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Abstract
Populations in malaria endemic areas are frequently exposed to mycotoxin-contaminated diets. The possible toxicological 
outcome of co-exposure to dietary aflatoxin  B1  (AFB1) and artemisinin-based combination therapy warrants investigation to 
ascertain amplification or attenuation of cellular injury. Here, we investigated the neurobehavioral and biochemical responses 
associated with co-exposure to anti-malarial drug coartem, an artemether-lumefantrine combination (5 mg/kg body weight, 
twice a day and 3 days per week) and  AFB1 (35 and 70 µg/kg body weight) in rats. Motor deficits, locomotor incompetence, 
and anxiogenic-like behavior induced by low  AFB1 dose were significantly (p < 0.05) assuaged by coartem but failed to 
rescue these behavioral abnormalities in high  AFB1-dosed group. Coartem administration did not alter exploratory deficits 
typified by reduced track plot densities and greater heat map intensity in high  AFB1-dosed animals. Furthermore, the reduc-
tion in cerebral and cerebellar acetylcholinesterase activity, anti-oxidant enzyme activities, and glutathione and thiol levels 
were markedly assuaged by coartem administration in low  AFB1 group but not in high  AFB1-dosed animals. The significant 
attenuation of cerebral and cerebellar oxidative stress indices namely reactive oxygen and nitrogen species, xanthine oxidase 
activity, and lipid peroxidation by coartem administration was evident in low  AFB1 group but not high  AFB1 dose. Although 
coartem administration abated nitric oxide level, activities of myeloperoxidase, caspase-9, and caspase-3 in animals exposed 
to both doses of  AFB1, these indices were significantly higher than the control. Coartem administration ameliorated histo-
pathological and mophometrical changes due to low  AFB1 exposure but not in high  AFB1 exposure. In conclusion, contrary 
to  AFB1 alone, behavioral and biochemical responses were not altered in animals singly exposed to coartem. Co-exposure 
to coartem and  AFB1 elicited no additional risk but partially lessened neurotoxicity associated with  AFB1 exposure.
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Introduction

The discovery of efficient anti-malarial drugs has contrib-
uted significantly to the decrease of malaria infection and its 
associated morbidity and mortality. The derivatives of arte-
misinin exhibit greater anti-malarial activity than the par-
ent artemisinin because they pass through the blood–brain 

barrier easily to elicit its therapeutic action (Gautam et al. 
2009; Zhang et al. 2021). Moreover, artemisinin derivatives 
reportedly exhibit several health beneficial effects namely 
anti-inflammatory, anti-microbial, anti-viral, immunomodu-
latory, anti-cancer, and neuroprotective effects (Ho et al. 2014; 
Meng et al. 2021). Unfortunately, due to the short half-lives 
of these drugs, the resistance of the parasite Plasmodium fal-
ciparum to the anti-malarial drugs has been reported (Li and 
Hickman 2011; Balikagala et al. 2021). However, effort to 
thwart the development of resistance to monotherapy involves 
the combination of artemisinin derivatives leading to the syn-
thesis of longer-acting anti-malarial drugs commonly called 
artemisinin-based combination therapy (ACT) (Hernandez 
Maldonado and Grundmann 2022; Pernaute-Lau et al. 2022). 
The ACT remains the recommended first-line treatment for 
malaria by the World Health Organization (WHO 2020).
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Coartem™, an anti-malarial drug comprising artemether 
and lumefantrine, represents the first ACT drug to be fully 
registered (Skelton-Stroud and Mull 1998). Coartem admin-
istration is an effective treatment for drug-resistant malaria 
principally caused by Plasmodium falciparum or mixed infec-
tions in both children and adults. Previous laboratory studies 
with animals demonstrated that administration of artemisinin 
derivatives to rats (12.5 mg/kg for 7 days), dogs (6 mg/kg 
for 28 days) and rhesus monkeys (8 mg/kg for 14 days) was 
associated with neurotoxicity characterized by balance defi-
cits, altered movement, spasticity, brainstem tissue damage, 
and death (Classen et al. 1999; Kamchonwongpaisan et al. 
1997; Petras et al. 2000; Li and Hickman 2011). The reported 
adverse effects of these drugs on the pons and medulla of rats, 
dogs, and monkeys have generated a major health concern, 
even though there are rare clinical reports related to neuro-
toxicity of ACT (Ramos-Martín et al. 2014).

Interestingly, in malaria endemic countries, there is a high 
rate of dietary contamination with mycotoxins produced by fungi 
before harvesting or during post-harvest storage (Wagacha and 
Muthomi 2008; Benkerroum 2020). The occurrence of afla-
toxin  B1  (AFB1), the most potent mycotoxins, in both animal 
and human foods is indeed associated with major health conse-
quences (Rushing and Selim 2019, Sullivan 2022). For instance, 
acute aflatoxin exposure in humans resulted in abdominal pain, 
vomiting, convulsions, coma, and finally death with cerebral 
edema (Benkerroum 2020; Marin et al. 2013).  AFB1 elicits neu-
rotoxicity by disrupting the blood–brain barrier leading to the 
poisoning of vascular endothelial cells and the astrocytes which 
are essential for the brain environment homeostasis, neuronal 
survival, and synaptic information transmission (Baldissera et al. 
2018; Qureshi et al. 2015). The neurobiochemical changes in 
laboratory animals exposed to  AFB1 include induction of oxi-
dative stress, impairment of antioxidant defense mechanisms, 
diminished cholinergic neurotransmission, and oxidative phos-
phorylation (Bahey et al. 2015; Souto et al. 2018; Adedara et al. 
2021). The complete avoidance of dietary mycotoxin exposure is 
difficult due to the widespread agricultural foodstuff exchange, 
lack of visible warning labels on raw materials and finished prod-
ucts as well as ineffectual supervision on food security (IARC 
2000; Adedara et al. 2014). Thus, dietary exposure to mycotoxins 
remains a major threat to animal and human health globally.

Owing to the prevalence of malaria, individuals under-
going ACT treatment may be exposed to dietary  AFB1, 
thus predisposing such individuals to cellular responses 
which are not currently known. Chemotherapy has a good 
measure employed to fight against malaria is commonly 
abused via self-medication due to repeated ingestion of 
drugs in developing countries. Indeed, humoral and cellular 
responses in serum samples were assessed in vitro to verify 
the relationships between  AFB1 exposure and the prevalence 
of malaria among children (Allen et al. 1992). Thus, it is 

crucial to provide necessary scientific evidence on the cel-
lular responses associated with co-artem and  AFB1 exposure 
to expand the extant knowledge about strategic risk expo-
sure evaluation of xenobiotics. The systemic responses dur-
ing exposure to more than one chemical can be heightened 
producing additive or synergistic effects or assuaged due to 
inhibition or antagonism when compared with each chemical 
effects (Karri et al. 2016; Adedara et al. 2017a, b). Thus, the 
present investigation was carried out to characterize, for the 
first time, the impact of co-exposure to co-artem and  AFB1 
on the neurobehavioral physiognomies, oxido-inflammatory 
stress, antioxidant defense mechanisms, and histological 
architecture in the cerebrum and cerebellum of rats singly 
or jointly exposed to co-artem and  AFB1.

Materials and methods

Chemicals and assay kits

Coartem™ was obtained from Novartis Pharmaceutical 
Corporation, Horsham, UK. Thiobarbituric acid (TBA), 
2′,7′-dichlorofluorescein diacetate (DCFH-DA), and 
5,5-dithio-bis-2-nitrobenzoic acid (DTNB) were bought 
from Sigma Aldrich (St. Louis, MO, USA). Evaluation of 
caspase-9 and caspase-3 activities was performed using 
enzyme-linked immunosorbent assay kits (Elabscience Bio-
technology Company, Beijing, China).

Housing and treatment of animals

Thirty (30) pubertal male Wistar rats collected from the 
Faculty of Veterinary Medicine, University of Ibadan were 
maintained under controlled housing conditions within 
the vivarium at the Department of Biochemistry. The ani-
mals had unhindered access to rodent chow and water. The 
investigation protocols were executed in accordance to the 
approved guidelines of the University of Ibadan Ethical 
Committee. The study composes of five groups of six ani-
mals each.

1. Control group: rats orally dosed with corn oil at 2 mL/
kg body weight.

2. AFB1 alone: rats orally dosed with  AFB1 alone at 70 µg/
kg body weight.

3. Coartem alone: rats orally dosed with coartem alone at 
5 mg/kg (twice a day, every 12 h).

4. Coartem +  AFB11: rats orally dosed with coartem at 
5 mg/kg (twice a day, every 12 h) and  AFB1 at 35 µg/kg.

5. Coartem +  AFB12: rats orally dosed with coartem at 
5 mg/kg (twice a day, every 12 h) and  AFB1 at 70 µg/kg.
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Coartem and  AFB1 were separately dissolved in corn 
oil as a vehicle. Administration of coartem was 3 days per 
week, whereas  AFB1 dosing was daily for 4 consecutive 
weeks. The doses of coartem and  AFB1 as well as the dura-
tion of exposure used in this research were selected from 
previous pilot and published findings from our laboratory 
and other investigators (Adedara et al. 2021; El-Dakdoky 
2009; Owumi et al. 2015; Nuwagira et al. 2021). Moreover, 
the 35 and 70 µg  AFB1/kg are environmentally relevant and 
correspond to about 0.043 and 0.087 mg/kg in agricultural 
products. For instance, in Italy, the maximum level of  AFB1 
contamination was 728.8 and 1074 µg/kg in cotton and 
maize, respectively (Ferrari et al. 2022).

Behavioral testing

The assessment of behavioral characteristics was carried out 
in a novel wooden box (56 cm width by 56 cm length by 
20 cm height), according to established protocol (Adedara 
et al. 2017b). In short, experimental animals were randomly 
chosen, placed inside the novel box, and allowed to freely 
explore the apparatus. A webcam (DNE webcam, Porto 
Alegre, Brazil) fixed directly above the box was used to 
video capture the activities of the rats for 7 min. Subse-
quently, the video-tracking software (ANY-maze, Stoelting 
Co, USA) was used to analyze the behavioral characteris-
tics of the animals. To prevent interference, the box was 
cleaned using 70% ethanol and cotton wool each time a test 
is completed.

Exploratory, motor, and locomotor  
activities’ measurement

Adaptation of the animals to novelty stress was measured 
by specific exploratory, motor, and locomotor parameters. 
Behavioral parameters such as time of mobility, maximum 
speed, distance traveled, path efficiency, total body rotation, 
and absolute turn angle were used to evaluate locomotor 
and motor fitness. Moreover, the track plots and heat maps 
generated using the video-tracking software was used to 
evaluate the exploratory competence of the animals in the 
novel environment.

The limb strength of the animals was evaluated using 
the forelimb grip test in accordance with established 
method (Folarin et al. 2016; Adedara et al. 2019), while 
the negative geotaxis test was performed to measure the 
motor fitness according to established protocol (Motz and 
Alberts 2005; Adedara et al. 2019). The total time freez-
ing, counting of fecal bolus, and the frequency of urination 
were quantified at the end of each trial to estimate fear and 
anxiety-related behavior in accordance with established 
procedure (Motz and Alberts 2005; Zimcikova et al. 2017; 
Owumi et al. 2022).

Preparation of sample for biochemical assays

Experimental animals were sacrificed following light ether 
anesthesia. The brains were carefully excised and parted 
into cerebellum and cerebrum under a cold condition 
(4 °C). Subsequently, the cerebellar and cerebral samples 
were homogenized in isolation using 50 mM Tris–HCl 
buffer of pH 7.4. The supernatant obtained after cold 
(4 °C) centrifugation at 12,000 g for 15 min was after-
ward used for biochemical assays using a SpectraMax 
plate reader (Molecular Devices, CA, USA). The protein 
concentration of the cerebellum and cerebrum samples 
was assessed, as previously reported (Bradford 1976).

Assessment of neurotoxicity and antioxidant status

Acetylcholinesterase (AChE) activity, an index of neuro-
toxicity, was analyzed by measuring the rate of DTNB con-
version to thiolate dianion, as previously reported (Ellman 
et al. 1961). The antioxidant defense mechanism capability 
was evaluated using superoxide dismutase (SOD) and cata-
lase (CAT) activities, according to Misra and Fridovich 
(Misra and Fridovich 1972) and Claiborne (Claiborne 
1995), respectively, whereas glutathione peroxidase (GPx) 
and glutathione-S-transferase (GST) activities were ana-
lyzed in accordance with Rotruck et al. (1973) and Habig 
et al. (1974), respectively. The glutathione (GSH) and total 
thiol (TSH) levels were analyzed, as previously reported 
by Jollow et al. (1974) and Ellman (1959), respectively. 
Cellular oxidative status was assessed using xanthine oxi-
dase (XO) activity as well as reactive oxygen and nitrogen 
species (RONS) and lipid peroxidation (LPO) levels in 
accordance with established methods (Adedara et al. 2016; 
Owumi et al. 2022).

Inflammatory and apoptotic indices

The cerebellar and cerebral levels of inflammatory stress 
and apoptosis were analyzed in the experimental animals. 
Myeloperoxidase (MPO) activity and nitric oxide (NO) 
level were assayed as inflammatory endpoints according 
to established protocol (Green et al. 1982; Granell et al. 
2003), whereas caspase-9 and caspase-3 activities were 
spectrophotometrically evaluated as apoptotic enzyme 
endpoints using enzyme-linked immunosorbent assay kits.

Microscopic examination and histomorphometry

Histological evaluation and histomorphometry of the cer-
ebral and cerebellar samples were carried out following 
fixing of samples with 10% phosphate-buffered formalin 
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for 72 h by pathologists. The 5-μm sections of the sam-
ples pre-stained with hematoxylin and eosin were exam-
ined with a light microscope and image captured using a 
digital camera, as earlier reported (Bancroft and Gamble 
2008). The degenerated Purkinje and cortical neurons 
in the brain sections were quantified following standard 
technique (Owoeye et al. 2018).

Statistics

Statistical analysis of the data was performed using one-
way analysis of variance and Bonferroni’s post hoc test 
with Graphpad Prism 7 Software (Graph Pad Software 
Inc, USA). Statistical significance was set at values of p 
of less than 0.05.

Results

Outcome of exposure to coartem and  AFB1 
on neurobehavioral accomplishments

The locomotor, motor, and exploratory statuses of animals 
singly or jointly dosed with coartem and  AFB1 in a novel 

environment are displayed in Figs. 1 and 2. Animals dosed 
with  AFB1 alone exhibited enfeebled locomotor accomplish-
ments, as shown by a significant reduction in the mobil-
ity time, maximum speed, and distance traveled, whereas 
animals dosed with COART alone exhibited no treatment-
related effects on the locomotor accomplishments when 
compared with the control. Similarly, dosing of animals with 
 AFB1 alone caused a marked decline in motor and turning 
fitness as typified by increased negative geotaxis and fore-
limb strength with reduced path efficiency (movement in 
a straight route), body rotation, and turn angle. Moreover, 
animals dosed with  AFB1 alone exhibited increased anxio-
genic behaviors, as shown by significant elevation in the fre-
quency of urination, fecal bolus discharge and freezing time, 
whereas animals dosed with COART alone exhibited no 
treatment-related alterations in the motor and turning activi-
ties as well as anxiogenic behavior when compared with 
the control. Data from co-exposure to coartem and  AFB1 
showed that all the neurobehavioral parameters significantly 
improved and were similar to control in animals co-exposed 
to COART +  AFB11 (35 µg/kg), whereas they were signifi-
cantly decreased in animals dosed with COART +  AFB12 
(70 µg/kg) when compared with control and COART alone.

In addition, the exploratory competence of animals singly 
or jointly dosed with coartem and  AFB1 was verified by the 

Fig. 1  Influence of  AFB1 and coartem on locomotor activity in rats. 
 AFB1 indicates aflatoxin  B1.  AFB1 denotes 70  µg/kg;  AFB11 and 
 AFB12 denote 35 and 70 µg/kg, respectively. COART denotes coar-
tem at 5  mg/kg respectively. Each bar represents mean ± S.D. for 8 

rats per group. a: Values differ significantly from control (p < 0.05). b: 
Values differ significantly from  AFB1 alone (p < 0.05). c: Values dif-
fer significantly from COART and  AFB11 (p < 0.05). d: Values differ 
significantly from COART and  AFB11 (p < 0.05)
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track plots and heat maps which represent the roaming traces 
and cumulative period the animals spent in different areas of 
the novel environment, respectively (Fig. 3). Animals dosed 
with  AFB1 alone exhibited disrupted exploratory behavior, 
as shown by diminished track plot density and greater heat 
map intensity, whereas animals dosed with COART alone 
exhibited no treatment-related alterations in exploratory 
behavior when compared with the control. Animals co-
exposed to COART +  AFB11 (35 µg/kg) exhibited considera-
ble improvement in the exploratory competence comparable 

to control, whereas animals dosed with COART +  AFB12 
(70 µg/kg) exhibited noticeable reduction in the exploratory 
competence when compared with control and COART alone.

Outcome of exposure to coartem and  AFB1 on AChE 
activity and antioxidant status

The cerebral and cerebellar AChE activity and antioxi-
dant status of animals singly or jointly dosed with coar-
tem and  AFB1 are displayed in Figs. 4 and 5. The AChE 

Fig. 2  Influence of  AFB1 and coartem co-exposure on motor activ-
ity and anxiety-like behavior in rats.  AFB1 indicates aflatoxin  B1. 
 AFB1 denotes 70 µg/kg;  AFB11 and  AFB12 denote 35 and 70 µg/kg, 
respectively. COART denotes coartem at 5 mg/kg respectively. Each 
bar represents mean ± S.D. for 8 rats per group. a: Values differ sig-

nificantly from control (p < 0.05). b: Values differ significantly from 
 AFB1 alone (p < 0.05). c: Values differ significantly from COART 
and  AFB11 (p < 0.05). d: Values differ significantly from COART and 
 AFB11 (p < 0.05)

Fig. 3  Influence of  AFB1 and 
coartem co-exposure on explor-
atory behavior in rats.  AFB1 
indicates aflatoxin  B1.  AFB1 
denotes 70 µg/kg;  AFB11 and 
 AFB12 denote 35 and 70 µg/kg, 
respectively. COART denotes 
coartem at 5 mg/kg respectively

Control AFB1 alone COART alone COART +AFB11 COART +AFB12

Track
plot

H
eatm

ap



72 Mycotoxin Research (2023) 39:67–80

1 3

activity of animals dosed with coartem alone was not sta-
tistically different when compared with control, whereas 
 AFB1 alone animals exhibited significant (p < 0.05) 
decreased in AChE activity, compared to control and 
coartem alone. Animals co-exposed to COART +  AFB11 
(35 µg/kg) exhibited significant restoration in the AChE 
activity similar to control, whereas animals dosed with 
COART +  AFB12 (70 µg/kg) exhibited no improvement 
in the cerebral and cerebellar AChE activity when com-
pared with control and COART alone. Furthermore, 
animals dosed with  AFB1 alone exhibited significant 
impairment of the antioxidant enzymes, as shown by a 
significant reduction in GSH level together with GPx, 
GST, CAT, and SOD activities in the brain structures, 
whereas they were not affected in animals dosed with 
COART alone in comparison with control. Animals co-
exposed to COART +  AFB11 (35 µg/kg) demonstrated a 
significant improvement in the GSH level and activities 
of GPx, GST, CAT, and SOD in comparison with  AFB1 
alone. Animals dosed with COART +  AFB12 (70 µg/kg) 
were mostly similar to  AFB1 alone group and exhibited 

significant decrease in the antioxidant status when com-
pared with control and COART alone.

Outcome of exposure to coartem and  AFB1 
on oxido‑inflammatory stress

The activities of XO and MPO as well as the levels of 
NO, TSH, RONS, and LPO in the cerebrum and cerebel-
lum of experimental animals singly or jointly dosed with 
coartem and  AFB1 are shown in Figs. 6 and 7. Animals 
dosed with  AFB1 alone exhibited a significant increase in 
inflammatory response typified by elevated MPO activ-
ity and NO level in addition to diminished TSH level and 
upsurge of oxidative stress indices namely XO, RONS, 
and LPO in the cerebrum and cerebellum when com-
pared with control. Animals dosed with COART alone 
presented no treatment-related alterations in the oxida-
tive and inflammatory stress indices when compared with 
the control. Animals co-exposed to COART +  AFB11 
(35 µg/kg) demonstrated significant improvement in the 
TSH level and activities of GPx, GST, CAT, and SOD in 

Fig. 4  Influence of  AFB1 and coartem co-exposure on AChE, SOD, 
and CAT activities in rats.  AFB1 indicates aflatoxin  B1.  AFB1 denotes 
70  µg/kg;  AFB11 and  AFB12 denote 35 and 70  µg/kg, respectively. 
COART denotes coartem at 5 mg/kg respectively. Each bar represents 

mean ± S.D. for 8 rats per group. a: Values differ significantly from con-
trol (p < 0.05). b: Values differ significantly from  AFB1 alone (p < 0.05). 
c: Values differ significantly from COART and  AFB11 (p < 0.05). d: 
Values differ significantly from COART and  AFB11 (p < 0.05)
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comparison with COART alone, whereas animals dosed 
with COART +  AFB12 (70 µg/kg) exhibited a significant 
decrease in the antioxidant status when compared with 
control and COART alone. The significant reduction in 
the oxido-inflammatory stress indices was comparable to 
control in animals co-exposed to COART +  AFB11 (35 µg/
kg), whereas they were significantly elevated in animals 
co-exposed to COART +  AFB12 (70 µg/kg) in comparison 
with control and COART alone.

Outcome of exposure to coartem and  AFB1 
on caspase activation

The cerebral and cerebellar caspase-9 and caspase-3 
activities in animals singly or jointly dosed with coartem 
and  AFB1 are displayed in Fig. 8. Animals dosed with 
 AFB1 alone exhibited a significant increase in apoptotic 
indices, specifically caspase-9 and caspase-3 activities, 
whereas animals dosed with COART alone exhibited no 
treatment-related changes in caspase-9 and caspase-3 
activities when compared with the control. The cerebral 
and cerebellar activities of caspase-9 and caspase-3 were 

significantly abated in both groups of animals co-exposed 
to COART +  AFB1, compared with control but were signifi-
cantly higher than the control.

Outcome of exposure to coartem and  AFB1 on brain 
histology and histomorphometry

Representative photomicrographs and histomorphometric 
data of the brain structures of animals singly or jointly 
exposed to coartem and AFB1 are shown in Figs. 9 and 
10. Animals dosed with COART alone exhibited no treat-
ment-related changes in the histological appearance and 
histomorphometry of the cerebellum and cerebrum com-
pared with control. Conversely, animals dosed with  AFB1 
alone exhibited marked neuronal degeneration associated 
with pyknosis, congestion, and vacuolation of the neu-
ropil in the cerebral cortex, whereas Purkinje cell layer 
neuronal degeneration in the cerebellum was associated 
with diminished nuclear material. Histological injuries 
were significantly abated in both groups of animals co-
exposed to COART +  AFB1 when compared with control. 

Fig. 5  Influence of  AFB1 and coartem co-exposure on GST and 
GPx activities cum GSH level in rats.  AFB1 indicates aflatoxin  B1. 
 AFB1 denotes 70 µg/kg;  AFB11 and  AFB12 denote 35 and 70 µg/kg, 
respectively. COART denotes coartem at 5 mg/kg, respectively. Each 
bar represents mean ± S.D. for 8 rats per group. a: Values differ sig-

nificantly from control (p < 0.05). b: Values differ significantly from 
 AFB1 alone (p < 0.05). c: Values differ significantly from COART 
and  AFB11 (p < 0.05). d: Values differ significantly from COART and 
 AFB11 (p < 0.05)
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However, neuronal degeneration in animals co-exposed to 
COART +  AFB12 (70 µg/kg) were significantly higher than 
the control and COART alone.

Discussion

The present investigation is the first report on the impact 
of co-exposure to anti-malarial drug coartem and  AFB1, 
a dietary contaminant, on the behavioral and neurochemi-
cal endpoints in rats. The data herein showed the mitigat-
ing effect of coartem administration on impaired motor 
and turning fitness parameters (i.e., body rotation, turn 
angle, and grip strength) in animals exposed to low dose 
of  AFB1 but failed in animals that were dosed with high 
dose of  AFB1. The adverse effect of  AFB1 on motor and 
locomotor fitness has been reported (Bahey et al. 2015; 
Wu et al. 2019). The significant improvement in motor 
fitness parameters connotes the efficiency of coartem 
administration to modify the deficits in the coordination 

between the muscle and the nervous system in low dose 
 AFB1-intoxicated animals. Furthermore, coartem admin-
istration markedly attenuated locomotor insufficiencies 
characterized by diminished mobility time, maximum 
speed, distance traveled, and straight path movement in 
rats exposed to low dose of  AFB1. The persistent decrease 
in locomotor parameters in animals treated with high 
 AFB1 dose clearly connotes the failure of coartem admin-
istration to modify the locomotor deficits elicited by this 
high dose of  AFB1.

Moreover, our findings indicate that coartem admin-
istration partially abated anxiogenic behaviors such as 
fecal bolus discharge, frequency of urination, geotaxis, 
and freezing in animals that were dosed with  AFB1. This 
clearly indicates the inability of coartem to protect against 
induction of fear and anxiety caused by these investigated 
doses of  AFB1. Previous investigators have reported that 
 AFB1 induces anxiety and depression-like behaviors in 
rats (Aytekin Sahin et al. 2022). Exploratory behavior 
is an important survival skill by which organism gains 

Fig. 6  Influence of  AFB1 and coartem co-exposure on XO and MPO 
activities cum NO level in rats.  AFB1 indicates aflatoxin  B1.  AFB1 
denotes 70 µg/kg;  AFB11 and  AFB12 denote 35 and 70 µg/kg, respec-
tively. COART denotes coartem at 5  mg/kg, respectively. Each bar 
represents mean ± S.D. for 8 rats per group. a: Values differ sig-

nificantly from control (p < 0.05). b: Values differ significantly from 
 AFB1 alone (p < 0.05). c: Values differ significantly from COART 
and  AFB11 (p < 0.05). d: Values differ significantly from COART and 
 AFB11 (p < 0.05)



75Mycotoxin Research (2023) 39:67–80 

1 3

information about its spatial environments (Gorny et al. 
2002; Bingman and Sharp 2006). The obvious improve-
ment in track plot densities with reduced heat map inten-
sity in animals administered coartem, and low dose of 
 AFB1 indicates the effectiveness of coartem to modify the 
exploratory and spatial behavior deficits in the animals. 
However, coartem failed to protect against exploratory 
behavior deficits associated with high dose of  AFB1.

The current investigation further unravels the impact 
of co-exposure to  AFB1 and coartem on the cholinergic 
system, antioxidant defense mechanisms, inflammatory 
stress, and apoptotic response in the cerebrum and cer-
ebellum of exposed animals. The cholinergic nerve cells 
utilize acetylcholine during neurotransmission to gener-
ate and control locomotor activity in vertebrate species 
(Le Ray et al. 2022). The hydrolysis of acetylcholine to 
choline and acetate by AChE is essential for the termina-
tion of synaptic neurotransmission. The current finding 
on  AFB1-mediated suppression of cholinergic signal-
ing corroborates previous studies (Tanaka et al. 2015; 
Adedara et al. 2021). The possible beneficial role of 

coartem in cholinergic neurotransmission was observed 
in rats treated with low  AFB1 dose. However, the persis-
tent suppression of AChE activity in high  AFB1-dosed 
animals may elicit neuronal dysfunction as a result of 
acetylcholine buildup at the synaptic nerve which report-
edly is associated with downregulation and desensitiza-
tion of cholinergic receptors (van Koppen and Kaiser 
2003). This finding further indicates the unbeneficial 
effect of coartem on impaired cholinergic function, and 
consequently, the behavioral deficits associated with 
exposure to high  AFB1 dose.

Antioxidant defense mechanism is fundamental for 
the maintenance of cellular integrity because it directly 
and/or indirectly removes RONS and suppresses cellular 
oxidative injury (Cenini et al. 2019). Here, the diminu-
tions in the enzymatic and non-enzymatic antioxidants 
persisted along with elevated indices of oxidative stress 
in the cerebrum and cerebellum of animals co-exposed 
to coartem and both doses of  AFB1. The upsurge in 
the lipid peroxidation level in brains of  AFB11-treated 
rats corroborates earlier findings (Aytekin Sahin et al. 

Fig. 7  Influence of  AFB1 and coartem co-exposure on TSH, RONS, 
and LPO levels in rats.  AFB1 indicates aflatoxin  B1.  AFB1 denotes 
70  µg/kg;  AFB11 and  AFB12 denote 35 and 70  µg/kg, respectively. 
COART denotes coartem at 5  mg/kg, respectively. Each bar repre-
sents mean ± S.D. for 8 rats per group. a: Values differ significantly 

from control (p < 0.05). b: Values differ significantly from  AFB1 
alone (p < 0.05). c: Values differ significantly from COART and 
 AFB11 (p < 0.05). d: Values differ significantly from COART and 
 AFB11 (p < 0.05)
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2022). Animals in coartem and  AFB1 exhibited lesser 
oxidative damage than animals exposed to  AFB1 alone. 
However, these findings clearly indicate unprofitable 
effect of coartem on dysfunctional antioxidant defense 
mechanisms which is associated with RONS buildup 
and subsequently cellular oxidative damage in the 
 AFB1-exposed animals.

Moreover, we investigated the impact of coartem 
and  AFB1 co-exposure on inflammatory and apoptotic 
response in the cerebrum and cerebellum of experimental 
animals. Low physiological NO concentration is essential 
for the nervous system function and immunity, whereas 
elevated NO level mediates inflammatory response and 
induction of nitrosative stress leading to protein, nucleic 

Fig. 8  Influence of  AFB1 and coartem co-exposure on caspase-9 
and caspase-3 activities in rats.  AFB1 indicates aflatoxin  B1.  AFB1 
denotes 70 µg/kg;  AFB11 and  AFB12 denote 35 and 70 µg/kg, respec-
tively. COART denotes coartem at 5  mg/kg, respectively. Each bar 
represents mean ± S.D. for 8 rats per group. a: Values differ sig-

nificantly from control (p < 0.05). b: Values differ significantly from 
 AFB1 alone (p < 0.05). c: Values differ significantly from COART 
and  AFB11 (p < 0.05). d: Values differ significantly from COART and 
 AFB11 (p < 0.05)
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acids, and lipid modification (Kapil et al. 2020). The 
MPO exhibits cytokine-related activity and is involved in 
neutrophil stimulation to produce ROS and inflammatory 
response (Lau et al. 2005). The upsurge in NO level and 
MPO activity as well as caspase-9 and caspase-3 activi-
ties persisted in animals co-exposed to coartem and both 
doses of  AFB1. The activation of initiator caspase-9 and 
executioner caspase-3 is essential in the intrinsic path-
way of apoptotic cell death (Owumi et al. 2022; Unnisa 
et al. 2022). Although animals in the co-exposure group 
exhibited lesser oxidative damage than animals in the 
 AFB1 alone, the marked increases in these inflamma-
tory and apoptotic indices evidently indicate unbeneficial 
effect of coartem on inflammation and cell death associ-
ated with  AFB1 exposure. Moreover, histopathological 

and mophormetrical findings corroborate biochemical 
and behavioral findings that coartem administration 
was ineffective in mitigating neurotoxicity associated 
with high dose of  AFB1 exposure. The histopathological 
injury observed in brains of  AFB11-treated rats in this 
study is consistent with earlier findings (Aytekin Sahin 
et al. 2022).

In conclusion, the current data demonstrated that co-
exposure to  AFB1 and coartem posed no additional risk 
on the behavioral and biochemical responses when com-
pared with separate exposure to  AFB1. Coartem partially 
lessened neurotoxicity associated with  AFB1 exposure in 
rats. Thus, the scenario of co-exposure to coartem and 
 AFB1-contaminated diet may not worsen the health condi-
tion for such individual undergoing malaria treatment.

Fig. 9  Histological and histomorphometric data of the cerebrum. 
Sections from the control and coartem alone appear normal.  AFB1 
alone-dosed section showing neuronal degeneration associated with 
pyknosis, congestion, and vacuolation of the neuropil (green arrows). 
Coartem minimized neuronal degeneration in animals co-exposed to 
low  AFB1 dose than high dose.  AFB1 indicates aflatoxin  B1.  AFB1 
denotes 70 µg/kg;  AFB11 and  AFB12 denote 35 and 70 µg/kg, respec-

tively. COART denotes coartem at 5  mg/kg, respectively. Each bar 
represents mean ± S.D. for 8 rats per group. a: Values differ sig-
nificantly from control (p < 0.05). b: Values differ significantly from 
 AFB1 alone (p < 0.05). c: Values differ significantly from COART 
and  AFB11 (p < 0.05). d: Values differ significantly from COART and 
 AFB11 (p < 0.05)
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