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combination therapies (ACTs) induces oxidative
stress and liver damage in mice (BALB/c)

David Audu'"®, Vinood B. Patel?, Olufunmilayo A. ldowu', Fakilahyel M. Mshelbwala® and Adewumi B. Idowu’

Abstract

Background In malaria-endemic countries, repeated intake of artemisinin-based combination therapies (ACTs)

is rampant and driven by drug resistance, improper usage, and easy accessibility. Stress effects and potential liver tox-
icity due to the frequent therapeutic use of ACTs have not been extensively studied. Here, we investigated the effects
of repeated treatment with standard doses of the commonly used ACTs artemether/lumefantrine (A/L) and artesu-
nate-amodiaquine (A/A) on oxidative stress and liver function markers in male mice (BALB/c).

Methods Forty Five mice were divided into three groups: control, A/L, and A/A. The drugs were administered three
days in a row per week, and the regimen was repeated every two weeks for a total of six cycles. The levels of oxidative
stress and liver function markers were measured in both plasma and liver tissue after initial (baseline) and repeated
exposures for the second, third, and sixth cycles.

Results Exposure to A/L or A/A caused a significant (p < 0.001) increase in plasma malondialdehyde (MDA) lev-

els after the first and repeated exposure periods. However, Hepatic MDA levels increased significantly (p < 0.01)

only after the sixth exposure to A/A. Following either single or repeated exposure to A/L or A/A, plasma and liver
glutathione peroxidase (GPx) and catalase (CAT) activities, plasma aspartate and alanine transaminase, alkaline phos-
phatase activity, and bilirubin levels increased, whereas total plasma protein levels decreased significantly (p < 0.001).
Varying degrees of hepatocyte degeneration and blood vessel congestion were observed in liver tissues after a single
or repeated treatment period.

Conclusion Irrespective of single or repeated exposure to therapeutic doses of A/L or A/A, plasma oxidative stress
and liver damage were observed. However, long-term repeated A/A exposure can led to hepatic stress. Compensa-
tory processes involving GPx and CAT activities may help reduce the observed stress.
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Background

Malaria is a serious infectious disease caused by the Plas-
modium parasite and transmitted by infected female
Anopheles mosquitos. There are an estimated 247 mil-
lion malaria cases in 84 endemic countries in 2021, with
almost all malaria cases recorded in 29 countries, includ-
ing Nigeria (27%), the Democratic Republic of the Congo
(12%), Uganda (5%), and Mozambique (4%), accounting
for nearly half of all global cases [1]. Between 2000 and
2021, approximately 2 billion malaria infections and 11.7
million fatalities were averted globally [1] using several
malaria intervention strategies, including insecticide-
treated nets, indoor spraying, prophylactic treatments,
and antimalarial medications, particularly Artemisinin-
based Combination Therapies (ACTs) [1-4].

In malaria-endemic nations in Africa, ACTs such as
artemether/lumefantrine and artesunate/amodiaquine
have proven to be highly efficient in clearing malaria
parasites [5, 6]. Artemether and Artesunate are fast-act-
ing artemisinin derivatives that swiftly reduce parasite
burden [7, 8]. These drugs are metabolised into dihy-
droartemisinin by the liver [7, 8], with the generation of
reactive free radicals (in the presence of haeme) within
the parasite, damaging the parasite’s lipids, proteins, and
DNA, resulting in parasite death. The lumefantrine and
amodiaquine components of A/L and A/A, on the other
hand, are longer-acting antimalarials that prevent para-
site recrudescence, ensure long-term parasite clearance
[8-10], and reduce the ability of the parasite to detoxify
haeme, leading to the accumulation of toxic haeme mole-
cules, ultimately causing parasite death [3]. Lumefantrine
and amodiaquine is extensively metabolised in the liver
to produce desbutyl-lumefantrine and desethyl-amodi-
aquine which is active against malaria parasites [7, 11],

A/L and A/A can cause various adverse effects, includ-
ing nausea, vomiting, dizziness, headaches, skin rashes,
gastrointestinal problems, and hepatic dysfunction, and
should be used with caution in individuals with pre-exist-
ing liver illnesses [3, 12]. The specific process by which
A/L and A/A toxicity occurs is unknown; however, it is
considered to be linked to the metabolism of the drug by
the liver and its activities in the blood [3]. Repetitive use
of A/L and A/A can increase toxicity, especially in high-
risk populations, such as pregnant women, children, and
travellers from non-endemic countries who take these
drugs as preventive measures, as well as in areas with
high rates of drug resistance, recurrent infections, and
antimalarial drug misuse [13-20].

Previous studies have shown that both A/L and A/A
can cause oxidative stress [14, 21-27], as well as elevated
liver function markers (aspartate transaminase (AST),
alanine transaminase (ALT), total protein, and bilirubin)
[14, 21], but little is known about the levels of oxidative
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stress in the plasma and liver caused by repeated thera-
peutic treatment with A/L or A/A. Although a study of
repeated ACT treatments revealed that when rats were
administered oral doses of A/L for six weeks, hepato-
toxicity was observed, as indicated by an increase in the
activity of liver enzymes such as glutamyltransferase,
AST, and ALT; however, the study did not explore the
use of A/A (another ACT alternative), compare differ-
ent repeated treatment periods, or examine oxidative
stress markers [18]. Our team also demonstrated that
repeated A/L and A/A administration in mice influ-
ences haematological parameters [28]. Additionally, our
previous study on the repeated use of antimalarial drugs
in liver cell lines, including the individual component
drugs artesunate, amodiaquine, artemether, and lumefan-
trine, showed significantly decreased cell viability for up
to 72 h, likely due to oxidative stress [29]. However, the
oxidative stress and liver function effect of ACT adminis-
tered therapeutically on a two-week interval basis, which
is reflective of common user practice during repeated
drug abuse, has not yet been explored. Consequently,
this study aimed to evaluate the effects of repeated A/L
and A/A treatments on oxidative stress and liver function
markers in the plasma and liver of mice.

Methods

Animals’ procurement and management

This study used 45 mature male BALB/c mice weigh-
ing an average of 24 g and were 8 weeks old. Mice
were obtained from the Institute of Advanced Medical
Research and Training at the University College Hospi-
tal (UCH) in Ibadan, Nigeria. The mice were housed in
plastic cages with dry wood shavings as bedding and
fed standard feed produced by Ladokun Feed Limited
(Ibadan, Oyo State, Nigeria). The mice were provided
with food and water and kept on a 12-h light/12-h dark
cycle.

Antimalaria drug

Artemether/lumefantrine (A/L) (Lumartem Antima-
larial Tablet, 20 mg/120 mg) was obtained from Cipla
Pharmaceuticals Limited in Mumbai, India, and Artesu-
nate/Amodiaquine (A/A) (Camosunate; 100 mg/300 mg)
was procured from Geneith Pharmaceuticals Limited in
Lagos, Nigeria. Therapeutic doses were orally adminis-
tered to all treatment groups according to the manufac-
turer’s instructions. A therapeutic dose of 1.14/6.84 mg/
kg/d of artemether/lumefantrine was administered in six
doses at 0, 8, 24, 36, 48, and 60 h, while artesunate/amo-
diaquine was given three consecutive days per week at a
dose of 2.86/8.58 mg/kg/d [30, 31].



Audu et al. Egyptian Liver Journal (2023) 13:53

Research design

A total of 45 male mice were randomly assigned to
three groups using a previously described method [32].
Each group consisted of 15 mice kept in three cages,
each containing five mice [33].

Group 1: Received only distilled water (Control),
Group 2: Were administered Artemether / Lume-
fantrine (A/L) and

Group 3: Were administered Artesunate / Amodi-
aquine (A/A)

The drugs were administered three consecutive
days per week, with a two-week break between each
repeated treatment, for a total of six cycles of exposure.
Daily weight was measured, and plasma glucose level,
plasma and liver tissue oxidative stress, and liver func-
tion markers were determined after the first (baseline)
and repeated exposure periods of the second, third,
and sixth periods. The experiments were performed
in accordance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of
Health (NIH Publication No. 85-23, updated in 1996).
The experimental protocol was approved by the Col-
lege of Veterinary Medicine Research Ethics Commit-
tee of the Federal University of Agriculture, Abeokuta
(FUNAAB/COLVET/CREC/2019/07/01).

Glucose concentration
The plasma glucose concentration was determined fol-
lowing the method described in [34].

Oxidative stress markers

Plasma and liver homogenates were evaluated for
oxidative stress markers. The concentration of
malondialdehyde (MDA) was evaluated using the thio-
barbituric acid-reactive substances (TBARS) — malon-
dialdehyde (MDA) technique [35]. The concentration
of glutathione (GSH) was determined using the method
described by Ilman ([36]. Glutathione peroxidase (GPx)
activity was assessed following the method described
by Rotruck et al. [37]. Superoxide dismutase (SOD)
activity was determined using the method described by
Marklund and Marklund [38]. Catalase (CAT) activity
was determined according to the method described by
Shangari and O’Brien [39].

Liver function markers

The activities of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase
(ALP), total protein, and bilirubin were determined
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in plasma and liver homogenates using commercially
available kits obtained from Fortress Diagnostics Lim-
ited (UK) following the manufacturer’s instructions.
ALT and AST levels were measured using the method
described by Reitman and Frankel [40], whereas ALP
levels were measured using the method reported by
Rec [41]. Total bilirubin and protein concentrations
were determined according to the method described by
Tietz [42].

Histopathological analysis of the liver

Part of the collected liver tissue was stored in 10% for-
malin in appropriately labelled bottles. Thereafter,
the organs were dehydrated by passing them through
increasing concentrations of ethanol (50, 70, 80, 90, and
100% for one hour each). Thereafter, the organs were
impregnated with three changes of molten xylene and
replaced with paraffin wax. The organs were embedded
in molten paraffin wax and allowed to solidify. The blocks
were mounted on a microtome and sectioned at 5 pum.
Each sectioned tissue was mounted on a slide and placed
on a hot plate to melt the wax. The tissues were stained
with haematoxylin and eosin. The stained slides were
observed under a compound microscope for observable
aberrations, and photomicrographs of the slides were
obtained.

Statistical analysis

Graphs were generated using GraphPad Prism 9.0, with
one-way analysis of variance (ANOVA) to determine the
significance of the differences between the treated and
control groups. The results are shown as mean + standard
error of the mean (SEM) (n=3). The Shapiro—Wilk test
was initially employed to check whether the distribution
of the data was normal. Significance was set at p<0.05,
»<0.01, and p<0.001 compared to the relevant control

group.

Results

Effects of repeated therapeutic treatment with artemether/
lumefantrine (A/L) or artesunate/amodiaquine (A/A)

on mouse weight and glucose levels

Table 1 shows the observed increase in the percentage
change in the body weight of mice administered either
artemether/lumefantrine (A/L) or artesunate/amodi-
aquine (A/A) during the first, second, third, and sixth
exposure periods, as well as in the control group. After
the initial treatment with A/L, a marked increase in glu-
cose concentration was observed. However, subsequent
treatment with A/L or A/A after the second, third, and
sixth exposure periods did not lead to any noteworthy
alterations in glucose concentration compared to the
control group, as shown in Table 1.
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Table 1 Table showing the initial and final weight, percentage change in weight and blood glucose levels of mice exposed to
Artemether/lumefantrine (A/L) and artesunate/amodiaquine (A/A) compared to the control (CTL)

Exposure periods Treatment Initial body Weight (g) Final body weight (g) Percentage change in Blood glucose level
body weight (%)

First CTL 2357+0.28 25.53+0.38 839+2.39 7494041
A/L 24.73£0.38 2550+0.26 3.18+2.62 9.09+0.27
A/A 2283041 25.87+0.39 13.38+3.07 743+0.04

Second CTL 24.53+033 26.77+0.18 9.14+1.68 7.33+0.32
A/L 25.30£0.25 26.80+0.17 595+1.32 8.11+0.02
A/A 2447+035 26.90+0.29 9.98+1.66 835+0.00

Third CTL 2530£0.25 30.10+£1.04 18.92+3.01 7.91+0.09
A/L 23.60+1.15 29.70+0.17 2587+144 8.21+0.08
A/A 24.47+038 29.53+£0.32 20.73£0.58 8.25+0.10

Sixth CTL 25.27+0.27 31.60+£0.83 29.22+4.14 839+0.61
A/L 24.63+0.24 33.07+0.26 30.88+£0.59 7.68+0.14
A/A 23.97+041 3243+032 35.38+1.84 8.70+0.08

The impact of repeated treatment with either artemether/
lumefantrine (A/L) or artesunate/amodiaquine (A/A)

on oxidative stress markers in mice

Plasma malondialdehyde (MDA) concentrations were
significantly higher than those in the control group
after treatment with A/L or A/A during the first (134%
or 107%) (p<0.001), second (133% or 74%) (p<0.001),
third (142% or 64%) (p <0.001), and sixth (90% (p <0.001)
or 31% (p<0.05)) exposure periods (Fig. 1A). Following
the first, second, and third exposure periods, there were
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no significant alterations in MDA concentrations in the
liver between the treatment groups (A/L or A/A) and
the control group (Fig. 1B). Nevertheless, after the sixth
exposure period, the administration of A/A significantly
increased (p <0.01) the liver MDA concentration by 37%,
whereas A/L administration led to a significant decrease
(p<0.01) in the liver MDA concentration by 35% com-
pared to the control group. (Fig. 1B).

Except for the A/L treatment after the third exposure
period, which exhibited a significant increase in plasma

b mm Control
mm Artemether/Lumefantrine
M Artesunate/Amodiaquine

P 31 6

Treatments

2nd 37 6

Treatments

Fig. 1 (A) Plasma Malondialdehyde (MDA) concentration, (B) Liver Malondialdehyde (MDA) concentration, (C) Plasma Glutathione (GSH)
concentration, (D) Liver Glutathione (GSH) concentration of mice after the 1%, 2" 39 and 6™ treatment with artemether/lumefantrine (A/L)
or artesunate/amodiaquine (A/A). Values are expressed as mean +SEM (n=3), and a, b, and ¢ indicate significant differences at p <0.05, p < 0.01,

and p<0.001, respectively, compared to the corresponding control groups
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glutathione (GSH) by 9% (p<0.05) (Fig. 1C), no signifi-
cant alterations were observed in either plasma or liver
GSH concentrations following single and repeated treat-
ments (Fig. 1C and D).

A significant increase in plasma Glutathione Peroxi-
dase (GPx) activity of 87% (p < 0.001) was observed after
the first treatment with A/L compared to that in the con-
trol group (Fig. 2A). Repeated treatment with A/L or A/A
for the second and third periods significantly increased
Plasma GPx by (50% (p < 0.05) or 72% (p < 0.001)) and
(40% (p < 0.05) or 26% (p < 0.05)) respectively, compared
to the control group, while after the sixth treatment, no
significant alteration was observed compared to the con-
trol group (Fig. 2A). Treatment with A/A after the first,
second, third, and sixth exposure periods significantly
increased liver GPx activity by 68% (p < 0.001), 18% (p <
0.01), 22% (p < 0.001), and 17% (p < 0.01), respectively,
compared to the control group (Fig. 2B). Treatment with
A/L significantly increased (p < 0.001) liver GPx activ-
ity (p<0.001) by 19% after the first exposure period, but
no significant changes were observed after the second,
third, and sixth exposure periods compared to the con-
trol group (Fig. 2B).

Plasma superoxide dismutase (SOD) activity increased
by 116% (p < 0.001) and 50% (p < 0.001) after exposure
to A/L for the first and third treatment periods, respec-
tively, and by 81% (p < 0.01) after treatment with A/A for
the second treatment period, compared to the control
groups (Fig. 2C). No significant increase in plasma SOD
activity was observed after exposure to either A/L or A/A
for the 6th treatment period (Fig. 2C). Liver SOD activity
significantly increased (85%, p <0.001) after the first A/A
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treatment period, whereas no significant changes were
observed after repeated treatment periods (Fig. 2D).

Plasma Catalase (CAT) activity significantly increased
after treatment with either A/L or A/A for the first (563%
or 452%; p<0.001), second (452% or 414%; p<0.001),
third (260%; p<0.01 or 437%; p<0.001), and sixth
(792%; p<0.001 or 454%; p<0.05) exposures compared
to the control group (Fig. 3A). In the liver, CAT activity
increased significantly (»<0.001) after A/L or A/A treat-
ment for the first (60% or 47%), second (34% or 35%), and
sixth (32% or 25%) exposure periods, whereas only A/L
exposure after the third period significantly increased
liver CAT activity by 22% compared to the control group
(Fig. 3B).

Effects of repeated therapeutic treatment

with either artemether/ lumefantrine (A/L) or artesunate/
amodiaquine (A/A) on mice Liver function markers
Treatment with A/L or A/A significantly reduced
(p<0.001) the plasma total protein content after the
first (44% or 23%), second (25% or 40%), third (32% or
28%), and sixth (32% or 32%) treatments compared to
the control group (Fig. 3C). After the third A/L or A/A
exposure period, the total hepatic protein level signifi-
cantly decreased (p<0.001) by 20% or 24%, respectively
(Fig. 3D), whereas after the sixth exposure period, no sig-
nificant decrease was observed compared to that in the
control group (Fig. 3D).

The plasma Aspartate Aminotransferase (AST) activi-
ties significantly increased after A/L treatment for the
second and sixth periods by 74% and 84% (p <0.05), while
Treatment with A/A for the second, third, and sixth

mm Control
M Artemether/Lumefantrine
M Artesunate/Amodiaquine

2nd 3rd &t

Treatments

ond 3rd 6

Treatments

Fig. 2 (A) Plasma Glutathione peroxidase (GPx) activities (B) Liver Glutathione peroxidase (GPx) activities (C) Plasma superoxide dismutase (SOD)
activities (D) Liver superoxide dismutase (SOD) activities of mice after the 1%, 2" 314 3pd eth exposures to either artemether/lumefantrine (A/L)
or artesunate/amodiaquine (A/A). Values are expressed as mean + SEM (n=3), and a, b, and c indicate significant differences at p<0.05, p<0.01,

and p<0.001, respectively, compared to the corresponding control groups
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Fig. 3 (A) Plasma Catalase (CAT) Activities (B) Liver Catalase (CAT) Activities (C) Plasma Total Protein (TP) concentration (D) Liver Total Protein
Concentration of mice after the 1%, 2", 3'4, and 6™ treatments with either artemether/lumefantrine (A/L) or artesunate/amodiaquine (A/A)
compared to the control group. Values are expressed as mean +SEM (n=3), and a, b, and c indicate significant differences at p<0.05, p<0.01,

and p<0.001, respectively, compared to the corresponding control groups

periods by 137%, 100%, and 187%, respectively (p <0.001),
compared to the control group (Fig. 4A). Liver AST activ-
ity significantly decreased after exposure to both A/L or
A/A for the first (59% or 57%; p <0.001), second (56% or
72%; p <0.001), third (38%; p <0.05 or 61%; p <0.001), and
sixth (71% or 58%; p<0.001) periods, respectively, com-
pared to the control group (Fig. 4B).

Plasma Alanine Aminotransferase (ALT) activity sig-
nificantly increased (p<0.001) following the first treat-
ment with A/L or A/A by 246% or 102%, respectively,
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whereas repeated treatment with A/L and A/A did not
significantly alter ALT plasma activity compared to the
control group (Fig. 4C). Exposure to A/L during the first
exposure period significantly increased (p<0.001) liver
ALT activity by 253%, whereas repeated treatment with
A/L and A/A during the second, third, and sixth expo-
sure periods did not significantly alter liver ALT activity
compared to that in the control group (Fig. 4D).

The plasma Alkaline Phosphatase (ALP) activity sig-
nificantly increased after Treatment with A/L for the

mm Control
M Artemether/Lumefantrine
s Artesunate/Amodiaquine

3 6

Treatments

2nd 31 6

Treatments

Fig.4 (A) Plasma Aspartate Transaminase (AST) activities (B) Liver Aspartate Transaminase (AST) activities (C) Plasma Alanine Transaminase
(ALT) activities (D) Liver Alanine Transaminase (ALT) activities of mice after the 1%, 279, 39 and 6t exposures to either artemether/lumefantrine
(A/L) or artesunate/amodiaquine (A/A) compared to the control. Values are expressed as mean £ SEM (n=3), and a, b, and c indicate significant
differences at p<0.05, p<0.01, and p <0.001, respectively, compared to the corresponding control groups
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2nd and 3rd exposure periods by 98% (p<0.05) and
432% (p <0.001), respectively, while A/A treatment after
the 1st, 2nd, 3rd, and 6th exposure periods by 213%
(p<0.001), 163% (p<0.001), 355% (p<0.001), and 106%
(p<0.01), respectively, compared to the control group
(Fig. 5A). Only A/L treatment after the first exposure
period significantly increased (p <0.001) liver ALP activ-
ity by 273%, whereas repeated exposure to A/L and A/A
did not significantly alter liver ALP activity (Fig. 5B).

Plasma bilirubin levels increased significantly after A/L
treatment following the first, second, and third exposures
by 35% (p<0.001), 21% (p<0.01), and 40% (p<0.001),
respectively, while A/A Treatment following the first,
third, and sixth exposure periods by 19% (p<0.05), 28%
(p<0.001), and 34% (p<0.001), respectively, compared to
the control group (Fig. 5C). liver bilirubin levels did not
change significantly after repeated exposure to A/L or
A/A (Fig. 5D).

Single and repeated administration of AL or AA
resulted in diverse levels of hepatocyte degeneration
and blood vessel congestion in the mouse liver tissue, as
opposed to the control group, which exhibited a normal
histological appearance (Figs. 6 and 7).

Discussion

This study is the first to investigate the effects of six con-
secutive repeated therapeutic treatments with artesu-
nate/amodiaquine (A/A) or artesunate/lumefantrine
(A/L) on oxidative stress and liver function markers in
mice at two-week intervals. The goal was to simulate a
scenario in which an individual takes antimalarial drugs
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prophylactically every two weeks, for a maximum of six
cycles.

The results showed that neither single nor repeated
treatments with A/L or A/A affected the normal growth
of the mice or caused a decrease in the plasma glucose
level. However, the plasma concentration of malondial-
dehyde (MDA), a marker of lipid peroxidation, increased
to a similar level in both single and repeated treatments.
Previous studies have reported elevated MDA levels fol-
lowing A/L and A/A administration [14, 21]. Never-
theless, this study found that either single or repeated
therapeutic use of A/L or A/A caused comparable lipid
peroxidation or oxidative stress in mice. This could be
because the mice were administered the drugs therapeu-
tically after each treatment and were given a rest period
before the next treatment, thus not allowing for cumula-
tive effects. Interestingly, the plasma MDA concentration
after the sixth A/L or A/A treatment did not increase,
but was lower than that seen during the first three treat-
ments. This could be attributed to the acclimatisation
of mice to oxidative stress caused by the treatment over
time [43]. Furthermore, A/L had a more pronounced
effect on plasma MDA concentration than A/A after
each successive treatment, suggesting that A/L may
induce greater lipid peroxidation and oxidative stress in
the plasma than A/A. The difference in the plasma oxi-
dative stress response between A/L and A/A may be
linked to the pharmacokinetics and pharmacodynam-
ics of the drugs. It is possible that one of the component
drugs in A/L may have a more powerful effect on oxida-
tive stress pathways in the plasma than the other, or the

mm Control
mm Artemether/Lumefantrine
M. Artesunate/Amodiaquine

3 6

Treatments

31 6

Treatments

Fig.5 (A) Plasma Alkaline Phosphatase (ALP) Activities (B) Liver Alkaline Phosphatase (ALP) activities (C) Plasma Bilirubin Concentration (D) Liver
Bilirubin Concentration; of mice after the 1%, 279, 39 and 6™ treatment with either Artemether/Lumefantrine (A/L) or Artesunate/Amodiaquine
(A/A) compared to the control group. Values are expressed as mean+SEM (n=3), and a, b, and c indicate significant differences at p <0.05, p<0.01,

and p<0.001, respectively, compared to the corresponding control groups
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Fig. 6 Liver Histology section (x400; H & E) of mice treated with distilled water (control) (CTL) artemether/lumefantrine (A/L) or artesunate/
amodiaquine (A/A) after the (A) first and (B) second exposure periods. Congestion of blood vessels (arrow) and degeneration of hepatocytes (bent

arrow)
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Fig. 7 Liver Histology section (x400; H & E) of mice treated with distilled water (control), artemether/lumefantrine (A/L), and artesunate/
amodiaquine (A/A) after the (C) third and (D) sixth periods. Congestion of blood vessels (arrow) and degeneration of hepatocytes (bent arrow)

combination of drugs in A/L may interact differently in
the plasma with the host’s response to oxidative stress
than A/A.[7, 44].

The study also found that after the sixth treatment
with A/A, there was a significant increase in liver MDA

concentration, indicating that prolonged use of A/A
could potentially trigger more oxidative stress and
lipid peroxidation in the liver than A/L. The amodi-
aquine component of A/A is likely responsible for this
increase, since the liver is responsible for its biotrans-
formation and clearance, which can induce liver cell
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toxicity and lead to cumulative effects observed after
the sixth treatment [45].

Repeated or one-time exposure to either A/L or A/A
resulted in a significant increase in the activity of glu-
tathione peroxidase (GPx) and catalase (CAT) in the
plasma and liver. This increase in antioxidant activity may
be attributed to an adaptive response to oxidative stress
caused by exposure to A/L, A/A, or their metabolites in
mice [46, 47]. The GPx/GSH/SOD/CAT antioxidant sys-
tem plays an important role in the regulation of oxida-
tive stress [48]. GPx reduces hydrogen peroxide and lipid
hydroperoxides, whereas CAT decomposes hydrogen
peroxide into water and oxygen [48]. Our results suggest
that the observed increase in antioxidant activity may
be attributed to the upregulation of antioxidant defense
mechanisms, which help eliminate reactive oxygen spe-
cies when these drugs are taken repeatedly but thera-
peutically [23, 46, 47]. This finding is contrary to that of
Adebayo et al., [49] who revealed that the treatment of
mice with A/A led to a significant decrease in GSH, CAT,
and SOD activities, and that of Idowu et al.,, [14] who
revealed decreased SOD and CAT levels in rats treated
with A/L. However, the results of this study are consist-
ent with those of Abolaji et al. [21], who showed that the
activities of GPx, GST, and SOD increased in the treated
groups, and that of Anyasor et al.[23], who also reported
that treatment of mice with A/L increased hepatic GSH,
GST, and CAT activities [23].

On the liver function side, both A/L and A/A led to
increased plasma levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phos-
phatase (ALP), and bilirubin after therapeutic exposure,
either as a single or repeated exposure, up to six times.
Elevated plasma liver enzyme and bilirubin levels indi-
cate potential liver damage caused by drug adminis-
tration. The generation of reactive species during A/L
and A/A metabolic biotransformations in the liver may
explain the observed increase in liver enzyme levels. Dur-
ing drug metabolism, they can induce oxidative stress
in organs, leading to potential tissue damage and a sub-
sequent increase in serum enzyme activity[14, 27]. This
explanation is further supported by the decrease in liver
AST activity following exposure to A/A or A/L (Fig. 4B),
as this could have leaked out to the plasma, increasing
its level in the plasma. The components of A/L or A/A
responsible for this increase in liver enzyme levels could
be lumefantrine and amodiaquine, as artemisinin and
its derivatives (artemether or artesunate) are known to
have low toxicological effects [50]. The present find-
ings are in line with earlier studies which revealed an
increase in transaminase levels following therapeutic
doses of artemether, lumefantrine, and A/L [18, 21, 25].
In another study, mice infected with Plasmodium berghei
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and treated with A/L and A/A showed elevated levels of
AST, ALT, and ALP [25]. Additionally, a separate study
discovered that combining A/L or A/A with paraceta-
mol resulted in increased AST, ALT, and ALP levels in
humans [22]. Our research has made a valuable contribu-
tion to the existing knowledge by demonstrating that the
increase in these liver function markers was quite similar
after each treatment, whether after a single treatment or
each repeated treatment, as long as the drugs are admin-
istered therapeutically and at appropriate intervals.

Moreover, this study revealed that both A/L and A/A
caused similar degeneration of hepatocytes and blood
congestion in the liver tissue after single and repeated
treatments. This deterioration of hepatocytes could lead
to impaired drug metabolism and clearance, potentially
resulting in increased drug accumulation and toxicity,
whereas blood vessel congestion could hinder proper
blood flow and oxygen delivery to the liver tissue, further
compromising its function [51, 52]. This pathological
observation may have caused low protein synthesis, con-
tributing to the decreased plasma and liver total protein
levels observed after the first and repeated exposures to
A/L and A/A [50, 53].

Conclusions

In conclusion, these results indicate that both single and
repeated administration of A/L or A/A induce significant
levels of oxidative stress in the plasma and may cause
liver damage. However, prolonged A/A use results in
higher levels of oxidative stress in the liver. The observed
increase in antioxidant levels may counteract the stress
induced by these drugs. Therefore, therapeutic treat-
ment with either A/L or A/A, whether single or repeated,
requires careful monitoring of hepatic function. Further
research is needed to comprehensively investigate the
impact of A/L and A/A on individuals taking these drugs
as prophylactic measures to facilitate a more accurate
translation of these findings to human subjects.
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