second drip line as fixative until tail stiffness
was achieved. This allowed for whole brain
fixation which were excised and transferred
to specimen bottle of same fixative for 72 h.
Paraffin embedded brain tissue were sectioned
at 5 µm using the rotary microtome (Micro-
tome Thermo Scientific – Microm HM 325,
England), with every fifth ribbon picked from
a warm water bath unto an albumenized slide
and thereafter stained with haematoxylin and
eosin as described by Everitt and Gros, [37].
Likewise, some whole brains were weighed
using an electronic weighing balance (Scout Tm
Pro; Microstep (pty) Ltd; Circifense, Switzer-
land) and the volumes were determined with
a measuring cylinder and the brain average
and volumes were recorded. The bi-parietal
and fronto-occipital indices were obtained
with an electronic vernier caliper.
Determination of morphometric indices:
Organosomatic indices describe proportional
changes in organ weights as reflecting the
status of organ systems which may increase
or decrease more rapidly than an organism’s
weight. This was determined as described by
Ariweriokuma et al. [38] for the brain and body
weights ratio of each mouse using the formula:
brain weight/ body weight of mouse x
(multiplied by) 100
Antioxidant and oxidative stress markers
assessments: Four brain homogenates
obtained from the control group and the
groups orally exposed to the seven different
ACTs were assessed for endogenous concen-
trations of oxidative stress markers), reduced
glutathione (GSH) and malondialdehyde

(MDA), and antioxidant enzymes; superoxide
dismutase (SOD), catalase (CAT) and
glutathione peroxidase (GPx). This was to
determine the degree of exposure-associated
neurochemical alterations. The eviscerated
frozen fresh brain tissues were homogenized
using a ceramic mortar and pestle with a 5 mL
phosphate buffer was added into the ceramic
mortar using a syringe. The resulting homoge-
nate poured into a plain tube and centrifuged
at 3000 rpm for 10 minutes to produce
supernatants which were decanted into
another plain tube using a syringe, and then
used for enzymatic studies.
The GSH activity was determined as described
by Sedlak and Lindsay [39].
To the homogenate 10% TCA was added,
centrifuged. Thereafter, 1.0 mL of brain super-
natant was treated with 0.5 mL of Ellmans
reagent (19.8 mg of 5,5-dithiobisnitro benzoic
acid (DTNB) in 100 mL of 0.1% sodium nitrate)
and 3.0 mL of phosphate buffer (0.2M, pH 8.0)
and an absorbance read at 412 nm.
The MDA for lipid peroxidation was deter-
mined as described by Buege and Aust [40]. A
1.0 mL of brain supernatant was added to 2
mL of (1:1:1 ratio) TCA-TBA-HCl reagent
(thiobarbituric acid 0.37%, 0.24N HCl and 15%
TCA) tricarboxylic acid- thiobarbituric
acid- hydrochloric acid reagent boiled at 100oC
for 15 min and allowed to cool. Flocculent
materials were removed by centrifuging at
3000 rpm for 10 minutes. Resulting
supernatant was removed, and the
absorbance read at 532 nm against a blank.
MDA was calculated using the molar
extinction  coefficient for MDATBA- complex
of 1.56 × 105 M-1CM-1.
The SOD was determined as described by
Sun and Zigma [41] via its ability to inhibit the
auto-oxidation of epinephrine and absorbance
read at 480 nm. The reaction mixture
contained 2.95 mL 0.05 M sodium carbonate
buffer pH 10.2, 0.02 mL of brain homogenate
and 0.03 mL of epinephrine in 0.005 N HCL to
initiate the reaction. The reference cuvette
contained 2.95 mL buffer, and 0.02 mL of
water. The SOD activity was calculated by
measuring the change in absorbance at
480 nm for 5 minutes.
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were treated in 0.1% H2O2 (Deventer, The
Netherland) for 15 minutes and thereafter
allowed to set in 5% normal goat serum in PBS
for 1 h. The sections were then incubated over-
night at 4 oC in PBS containing 1% normal goat
serum and rabbit anti-glial fibrillary acidic
protein (GFAP) (1: 500; Dako, Lot 00083681),
used to observe the reactive astrocytes. The
brain sections were incubated for 2 h at room
temperature using a biotinylated secondary
antibody (diluted 1:200) after washing. There-
after, the sections were then reacted in an
avidin biotin solution (ABC kit, Vectastain) and
finally using 3, 3’-diaminobenzidine as
chromogen and peroxide. Tissues on charged
slides were then dehydrated in ascending
grades of alcohol 50%, 70%, 95%, and 100%,
respectively, and then cleared in xylene,
mounted on gelatinized slides, and cover-
slipped using DPX. The photomicrographs of
regions of the brain (CA1 of the hippocampus
and cerebellum) were captured with Leica
DM750 microscope attached with an ICC50W
digital camera (Wetzlar, Germany).
GFAP immunostaining scores: The semi-quan-
titative scoring method based on the
intensity of immune expression of the
anti-GFAP antibody as described by Klein et al
[46], and Rizzardi et al [47]. The photomicro-
graphs were scored based on the following
criteria: (a) percentage of astrocytic reactions
labelled (0 = lack of labelling of astrocytes;
1 = less than 30 % of astrocytes reactive;
2 = 30 to 60 %; and 3 = more than 60 %); and
(b) intensity of the immunostaining (0 = no
staining; 1 = weak; 2 = mild; and 3 = strong
staining). The sum of the two values (a + b)
totalled the eventual score for each photomi-
crograph, ranging from 0 to 6. To forestall
any bias, at least two independent
histopathologists undertook the analyses of
the brain images.
Statistical analysis: Data was analysed with the
GraphPad Prism version 10.2.0 software. The
one-way analysis of variance (ANOVA) was
used to determine the difference in the means
across the groups. Tukey post-hoc test was
performed for between groups comparison
and expressed as mean ± standard error of
mean (SEM) with significance set at p < 0.05.

The CAT concentration was colorimetrically
determined as described by Sinha [42] at 620
nm and expressed as µmoles of H2O2
consumed/min/mg protein at 250C. The
reaction mixture contained 1.0 mL of 0.01M
phosphate buffer (pH 7.0), 0.1 mL of tissue
homogenate and 0.4 mL of 2M H2O2. The
reaction was stopped by the addition of 2.0
mL of dichromate-acetic acid reagent (5%
potassium dichromate and glacial acetic
acid were mixed in 1:3 ratio). The GPx
determination protocol is as described by
Rotruck et al [43].

Haematoxylin and eosin (H&E) stain:
Fixed brain tissues were dehydrated in ascend-
ing grades of ethanol 50%, 70%, 95% and 100%
two changes for 5 minutes each. Thereafter
tissues were cleared in two changes of xylene
for 2 minutes each and infiltrated with
paraffin-wax and embedded overnight.
Blocked tissues were sectioned tissues at 5 µm
unto a warm water bath and every fifth picked
ribbons were carefully picked unto albuminized
slides and rehydrated in descending grades of
alcohol 100%, 95%, 70%, and 50% for five
minutes each. Thereafter tissues were
transferred to running tap water for 15
minutes to remove any infiltrating agent left
in the tissue before they were stained with
hematoxylin for 5 minutes following which
tissues were rinsed in running tap water
(bluing). Tissues were then rinsed with 1% acid
alcohol for two seconds and rinsed in the
running tap water for 2 minutes. Tissues were
stained using eosin for 10 minutes before
being transferred to increasing alcohol 50%,
70%, 95% alcohol for 1 minute and cleared in
xylene for 1 minute. Tissues were allowed to
dry and mounted using DPX (dibutylphthalate
polystyrene xylene) mountant and cover
slipped [44].
Immunohistochemical assessment:
The expression of glial fibrillary acid protein
(GFAP) antibody was demonstrated as
described by Edagha et al [45] for positive
astrocytic reactions hippocampus CA 1 region
and cerebellar cortex. To inactivate the endog-
enous peroxidase, the brain tissue sections

Histopathological assessments
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RESULTS
Comparative effect of oral administration of
some ACTs on body weights: The body weight
was not significantly changed in the AL, AM,
and APy-administered groups except in the
ASP-group, which was significantly increased
when compared with NC, while a decreasing
trend (not significant) in AA, AP, and DP-
administered groups, respectively (Fig. 1).
Comparative effect of oral administration of
some ACTs on brain morphometry: There was
a no significant change in the brain morphom-
etry analysed for ACT-administered groups
compared to NC (Fig. 2).

Fig. 1: Comparative effect of oral administration of
some ACTs on body weights (g)  Values are expressed
in Mean ± SEM;    = ASP (+ 3.52 g) significantly
(p < 0.05) increased compared to DP (- 1.18 g) and
AA (- 0.82 g).

α 

Legend: IBW = initial bodyweight;
FBW = final body weight; NWG = net weight gain.
NC = Normal control; AA = Artesunate amodiaquine;
ASP = Artesunate sulfadoxine pyrimethamine;
APy = Artesunate pyronaridine;
AP = Artemisinin piperaquine;
 DP = Dihydroartemisinin piperaquine;
AL = Artemether lumefantrine.

Fig. 2: Comparative effect of oral administration of
some ACTs on brain morphometry Values are expressed
in Mean ± SEM. Legend:
FOI = fronto-occipital index;
BPI = biparietal index; BW = brain weight;
BV = brain volume. Brain morphometrics were not
significantly different.

Comparative effect of oral administration of
some ACTs on oxidative stress markers: There
were significantly increased oxidative markers;
malondialdehyde (MDA) maker for expression
of lipid peroxidation activity and reduced
glutathione (GSH) concentrations in the
ACT-administered groups compared to the
normal control (NC) as shown in (Figs. 3
and 4).
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Fig. 3: Comparative effect of oral therapeutic
administration of some ACTs on malondialdehyde
(MDA) concentration in Wistar rats. Values are
expressed in Mean ± SEM, with significance at p < 0.05;
** = significant from NC.
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Fig. 4: Comparative effect of oral therapeutic
administration of some ACTs on reduced glutathione
(GSH) concentration in Wistar rats. Values are
expressed in Mean ± SEM, with significance at p < 0.05;
*** = significant from NC.      = significant from AA.α  
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Fig. 5: Comparative effect of oral therapeutic
administration of some ACTs on superoxide dismutase
(SOD) concentration in Wistar rats. Values are expressed
in Mean ± SEM, with significance at p < 0.05;
*** = significant from NC.     = significant from AA.α 
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Comparative effect of oral administration of
some ACTs on antioxidants concentrations:
Likewise, there were significant increase in
antioxidant concentration of SOD, CAT, and
GPx respectively in all the ACT-administered
groups when compared with NC as shown in
Figs. 5 – 7.
Comparative effect of oral administration of
some ACTs on hippocampal CA1 and cerebel-
lar GFAP antibody expressions: The demon-
stration of immunohistochemical scores for
GFAP antibody expression in the CA1 region
of the hippocampus and cerebellar neuropils
(Tables 1 and 2), indicated that AA, ASP, APy,
AP, DP and AL-administered groups had high
expressions compared to the NC and AM-
administered groups.
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Fig. 6: Comparative effect of oral therapeutic
administration of some ACTs on catalase (CAT)
concentration in Wistar rats. Values are expressed in
Mean ± SEM, with significance at p < 0.05;
*** = significant from NC.     = significance from AA;
      = significance from NC; ASP and AL.
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Fig. 7: Comparative effect of oral therapeutic
administration of some ACTs on glutathione peroxidase
(GPx) concentration in Wistar rats. Values are expressed
in Mean ± SEM, with significance at p < 0.05;
** = significant from NC.

NC < 30 % (1) Weak (1) 2 Low
AA > 60 % (3) Mild (2) 5 High
AM < 30 % (1) Mild (2) 3 Low
ASP > 60 % (3) Strong (3) 6 High
APy > 60 % (3) Strong (3) 6 High
AP > 60 % (3) Strong (3) 6 High
DP > 60 % (3) Strong (3) 6 High
AL > 60 % (3) Strong (3) 6 High

Group
Intensity 
of IHC (B)

Final 
Score 
(A+B)

GFAP 
Antibody 

Expression
% of IHC  (A)

Table 1: Comparative effect of oral administration of
some ACTs on hippocampal CA1 GFAP antibody
expression.

NC = normal control; AA = artesunate + amodiaquine; AM = artesunate +
mefloquine; ASP = artesunate + sulphadoxine + pyrimethamine;
APy = artesunate + pyronaridine; AP = artemisinin + piperaquine;
DP = dihydroartemisinin + piperaquine; AL = artemether + lumefantrine. Key:
% IHC: 0 = 0%; 1 = < 30%; 3 = > 60% Intensity of IHC: 0 = No reaction; 1 = Weak;
2 = Mild; 3 = Strong. Final Score: Range = 0 - 6; 0/6 = Negative Reaction 1/6, to
3/6 = Low expression 4/6, to 6/6 = High expression.

Table 2: Comparative effect of oral administration of
some ACTs on cerebellar GFAP antibody expression.

NC = normal control; AA = artesunate + amodiaquine;
AM = artesunate + mefloquine; ASP = artesunate +
sulphadoxine + pyrimethamine; APy = artesunate +
pyronaridine; AP = artemisinin + piperaquine; DP =
dihydroartemisinin + piperaquine; AL = artemether +
lumefantrine. Key: % IHC: 0 = 0%; 1 = < 30%; 3 = > 60%
Intensity of IHC: 0 = No reaction; 1 = Weak; 2 = Mild; 3
= Strong. Final Score: Range = 0 - 6; 0/6 = Negative
Reaction 1/6, to 3/6 = Low expression 4/6, to 6/6 = High
expression.

NC < 30 % (1) Weak (1) 2 Low
AA > 60 % (3) Strong (3) 6 High
AM < 30 % (1) Mild (2) 3 Low
ASP > 60 % (3) Strong (3) 6 High
APy > 60 % (3) Strong (3) 6 High
AP > 60 % (3) Mild (2) 5 High
DP > 60 % (3) Strong (3) 6 High
AL > 60 % (3) Strong (3) 6 High

Intensity of 
IHC (B)

Final 
Score 
(A+B)

GFAP Antibody 
Expression

% of IHC  (A)Group

Haematoxylin and Eosin: The brain tissue
section of the CA1 portion of the hippocam-
pus in the control group showed normal
molecular, pyramidal, and polymorphic layers,
and the pyramidal cells (Fig. 8). ASP 10.36 mg
administered group showed atrophied
pyramidal cells and vacuolation at pyramidal
layer, and APy 19.29 mg administered group
showed hypertrophied pyramidal cells.  ASP
10.36 mg and AL 8.00 mg administered groups
showed vacuolations at the molecular layer.
DP 15.42 mg administered group showed
normal histoarchitecture when compared with
NC (Fig. 8).
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Fig. 8: Photomicrographs of the transverse section of the hippocampal CA 1 following oral administration of
some ACTs in Swiss mice, H&E x400.  Red arrow = hypertrophy; Red arrowhead = atrophy and neuronal shrinkage.
Mcl = molecular cell layer; Pcl = pyramidal cell layer; Pmcl = polymorphic cell layer and Bv = blood vessel.

Fig. 9: Photomicrographs of the transverse section of the cerebellum following oral administration of some ACTs
in Swiss mice, H&E x400. Red arrowhead = atrophy and neuronal shrinkage; Mcl = molecular cell layer;
Pcl = Purkinje cell layer and Gcl = granule cell layer.

Innocent A. Edagha, et al.,  Comparative Brain Microanatomical and Neurochemical Alterations Following the Administration of Seven Oral
Artemisinin-based Combination Therapies in Swiss Mice.



Int J Anat Res 2024, 12(2):8878-92.    ISSN 2321-4287 8886

Fig. 10: Photomicrographs of the transverse sections of hippocampal the CA1 portion following oral administration
of some ACTs in Swiss mice, GFAP x400. Black arrows = low/weak GFAP antibody expression/intensity. Red arrows
= strong intensities and reactive astrogliosis. Mcl = molecular cell layer; Pcl = pyramidal cell layer; and
Pmcl = polymorphic cell layer.

Fig. 11: Photomicrographs of the transverse section of the cerebellum following oral administration of some
ACTs in Swiss mice, GFAP x400. Black arrows = low/weak GFAP antibody expression/intensity. Red arrows =
strong intensities and reactive astrogliosis. Mcl = molecular cell layer; Pcl = Purkinje cell layer and Gcl = granule
cell layer.
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The cerebellar cortex of the NC showed
normal histological features. The molecular,
Purkinje, and granular cell layers, Purkinje cells,
stellate cells, granular cells, and white matter
were normal (Fig. 9). The groups administered
with AA 5.71 mg and AM 19.29 mg showed
small vacuolations and mild distortions in the
granular and Purkinje cell layers, respectively
when compared to NC (Fig. 9). The group
administered with ASP 10.36 mg showed
atrophying Purkinje cells, AP 12.5 mg
administered group showed hypertrophying
Purkinje cells, DP 15.42 mg and AL 8.00 mg
administered groups showed atrophy of the
Purkinje cells, and vacuolations in the
granular layer compared to NC (Fig. 9).
Immunohistochemical Labelling of Glial Fibril-
lary Acidic Protein: The CA1 portion of the
hippocampus of the control group demon-
strated normal expression of astrocytes, with
no reactive astrogliosis (Fig. 10). All test groups
demonstrated high GFAP intensity for reactive
astrogliosis except in AM-administered group
and NC, and this was similar in the CA1 region
of the hippocampus (Fig. 10), as well as in the
cerebellar neuropil (Fig 11).

DISCUSSION

Nearly half of the global population are
susceptible to malaria infections, and because
of sustained resistance to the initial
monotherapies, and the toxicological profiles
of earlier anti-malaria drugs, almost all
malaria-endemic countries now employ the
WHO-approved ACTs as one of their anti-
malaria management strategies as reported by
WHO [2]. ACTs are officially the most preferred
drug for malaria treatment but not without
side effects [48-49] including neurotoxicity
[26,50] and advocated during the recent
COVID-19 pandemic as reported by Ong et al.,
[51] with attendant neurologic complications.
There is even recently the consideration for
the deployment of triple ACT in Southeast Asia
and Africa due to the potential spread of
antimalaria drug resistance as reported by
Tindana et al., [52]. The neurotoxicological
profile of seven over-the-counter ACTs
available in pharmacies without prescription
were evaluated in this study;  artesunate

+amodiaquine (AA), artesunate +mefloquine
(AM), artesunate+ sulphadoxine+ pyrime-
thamine (ASP), artesunate+ pyronaridine (AP),
artemisinin+piperaquine (AP), dihydr-
oartemisinin+piperaquine (DP) and artem-
ether+lumefantrine (AL) on oxidative stress
levels, brain antioxidants concentrations and
the histomorphology of the hippocampal CA1
region and cerebellum of an experimental
animal model.
The ACT mechanism of action is facilitated by
the endoperoxide moiety in artemisinins which
are highly reactive, also artemisinins act by
generating free radicals and carbon-centred
radicals. Other mechanism involved the
disruption of mitochondrial membrane
potential and inhibition of calcuim-dependent
SERCA-like ATPase PfATP6 with the activation
of Iron (II) from haemoglobin [53-54]. The
increase in oxidative stress marker across
administered groups when compared to NC
group suggest that ACTs penetrate the blood-
brain barrier describe by Jiang et al., [55] from
an earlier report due their nonselective inhibi-
tors of phospholipase A2 and lipophilic nature.
Antioxidants act to mitigate oxidative cellular
damage associated with metabolism reported
by Mamta et al., [56]. Ayala et al., [57] reported
that malondialdehyde (MDA) helps to measure
the extent of lipid peroxidation and eventual
tissue damage. The significant increase in lipid
peroxidation evident by increased MDA
concentrations in all ACT-administered groups
especially in AP, APy and DP groups when
compared to normal control (NC), may
suggest that these drugs separately or in
combination can trigger the MDA generation,
a lipid peroxidation by-product. Increase in
MDA concentration will suggest the genera-
tion of free radical leading to oxidative
damage. Generally, lipid facilitate in replacing
worn-out membranes and serve as electrical
insulator which help to allow depolarization
of action potentials along myelinated nerves
[58]. Furthermore, disruption in this function
can elicit neurodegeneration and eventually
leading to deficits in brain capacity demon-
strated by severity of structural changes in
histopathological assessment in the APy
and DP-administered groups.  Popoola and
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injury and resulting to alteration in functions
of the Purkinje cells as reported by Özen et
al., [63].
Astrocyte plays an important function in the
CNS such as glutamate and potassium
utilization, generation of growth factors, some
cytokines and extracellular matrix proteins in
health and injured states as reported by
Ahadiat and Hosseinian [64]. The moderate to
severe expression of astrocytes in the sections
of the cerebellum in the ASP, APy, AA, DP, AP
and AL-administered groups, and sections of
the hippocampus CA1 region in the AA, AL,
and ASP-administered groups suggest injury to
neurons. Hypertrophied cell bodies and
thickened dendritic processes as shown in APy,
DP and AP-administered groups when
compared to NC group are evidence of
astrocytic expression and microglia in response
to neuronal injury reported by Kumar et al.,
[65]. This finding supports the reports that brain
tissue undergoes reactive astrogliosis as the
on-set of neuronal loss [65] as seen in immuno-
histochemical assessment of AP, APy and DP-
administered when compared with NC groups
and other administered groups of the hippoc-
ampus CA1 region and cerebellum.
Artemether demonstrated increased mortality,
renal necrosis, and brain hemorrhage at
> 30mg/kg/day with no persistent effects in
surviving animals described by Beckman et al.,
[24], which can be as a result of cumulative
high levels following repeated daily dosing.
Dihydroartemisinin as been reported to exhibit
significantly more toxicity than artemether or
arteether, with  markedly increased in vitro
neurotoxicity of artemether and arteether in
the presence of liver metabolizing enzymes
which in turn results in a reduced exposure to
the parent drug and an elevated exposure to
active drug metabolite(s) generated  by the
induced enzyme (or by subsequent metabo-
lizing steps in the same metabolic pathway)
reported by Talevi and Bellera, [66].
Arthemether-lumefantrine dispensible tablet
(20 mg artemether/ 120 mg lumefantrine) given
twice daily for three days demonstrated
adverse events of mild to moderate severity
in infants and children, although the authors

Imosemi [6] AA at therapeutic dose reportedly
caused decreased body weight, induced
oxidative stress, elicited karyolysis and
reduced Purkinje cells with astrogliosis in
cerebellum of Wistar rats. The significant
increases in SOD, CAT, GSH and GPx activities
in all the ACT-administered groups in the
present study suggest that these antioxidants
may have been overwhelmed [59].
The oral ACTs effect on the hippocampal
neuronal cells demonstrated vacuolation,
pyknosis and atrophy in AA, AM, ASP APy and
AL-administered groups. According to Kumar
et al., [60] neurons react to injury by the
displacement of their nuclei to the periphery,
and they become swollen and rounded off.
This may be due to damage resulting from
increase in lipid peroxidation leading to
oxidative stress.  The hippocampus pyramidal
cells in the CA1 region form the cognitive map
of contextual, emotional informal and spatial
encoding that transmit throughout the brain
[60-61]. Degeneration of neurons as shown in
AL and ASP-administered groups is associated
with neuroinflammatory response, which is a
mechanism of protection by host cells to
mitigate injury and necrotic cells [60].
Artemisinin has also been reported to trigger
apoptosis through p53-dependent and
independent pathways [61-62] therefore alter-
ing the basic function of the hippocampus CA1
region such as learning and memory [60].
Also, the cerebellum demonstrated in DP, AL,
and ASP-administered groups suggest that the
drugs cause reduction in size of the Purkinje
cells in processes that possibly involving
vacuolation and apoptosis with neuro-inflam-
mation. Furthermore, the reduction of size of
Purkinje cells may be due to complication
resulting from increase in lipid peroxidation
and oxidative stress as seen with an increase
in MDA concentrations in AA, AM, ASP, and
AL-administered groups and more significant
increase in DP, APy and AP-administered
groups when compared to NC group. Damage
to the Purkinje cells as seen in the histopatho-
logical assessment of the administered groups
especially the DP, APy and AP groups may
result from de-myelination and disruption
of the cortico-cerebellar circuit due to brain

Innocent A. Edagha, et al.,  Comparative Brain Microanatomical and Neurochemical Alterations Following the Administration of Seven Oral
Artemisinin-based Combination Therapies in Swiss Mice.



Int J Anat Res 2024, 12(2):8878-92.    ISSN 2321-4287 8889

concluded on the dosage as generally well
tolerated compared to artemether and
dihydroartemisinin with respect to preclinical
safety margins for neurotoxicity reported by
Tiono et al., [67] and likewise AL has been
reported to elicit ototoxicity while used in the
treatment of falciparum malaria in a random-
ized trial reported by Gurkor et al., [68].
Nonetheless what is in practice and reality is
that artemisinins and its derivatives are now
used in combination with a potentially
neurotoxic partner antimalarials thus making
distinct neurotoxicity difficult wherein these
medications affect diverse brain parts
differentially. The ACTs used in the present
study were more neurotoxic to the hippocam-
pal CA 1 compared to the cerebellum, with
ASP, DP APy and AL more neurotoxic than AP,
AA and AM. Similar findings were reported
even in the midst of Plasmodium
berghei- induced hyperparasitemia in rodentia
experimental malaria study on the vital organs
of first-pass demonstrating that ACTs markedly
increased liver transaminases and altered
hepato-renal histoarchitectures with ASP, DP
and AL-administered groups with
impoverished outcomes when compared to AP,
AM and AA antimalarials as reported by
Edagha et al., [69].

It is concluded from this study that the stan-
dard regimen of the seven ACTs generally
upregulated all the oxidative stress param-
eters and antioxidant concentrations in the
order of DP>APy>AP>ASP>AA>AL>AM in Swiss
mice. Comparatively the histological
evidence from the most to the least
neurotoxic ACTs were in the order
DP>ASP>APy>AP>AL>AA>AM. Moreover, the
ACTs were more neurotoxic to the hippocam-
pal CA region compared to the cerebellum. An
extensive regional brain comparison of these
ACTs versus in a withdrawal phase warrants a
further critical study to ascertain the
pharmacokinetics of these drugs with
potential demonstrable neuropathologies/
neuromorphological alterations on the differ-
ential brain regions viz impact on their
functions in the short and long-term besides
neurochemically established neurotoxicity.

CONCLUSION
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