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A B S T R A C T

The use of N-acetylcysteine against acetaminophen(APAP)-induced hepatotoxicity, a leading cause of liver injury,
has several drawbacks, including short therapeutic windows. Khaya grandifoliola (Meliaceae) has been tradi-
tionally used to manage liver-related diseases, and many reports have confirmed its hepatoprotective properties.
However, its therapeutic potential as an antidote against APAP-induced hepatotoxicity has yet to be proven in a
clinically relevant model. This study aimed to verify the efficacy of delayed treatment with the hydroethanolic
extract of K. grandifoliola (KgE) in suppressing the early injury phase of APAP pathophysiology. KgE was analyzed
using HPLC/UV. Acute oral toxicity tests were conducted in mice to determine the therapeutic dose of KgE. Mice
were treated with 300 mg/kg APAP; 1h and 12h later, they were treated with either predetermined doses of KgE
or 20 mg/kg c-Jun N-Terminal Kinase (JNK) inhibitor SP600125, which served as a reference antidote. At 6h and
24h after APAP treatment, the parameters of liver damage and mitochondrial dysfunction, phosphorylation of
JNK, and mitochondrial translocation were assessed. KgE at a dose of 5000 mg/kg was safe for mice. Accordingly,
100, 200, and 400 mg/kg were selected as curative treatments. Delayed administration of KgE reversed the
histopathological changes in the liver, inhibited serum levels of alanine aminotransferase, reduced the liver
content of nitric oxide and malondialdehyde, and restored hepatic glutathione pools and superoxide dismutase
and catalase activities in APAP-intoxicated mice. Moreover, KgE prevented APAP-induced JNK phosphorylation
and p-JNK mitochondrial translocation and rescued the activities of mitochondrial enzyme complexes II and V.
HPLC/UV analysis revealed the presence of gallic acid, Quercetin and Silibinin, with retention times of 3.77,
11.63 and 11.95 min as the major active ingredients present in KgE. Our findings demonstrate that post-treatment
with KgE protects the mouse liver from APAP-hepatotoxicity through the inhibition of JNK activation and
mitochondrial dysfunction.
1. Introduction

Acetaminophen (N-acetyl-para-aminophenol; APAP) is one of the
most extensively used analgesic and antipyretic agents worldwide.
Although it is considered a safe drug when used properly, an overdose is
known to cause acute liver failure, which may be fatal [1]. APAP-induced
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liver injury is attributed to the formation of the reactive metabolite
N-acetyl-para-benzo-quinone-imine (NAPQI) upon its biotransformation
by cytochrome P450 enzymes, which subsequently depletes cellular
glutathione (GSH) and forms protein adducts with mitochondrial pro-
teins [2]. This leads to mitochondrial oxidative stress, accompanied by
the activation of c-Jun N-terminal Kinase (JNK) and its translocation into
the mitochondria, which further amplifies mitochondrial production of
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Abbreviations

ALT Alanine aminotransferase
CAT Catalase
GSH Glutathione
JNK c-Jun N-Terminal Kinase
KgE Hydro-ethanolic extract of Khaya grandifoliola
MDA Malonedialdehyde
NO Nitric oxide
p-JNK Phosphorylated c-Jun N-Terminal Kinase
ROS Reactive oxygen species
SOD Superoxide dismutase
SP c-Jun N-Terminal Kinase inhibitor SP600125
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reactive oxygen species, resulting in mitochondrial dysfunction charac-
terized by altered mitochondrial biogenesis, inhibition of mitochondrial
complex enzyme activities, cessation of ATP synthesis, and mitochon-
drial swelling, leading to cell death [3–5].

Based on early mechanistic studies, modulation of the cellular thiol
pool has been suggested as a potential therapeutic strategy against APAP
hepatotoxicity [6]. Accordingly, N-acetylcysteine, a precursor of cellular
GSH, has been approved as a clinical antidote for the treatment of APAP
hepatotoxicity [7]. However, the application of N-acetylcysteine in
clinical settings has some drawbacks, including short therapeutic win-
dows and side effects such as vomiting and nausea [8]. Moreover,
N-acetylcysteine remains a unique clinically approved antidote against
APAP-hepatotoxicity, despite a significant increase in the mechanistic
understanding of APAP-induced liver damage gained during the past two
decades [3,9,10]. Therefore, the search for novel antidotes that can
reverse APAP toxicity is warranted.

In this view, medicinal plants possessing hepatoprotective properties,
including Khaya grandifoliola, represent a credible source for such dis-
coveries. This plant is mainly distributed in the eastern, western, and
central parts of Africa. It is located in Nigeria, South Sudan, Ghana,
Cameroon, Uganda, Central Africa, and the Democratic Republic of the
Congo [11]. Several ethnomedicinal surveys have reported the
K. grandifoliola is used in Traditional Chinese Medicine (TCM) to treat
various ailments. The bark, roots, and leaves are the parts most
commonly used by local populations where plants are endemic [12–14].
In some West African countries, such as Guinea, Nigeria, and Cote
d’Ivoire, the decoction of the mixture of stem bark and leaves is used for
the treatment of malaria, while the decoction of the stem bark and root
also serves to relieve febrile fever [13]. Similarly, the back of the stem is
macerated in water and used to treat stomach pain, rheumatism, and skin
diseases [15]. Furthermore, the same infusion serves as a blood supple-
ment for the treatment of jaundice and other liver disorders [12,16]. An
infusion made from the bark is also used to treat diarrhea caused by in-
testinal parasites, whereas a decoction of the root bark is taken orally to
treat urinary tract diseases such as gonorrhea [17]. Modern pharma-
cology has reported numerous biological effects associated with extracts
or isolated components K. grandifoliola. These biological activities
include antiplasmodial, antibacterial, antifungal, and anti-inflammatory
properties [18]. In addition, its capacity to attenuate
xenobiotics-induced liver toxicity and inhibit hepatitis C virus replication
in vitro has been reported [19–22]. Interestingly, limonoids isolated from
K. grandifoliola have been shown to protect the normal human hepatocyte
L-02 cell line from cisplatin- and APAP-induced cell death by inhibiting
JNK phosphorylation and its translocation into the mitochondria [18,
23]. However, to consider K. grandifoliola and its derivatives as possible
antidotes against APAP-hepatotoxicity, their therapeutic potential and
the underlying mechanisms should be established in a relevant model.
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Considering the prominent role of JNK activation and mitochondrial
dysfunction in the pathophysiology of APAP-induced liver injury, tar-
geting JNK phosphorylation and mitochondrial translocation could be a
promising strategy for treating APAP-hepatotoxicity. Therefore, we hy-
pothesized that the curative effect of extract from K. grandifoliola against
APAP-induced liver damage occurred through the inhibition of JNK
activation and mitochondrial dysfunction. Thus, this study has aimed to
evaluate the curative effect of the hydro-ethanolic extract of
K. grandifoliola in a clinically relevant mouse model of APAP-induced
hepatotoxicity. The results showed that Overdue treatment of mice
with KgE protected the liver from APAP-induced hepatotoxicity mainly
by inhibiting the phosphorylation of JNK and its translocation into the
mitochondria. These findings validate the curative potential of
K. grandifoliola against drug-induced liver injury, and justify its use in
traditional medicine to treat liver-related diseases.

2. Material and methods

2.1. Reagents

Acetaminophen (APAP), Thiobarbituric Acid, Trichloroacetic Acid,
and JNK inhibitor SP600125 were purchased from Sigma-Aldrich (St.
Louis, MO, USA), and Apigenin, Curcumin, Epigallocatechin, Gallic acid,
Kaempferol, Luteolin, Mangiferin, Naringenin, Silibinin, and Quercetin
were purchased from Selleck Chemicals (Beijing, China). Halt protease
inhibitor cocktail EDTA-Free 100X, SuperSignal West Pico Chemilumi-
nescent Substrate were all purchased from Thermo Fisher Scientific
(Rockford, USA); Rabbit polyclonal anti-phospho-JNK1/JNK2 (Catalog
No. 11504-1) and total JNK2 (Catalog No. 4672) primary antibodies
(1:1000 dilution) were purchased from SignalWay Antibody (Baltimore,
USA) and Cell Signaling Technology (Boston, USA) respectively; horse-
radish peroxidase-conjugated goat anti-rabbit IgG AP-linked secondary
antibody (Catalog No. sc-2004) (1:2000 dilution) were purchased from
Santa Cruz Biotechnology (Ca., USA); Alanine aminotransferase assay
kits were purchased from CHRONOLAB SYSTEMS (Barcelona, Spain).
Diazepam (Ankleshwar-393002; Gujarat, India) and ketamine (Khajrana
452 001, India) were purchased from local pharmacies. All other re-
agents and chemicals used in this study were commercially available and
analytical grade.

2.2. Animals

The experimental animals were healthy male Swiss Webster mice
weighing 26–32 g obtained from the Animal House of the Laboratory of
Pharmacology and Toxicology (University of Yaound�e 1). They were
reared in a plastic cage, under standard laboratory conditions of tem-
perature (25 � 3℃) and 12 h day light-dark cycle, fed with a standard
rodent diet with free access to drinking water. All procedures complied
with the European Union recommendations (Directive 2010/63/EU) for
experimental design and analysis in pharmacological care and were
approved by the Institutional Joint Review Board for Animals and
Humans Bioethics of the University of Yaounde I-Cameroon (Ethical
approval No. 2022/13-09/SG/IJRBAHB/UYI).

2.3. Plant material collection and extract preparation

The plant material consisted of the stem bark of K. grandifoliola har-
vested in April 2021 from the locality of Foumban, Noun Sub-Division,
West Region, Cameroon). http://www.theplantlist.org was used to
check the plant name, and the botanical identification was done at the
Cameroon National Herbarium, where voucher specimen was kept under
the reference number 23434 YA. The harvested plant material was
washed, air dried, and ground. Next, 100 g of the resulting powder was
macerated at room temperature (25℃) with 1 L of the solvent system
ethanol-H2O (70:30, v/v) for 24 h. The mixture was filtered through a
Whatman No.1 filter paper, and the residue was re-extracted once. The

http://www.theplantlist.org
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filtrates were rotary evaporated to remove ethanol. The residual extract
was dried at 4℃ to yield 21 g of extract, designated KgE (hydroethanolic
extract of K. grandifoliola). Preliminary phytochemical analysis of KgE
revealed the presence of phenolic compounds, flavonoids, saponins, al-
kaloids, triterpenes, glycosides, and tannins as the major classes of sec-
ondary metabolites [20].

2.4. High-Performance Liquid Chromatography analysis

The bioactive compounds in KgE were detected using HPLC-UV
analysis. An Agilent 1260 Infinity brand chromatographic chain (Agi-
lent Technologies, Folsom, CA, United States) fitted with a vacuum
degasser, column oven, quaternary pump, auto-sampler, and diode array
Diode-Array-Detector (DAD) connected to the Agilent ChemStation
software was used. A reversed-phase C18 LC-Column (150 mm � 4.6
mm, 2.6 μm particle size, polar column) was used. The standard com-
pounds Apigenin, Curcumin, Epigallocatechin, Gallic acid, Kaempferol,
Luteolin, Mangiferin, Naringenin, Silibinin, and Quercetin, and KgE were
prepared at 0.1 mg/mL of methanol. The injection volume was 10 μL and
the system operated at 35 ℃. The mobile phase was made up of water
containing 0.025 % Trifluoroacetic acid (A) and acetonitrile (B). The
elution gradient was: 100% A, 0–3min; 75% A and 25% B, 4–8min; 5%
A and 95 % B, 9–12; 100 % B, 13–15 min. The debit was 0.8 mL/min and
the detection wavelength was set at 280 nm. The compounds present in
KgE were identified by comparing their retention times and absorbance
spectra with those of standards.

2.5. Evaluation of acute toxicity of KgE

Acute toxicity studies were performed to determine the optimal
therapeutic dose of KgE. Testing Guideline No. 425 for oral acute toxicity
studies described by the Organization for Economic Cooperation and
Development [24] was used. Nine adult male mice were divided into
three groups of three animals each (two test groups and one control
group). The test batches were administered KgE by gavage at 2000 and
5000 mg/kg body weight. The control batch was administered 1 % car-
boxymethyl cellulose (CMC, used to dissolve the extract) at a dose of 10
mL/kg. The animals were individually observed at least once during the
first 4 h. Then, regularly during the first 24 h and for 14 days after
administration, the behavior (locomotion, aggression, sensitivity to
touch, and sound), appearance of feces, coat condition, and mortality of
the animals were observed continuously. The animals were weighed
every two days throughout the experimental period. At the end of the
experiment, the animals were anesthetized by an intraperitoneal injec-
tion of a mixture of ketamine (100 mg/kg bw) and diazepam (2 mg/kg
bw) and sacrificed by decapitation. The mice were then dissected, and
organs such as the heart, liver, lungs, kidneys, and spleen were examined,
collected, and weighed in order to assess relative organ weight using the
following formula:

Wð%Þ¼Wo

Wb
� 100

WhereWor is the relative organ weight, Wo is the organ weight, andWb is
the body weight of the mice.

2.6. In vivo hepato-curative study

2.6.1. Experimental procedures
Adult male mice (60) were fasted overnight (12 h), divided into six

groups of 10 animals each, and treated as follows: Group 1 was admin-
istered normal saline (used to dissolve APAP) at 20 mL/kg b.w intra-
peritoneally (i.p) and 1 % CMC (10 mL/kg b.w) orally and served as the
control group. Group 2 was administered APAP (300 mg/kg b.w) i.p and
1 % CMC (10 mL/kg b.w) orally, and served as APAP-intoxicated and
non-treated groups. Group 3 was administered APAP (300mg/kg b. w.) i.
3

p. and SP600125 (20 mg/kg b.w. i. p.]) and the positive control-treated
group. Groups 4, Group 5and Group 6 comprised the untreated and
treated groups, respectively. They were all administered APAP (300 mg/
kg body weight) i. p. and treated orally with KgE (100 mg/kg b. w., low
dose, Group 4); (200 mg/kg b. w., middle dose, Group 5) or (400 mg/kg
b. w., high dose, Group 6). The plant extract was administered 1 h after
APAP injection. The mice in each group were further divided into two
batches of five animals each. Animals in the first batch were sacrificed 6 h
after APAP injection, whereas animals in the second batch were treated
once more with SP600125 or KgE at the same dose 12 h after the first
treatment and sacrificed 24 h after APAP injection. At each time point,
blood was collected to prepare the serum, and the liver was excised,
weighed, and used for the preparation of liver homogenate, mitochon-
drial isolation, and histopathological analysis.

2.6.2. Preparation of serum
Blood was collected into dry tubes, allowed to clot for about 1 h at

room temperature, and centrifuged (3000�g, 10 min, 4℃). Serum
recovered from the clotted cells was carefully pipetted and frozen until
further use.

2.6.3. Preparation of liver homogenate and mitochondrial fraction
Mouse livers were quickly excised and rinsed in 0.15 M KCl solution.

Then, 10 % (w/v) liver homogenate was prepared by weighing 1g of
liver, which was homogenized using Potter homogenizer in ice-cold
phosphate buffer (0.1 M; pH 7.4; final volume 10 mL) containing 0.2
% Halt protease inhibitor cocktail EDTA-Free 100X (Thermo Scientific).
The homogenate was centrifuged (12000�g; 15 min; 4℃) and the su-
pernatant was collected in order to assess markers of oxidative stress and
perform Western blot analysis. The liver mitochondrial fraction was
prepared by differential centrifugation, as described by Han et al. (2001),
with slight modifications. Briefly, liver tissue was homogenized in a cold
buffer containing 250 mM sucrose, 10 mM Tris-HCl pH 7.4; 1 mM
ethylene glycol bis (b-aminoethyl ether)-N, N, N0, N0- tetra acetic acid
(EGTA), and 0.2 % Halt protease inhibitor cocktail EDTA-Free 100X. The
homogenate was centrifuged (600�g, 5 min, 4℃), then the pellet was
discarded and the supernatant was centrifuged again (8000�g, 10 min,
4℃). The supernatant was discarded and the pellet was suspended in
cold buffer and washed thrice by centrifugation (8000�g, 10 min, 4℃).
Finally, the residual pellet, which represented themitochondrial fraction,
was resuspended in the buffer at a final concentration of 1 mg/mL and
used for evaluation of mitochondrial complex enzyme activities and
Western blot analysis. Protein content in both the liver homogenate and
mitochondrial fraction was quantified by Biuret's reaction using Bovine
Serum Albumin (BSA) as a standard [25].

2.6.4. Measurement of serum marker of liver injury
Liver injury was assessed by measuring the serum activity of the

cytosolic enzyme, alanine aminotransferase, using a commercial kit
(Catalog No. REF_100–0255, CHRONOLAB); and the procedure was
performed according to the manufacturer's instructions.

2.6.5. Histopathological analysis
Liver damage was assessed by histopathological examination. This

procedure was performed as described previously [26]. Briefly, a portion
of liver tissue was fixed in a 4 % formalin solution. After dehydration, the
tissues were embedded in paraffin. Then, a rotary microtome was used to
obtain paraffin-embedded fragment sections of 4–5 μm. Sections were
mounted on glass slides and stained with hematoxylin and eosin to
visualize histological changes under an optical microscope (X-100).

2.6.6. Determination of oxidative stress parameters
The oxidative stress parameters of evaluated included liver contents

of nitric oxide (NO), reduced glutathione (GSH), and malondialdehyde
(MDA), as well as the activity of the antioxidant enzymes superoxide
dismutase (SOD) and catalase (CAT) in 10 % liver homogenate.
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2.6.6.1. Assessment of nitric oxide (NO) content. The method based on
Griess reaction was used [26]. Briefly, 50 μL of liver homogenate was
diluted 10 times with distilled water and deproteinized by adding 1/20
volume of zinc sulfate (300 g/L). The mixture was centrifuged (10
000�g; 5 min; 25℃), and the supernatant (500 μL) was mixed with 500
μL of Griess reagent (equal volume of 0.1 % napthylethylenediamine
dihydrochloride and 1 % sulphanylamide in 2.5 % phosphoric acid) and
incubated (25℃; 15 min); then, the optical density of the sample was
recorded at 540 nm; and the content of NO was estimated using the
calibration curve developed with various concentration of sodium nitrite
(0.5–20 μM).

2.6.6.2. Assessment of malondialdehyde (MDA) and reduced glutathione
(GSH) content. Liver GSH and MDA levels, which serve as indicators of
lipid peroxidation, were measured as previously described [22]. GSH and
MDA contents were determined using their respective molar extinction
coefficient (εGSH ¼ 13 600 M�1. Cm�1; εMDA ¼ 1.56 � 105 M�1.Cm�1).

2.6.6.3. Measurement of CAT and SOD activities. The activities of the
antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT) in
mouse liver homogenates were assessed as previously described [27,28].

2.6.7. Western blot analysis
This procedure was performed as described previously [23]. Briefly,

50 μg of protein from liver homogenate or mitochondrial fraction in
Laemmli loading buffer was separated on 12 % Sodium-Dodecyl-Sulfate
Poly-Acrylamide Gel Electrophoresis and electro-transferred into a
nitrocellulose blotting membrane (GE Healthcare, Life Science, Ger-
many). The membrane was blocked with 5 % w/v dehydrated skimmed
milk in Tris-Buffered Saline Tween-20 (TBST: 10 mM Tris-HCl; 150 mM
NaCl; 0.05 % tween-20; pH 7.6); incubated overnight at 4 �C with pri-
mary antibodies (rabbit polyclonal anti-phospho-JNK1/JNK2 and total
JNK2 primary antibodies at 1:1000 dilution), rinsed, and then incubated
for 1 h at 25℃ with horseradish peroxidase-conjugated goat anti-rabbit
IgG AP-linked secondary antibody (1:2000 dilution). The membranes
were stained with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific) and detected using the Enhanced Chemiluminescent
Method, which combines the MicroChemi Unit and GelCapture Software.
ImageJ Software was used for the densitometric analysis of the blots.

2.6.8. Assessment of mitochondrial complexes enzymes activities and
swelling

2.6.8.1. Assessment of complex II (succinate dehydrogenase activity). The
activity of succinate dehydrogenase was assayed according to Ref. [29].
The reaction mixture consisted of 1.0 mL of phosphate buffer (pH 7.6),
0.1 mL of 30 mM EDTA, 0.1 mL of 3 % BSA, 0.3 mL of 0.4 M succinate,
0.2 mL of 30 mM potassium ferricyanide, and 1.1 mL H2O. The reaction
started with the addition of 0.2 mL of mitochondrial suspension. The
change in absorbance was recorded at 15 s intervals for 5 min at 420 nm.
Succinate dehydrogenase activity is expressed as nanomoles of succinate
oxidized/min/mg protein.

2.6.8.2. Assessment of Complex-V (F0F1 ATP synthase/ATPase activity).-
ATPase activity was determined spectrophotometrically as previously

described [30]. Briefly, the reaction mixture (0.7 mL final volume)
consisted of Tris buffer 100 mM (pH 8.0) containing Mg-ATP 4 mM,
MgCl2 2 mM, KCl 50 mM, EDTA 0.2 mM, NADH 0.23 mM, phospho-enol
pyruvate 1 mM, 1.4 unit pyruvate kinase, 1.4 unit lactate dehydrogenase
and about 50 μL of mitochondrial suspension. The absorbance was
measured at 340 nm. ATPase activity, which is directly proportional to
the absorbance, was expressed as a percentage of the control (non--
intoxicated and non-treated mice).
4

2.6.8.3. Assessment of mitochondrial swelling. Mitochondrial swelling
was assessed as previously described [31]. Briefly, 1 mL of liver mito-
chondrial suspension (0.5 mg protein/mL) was prepared in a buffer
containing 125 mM sucrose, 50 mM KCl, 2 mM KH2PO4, 10 mM HEPES,
and 5 mM succinate. Then, the swelling was induced by the addition of
50 μL of 100 μM Ca2þ to the suspension, and the extent of mitochondrial
swelling was followed by monitoring change in absorbance at 540 nm for
1, 2, 3, 4, 5, 6, and 7 min after adding Ca2þ. The following formula was
used to calculate the mitochondrial swelling rate:

Swellingrateð%Þ¼ΔATreatedgroup

ΔAControlgroup
� 100

Where: ΔA ¼ A0 min – A7min, is the variation of absorbance.
2.7. Statistical analysis

Results are presented as mean � standard deviation. Comparisons
between the mean values of various treatment groups were performed
using one-way analysis of variance (ANOVA), followed by Bonferroni's
post hoc test whenever significant differences were observed between the
variances. Comparisons were made between the non-intoxicated group
(control group) and the APAP-intoxicated group, and between the APAP-
intoxicated group and the treated groups (APAP þ KgE or SP600125).
Differences between groups were considered significant at P < 0.05.
Analyses were performed using Prism 5.03 statistical software (Graph
Pad Inc. USA).

3. Results

3.1. HPLC-UV fingerprint of KgE

HPLC-UV analysis was conducted in order to identify the potential
bioactive compounds present in KgE. The KgE chromatogram is shown in
Fig. 1. Several peaks with a UV absorbance at 280 nm were detected,
suggesting the presence of several compounds. Some of these peaks had
retention times corresponding to gallic acid (3.77 min), quercetin (11.63
min), and silibinin (11.95 min) (Table 1). Therefore, these compounds
are considered as potential bioactive phytochemicals present in KgE.
3.2. Acute oral toxicity of KgE

Prior to assessing the curative effect of KgE against APAP-induced
hepatotoxicity, acute oral toxicity of KgE was evaluated to select the
therapeutic dose of the extract to be administered to mice. The effects of
KgE on the behavior andmortality of the mice are summarized in Table 2.
At 2000 and 5000 mg/kg, KgE did not induce any apparent signs of
toxicity, either during the first 4 h following administration or during the
14 days of experimentation, compared to the control animals (0 mg/kg).
The extract did not cause any visible changes in coat appearance,
aggressiveness, mobility, sensitivity to sound and touch, or the appear-
ance of feces in the treated mice compared to those in the untreated
group. All of the animals that started the test survived until the end of the
experimental period. These findings suggest that the oral acute lethal
dose (LD50) of KgE is > 5000 mg/kg bw.

The effects of KgE on weight evolution and relative organ weight are
shown in Fig. 2. It appears that a single oral administration of KgE at
doses of 2000 and 5000 mg/kg b. w. did not significantly (P > 0.05)
affect the body weight gain (Fig. 2A) or the relative organ weight
(Fig. 2B) of the organs compared to the control mice. Macroscopic ex-
amination of the liver, kidney, heart, spleen, and lungs revealed no
apparent signs of alteration. Overall, these results suggest that a single
dose of KgE at 2000 or 5000 mg/kg body weight is safe for mice.



Fig. 1. HPLC/UV chromatogram of the hydro-ethanolic extract of K. grandifoliola in comparison with that of standard compounds at 280 nm (A): Chromatogram of
gallic acid; (B): Chromatogram of quercetin; (C): Chromatogram of silibinin; (D): Chromatogram of KgE. KgE: hydro-ethanolic (30:70, v/v) extract of K. grandifoliola.
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Table 1
Identified compounds from KgE through HPLC-UV analysis.

Characteristics

Compound names PubChem CID Retention time (min) Area (%) Molecular formula Molecular weight (g/mol) Chemical Structures

1-Gallic Acid 370 3.77 1.35 C7H6O5 170.12

2-Quercetin 5280343 11.63 15.38 C15H10O7 320.23

3-Silibinin 31553 11.95 7.29 C25H22O10 482.40

Table 2
Effect of KgE on the mortality and behavior of mice in the oral acute toxicity
study.

Parameters Experimental groups

0 mg/kg 2000 mg/kg 5000 mg/kg

Mobility 30 min N N N
4 h N N N
24 h N N N
14 days N N N

Sensitivity to pain 30 min N N N
4 h N N N
24 h N N N
14 days N N N

Sensitivity to sound 30 min N N N
4 h N N N
24 h N N N
14 days N N N

Aggression 30 min N N N
4 h N N N
24 h N N N
14 days N N N

Appearance of feces 30 min G G G
4 h G G G
24 h G G G
14 days G G G

Coat condition 30 min N N N
4 h N N N
24 h N N N
14 days N N N

Initial number of mice 30 min 3 3 3
4 h 3 3 3
24 h 3 3 3
14 days 3 3 3

Final number of mice 30 min 3 3 3
4 h 3 3 3
24 h 3 3 3
14 days 3 3 3

Mice were treated once by gavage with or without KgE at various doses (0, 2000,
and 5000 mg/kg) and were observed individually for 14 consecutive days to
record any manifestations of toxicity, including mortality, reduced mobility,
aggression, appearance of feces, and sensitivity to sound and pain. N, normal
reaction; G, granular appearance of feces; 0 mg/kg, control group; 2000 and
5000 mg/kg, test groups.
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3.3. KgE post-treatment attenuated liver injury and rescued GSH depletion
in APAP-intoxicated mice

ALT is a cytosolic enzyme that is widely accepted as an indicator of
APAP toxicity in mice. Accordingly, the effect of KgE on liver injury was
6

evaluated by measuring the serum ALT activity. As presented in Fig. 3A,
at 6 h or 24 h after APAP (300 mg/kg) injection, mice developed severe
liver injury, as depicted by high serum ALT activity, compared to the
untreated mice. In contrast, treatment of animals with KgE (100, 200, or
400 mg/kg bw) significantly (P < 0.05) reduced serum ALT activity
compared to APAP-intoxicated and non-treated mice. A similar effect was
observed in mice treated with the JNK inhibitor, SP600125, which was
used as a positive control. These findings demonstrated the ability of KgE
to preserve hepatic cells after an overdose of APAP.

During APAP overdose, liver damage occurs due to GSH depletion.
Administration of 300 mg/kg APAP significantly (p < 0.05) diminished
liver GSH content within 6 h, followed by further depletion until 24 h
(Fig. 3B). Co-treatment of animals with KgE (200 or 400 mg/kg) signif-
icantly (p < 0.05) attenuated the decrease in liver GSH pools after 6 h,
followed by gradual recovery until 24 h when compared with APAP-
intoxicated and untreated mice (Fig. 3B), which highlights the capacity
of KgE to rescue cellular GSH pools in APAP-intoxicated mice.

3.4. KgE post-treatment preserved normal hepatic structure in APAP-
intoxicated mice

Histopathological analysis was performed to further examine the
protective effects of KgE. The histology of liver tissues from mice
intoxicated with 300 mg/kg APAP and treated with KgE is shown in
Fig. 4. The hepatic tissues of mice in the control group showed a normal
liver structure at 6 and 24 h, where the hepatocytes were arranged
around the central vein and alternated with blood sinusoid capillaries
(Fig. 4A and B). Microscopic examination of the liver tissue from APAP-
intoxicated mice showed marked hepatocellular alterations, including
disruption of the hepatic lobule structure, severe hepatocyte necrosis,
and massive inflammatory cell infiltration surrounded by the central
lobular vein at 6 h (Fig. 4C) or 24 h (Fig. 4D). Co-treatment of mice with
the JNK inhibitor SP600125 (20 mg/kg) reversed these pathologies at 6
and 24 h after APAP administration (Fig. 4E and F), characterized by
hepatocyte necrosis and moderate inflammatory cell infiltration. How-
ever, the protective effects were more obvious at 400 mg/kg bw, as
shown by the absence of severe hepatic necrosis or inflammatory cell
infiltration at either 6 or 24 h after APAP administration (Fig. 4G and H).

3.5. KgE post-treatment reduced oxidative stress in APAP-intoxicated mice

Overproduction of intracellular reactive oxygen species (ROS)
occurring after GSH depletion plays an important role in the patho-
physiology of APAP. Accordingly, the effects of KgE on certain oxidative
stress parameters were evaluated. Table 3 presents the effects of KgE
treatment on certain parameters of oxidative stress in the liver. The he-
patic content of nitric oxide and MDA, an end product of lipid membrane
peroxidation, were significantly increased (P < 0.05) in APAP-



Fig. 2. Effect of KgE in the variation of mice body weight and organs relative weight (A): evolution of body weight; (B): relative organ weight. Each bar and point
represents the mean � SD (n ¼ 3). KgE: hydro-ethanolic (30:70, v/v) extract of K. grandifoliola.
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intoxicated mice. In addition, the activities of CAT and SOD, two en-
zymes of the enzymatic antioxidant defense system, were significantly (P
< 0.05) reduced in APAP-intoxicated and non-treated animals compared
to control mice. However, administration of KgE at doses of 200 or 400
mg/kg b. w., or JNK inhibitor SP600125 at 20 mg/kg b. w. significantly
(P< 0.05) preserved the activities of SOD and CAT, and reduced the liver
content of NO and MDA, as compared to APAP-intoxicated and non-
treated mice. These results demonstrate the in vivo antioxidant capacity
of KgE.
3.6. KgE post-treatment attenuated APAP-induced liver JNK-
phosphorylation and its translocation into the mitochondria

JNK activation and the mitochondrial translocation of phospho-JNK
(p-JNK) have been well established to play a major role in APAP-
induced hepatotoxicity. Western blot analysis was performed to
explore the effect of KgE on APAP-induced JNK phosphorylation. Fig. 5
shows the effect of KgE post-treatment on the phosphorylation of JNK
and its mitochondrial translocation in the liver of APAP-intoxicatedmice.
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Six hours after APAP administration, no phosphorylation of JNK was
observed in the liver homogenate or mitochondria of untreated animals
(Fig. 5). However, in APAP-intoxicated and untreated mice, substantial
JNK phosphorylation (p-JNK) in the liver homogenate andmitochondrial
translocation of p-JNK were observed (Fig. 5A and B). In contrast,
cotreatment of mice with the JNK inhibitors SP600125 or KgE at various
doses significantly attenuated APAP-induced p-JNK in the cytosol and its
translocation into the mitochondria (Fig. 5A and B). Our results high-
lighted the ability of KgE to prevent JNK activation and mitochondrial
translocation in APAP-intoxicated mice.
3.7. KgE post-treatment restored APAP-induced liver mitochondria
dysfunction and swelling

Mitochondria are essential for cell viability because of their central
role in the maintenance of the cellular energy supply. Accordingly, the
ability of KgE to prevent liver mitochondrial dysfunction was evaluated
by measuring the activity of mitochondrial enzymes. As portrayed in
Fig. 6A and B respectively, the activities of liver mitochondria complexes



Fig. 3. Effect of delayed treatment of APAP-intoxicated mice with KgE on serum ALT activity and liver GSH (A): Serum ALT activity; (B): Liver GSH content. Values
are expressed as means � SD (n ¼ 5). Δ values significantly different when compared to control mice (P < 0.05); *values significantly different when compared to
APAP-intoxicated mice (P < 0.05); ns values non-significantly different when compared to APAP-intoxicated mice (P > 0.05). ALT: alanine aminotransferase; GSH:
reduced glutathione; SP: JNK inhibitor SP600125; KgE: hydro-ethanolic (30:70, v/v) extract of K. grandifoliola.
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Fig. 4. Effect of KgE post-treatment on liver histology
of acetaminophen-intoxicated mice (A and B): Liver
slide of control mice (non-intoxicated) showing
normal hepatic architecture with the Centro-lobular
vein (arrow 1), hepatocyte (arrow 2), and sinusoid
capillary (arrow 3). (C and D): Liver slide of APAP-
intoxicated and non-treated mice showing massive
inflammatory cell infiltration (circle) around centro-
lobular vein (arrow 1) and severe hepatocyte necro-
sis (Square). (E and F) Liver slide of APAP-intoxicated
mice treated with JNK inhibitor SP600125 (20 mg/kg
b.w) showing moderated disruption of normal hepatic
architecture with mild hepatocyte necrosis (square)
and moderate inflammatory cell infiltration (circle).
(G and H) Liver slide of APAP-intoxicated mice
treated with KgE (400 mg/kg b.w) presenting almost
normal hepatic architecture without hepatocytes ne-
crosis and very few inflammatory cells.
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enzyme: succinate dehydrogenase (complex II), and F0F1 ATP synthase/
ATPase (complex V) after APAP administration were significantly (P <

0.05) inhibited, comparatively to non-intoxicated mice. Treatment of
mice with KgE or the JNK inhibitor SP600125 restored the activity of
these enzymes in a dose-dependent manner.

Also, the sensitivity of liver mitochondria to swelling, induced by 100
9

μM Ca2þ reduced after APAP-intoxication. As presented in Fig. 6C, the
sensitivity to mitochondria swelling of APAP-intoxicated mice treated
with JNK inhibitor SP600125 (20 mg/kg b.w) or KgE at the dose of 100,
200 or 400 mg/kg b.w, at 7 min after induction with 100 μM Ca2þ were
69.1, 54.5, 72.7 and 85.4 % respectively, which were significantly
(P˂0.05) more sensitive than that of APAP-intoxicated and non-treated



Table 3
Effect of KgE post-treatment on liver oxidative stress parameters in APAP-
intoxicated mice.

Experimental
groups

Oxidative stress parameters

NO (μg) MDA (nM/
g of liver)

CAT (IU/min/
mg protein)

SOD (Unit/
min/mg
protein)

Control 2.01 �
0.34

4.68 � 0.84 21.70 � 2.13 19.42 � 2.18

APAP (300 mg/
kg)

9.87 �
0.55Δ

16.55 �
1.49Δ

10.62 � 1.40Δ 8.87 � 2.01Δ

APAP þ SP (20
mg/kg)

4.10 �
0.24*

10.23 �
1.03*

15.47 � 1.25* 14.37 � 1.59*

APAP þ KgE (100
mg/kg)

5.13 �
0.33*

11.27 �
0.95*

14.23 � 2.14* 13.07 � 1.82*

APAP þ KgE (200
mg/kg)

3.92 �
0.27*

8.17 �
0.87*

16.38 � 1.45* 15.56 � 1.65*

APAP þ KgE (400
mg/kg)

2.71 �
0.39*

6.97 �
0.77*

18.91 � 1.60* 17.73 � 1.80*

Data are expressed as means � SD, n ¼ 5; Δ values significantly different when
compared to control mice (P < 0.05); *values significantly different when
compared to intoxicated and non-treated (APAP 300 mg/kg) mice (P < 0.05);
using ANOVA followed by Bonferroni's post-test. NO, nitric oxide; MDA:
Malondialdehyde; CAT: Catalase; SOD: Superoxide dismutase; SP, JNK inhibitor
SP600125; KgE, hydroethanolic (30:70, v/v) extract of K. grandifoliola.
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mice (32.7 %); when compared to control mice, whose sensitivity rate to
swelling is considered 100 % (Fig. 6C). These findings indicated the
protective effect of KgE against APAP-induced liver mitochondrial
dysfunction.

4. Discussion

The objective of this study was to assess the effectiveness of a
hydroethanolic extract of K. grandifoliola (KgE) in treating acetamino-
phen (APAP)-hepatotoxicity in vivo. Indeed, K. grandifoliola is a medicinal
plant with promising hepatoprotective activity against various xenobi-
otics [18,20,23]. However, its therapeutic potential as an antidote
against APAP hepatotoxicity, as well as its underlying molecular mech-
anisms, remain to be demonstrated in an interventional study involving a
clinically relevant mouse model of APAP-induced hepatotoxicity.

Early mechanistic studies revealed that APAP poisoning is initiated by
the formation of the reactive metabolite, N-acetyl para-benzo-quinone
imine (NAPQI), through its biotransformation by the cytochrome P450
enzyme. In the case of an overdose, the accumulation of NAPQI depletes
the cellular glutathione (GSH) pool, leading to the overproduction of
reactive oxygen species (ROS), including nitric oxide (NO) and perox-
ynitrite [6]. These ROS are responsible for the oxidation of poly-
unsaturated fatty acids in the cell membrane, which subsequently causes
rupture of cell membrane integrity and severe hepatocyte necrosis,
characterized by the release of cytosolic enzymes such as alanine
aminotransferase (ALT), which is widely accepted as a biochemical
marker to assess drug-induced liver injury [32,33]. The data presented
here show that delayed treatment of mice with KgE or the JNK inhibitor
SP600125 at 1 or 12 h after APAP administration almost completely
abolished APAP-induced liver damage. This was evidenced by a note-
worthy reduction in serum ALT activity (Fig. 3A), and liver NO and MDA
levels (Table 3). Furthermore, severe hepatocyte necrosis, massive in-
flammatory cell infiltration, and disruption of hepatic lobule architecture
observed in the liver tissue of APAP-intoxicated and untreated mice, as
revealed by hematoxylin-eosin staining (Fig. 4C and D), were also
attenuated by co-treatment with KgE (Fig. 4G and H) or the JNK inhibitor
SP600125 (Fig. 4E and F). These findings suggest that KgE reduces the
excessive generation of ROS resulting from APAP bioactivation, pre-
serves cell membrane integrity, and prevents hepatocyte necrosis.
Compared with the experimental design of other studies evaluating the
hepatoprotective effects of medicinal plant extracts, the methodological
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approach (delayed treatment) adopted in this study is clinically relevant
and could justify the use of K. grandifoliola in traditional medicine for the
treatment of liver-related diseases [22]. Indeed, in many other studies,
the experimental design consisted of pretreating animals for 2–3 weeks
before APAP administration [34,35]. Given that APAP hepatotoxicity is
highly related to its biotransformation by the CYP450 family enzyme and
that the majority of patients arrive at the hospital after intoxication, the
APAP-experimental model based on pretreatment or co-treatment regi-
mens could interfere with the metabolic activation phase [3]; Conse-
quently, such models do not reflect the clinical reality, contrary to the
approach presented here, which is a clinically relevant mouse model of
APAP-hepatotoxicity [36].

Oxidative stress-mediated injury is a prominent feature of APAP-
hepatotoxicity. Although ROS, such as NO, play a key role in some
physiological functions, such as cellular signal transduction or immune
responses, its overproduction following APAP overdose is in part
responsible for toxicity [37]. Accordingly, ROS scavenging is a strategy
for counteracting APAP toxicity. Liver cells are equipped with an
endogenous antioxidant defense system composed of non-enzymatic
molecules such as GSH and antioxidant enzymes, including CAT and
SOD, to protect against oxidative stress [38]. However, the scavenging
capacity of this antioxidant defense system surpasses that under exces-
sive and sustained oxidative stress conditions, such as those developed
during APAP overdose [39]. In this study, we observed that 300 mg/kg
APAP markedly depleted the hepatic GSH content (Fig. 3B) and inhibited
the activity of SOD and CAT (Table 3). In contrast, co-treatment with KgE
significantly (P˂0.05) reduced these changes. Because of its capacity to
attenuate GSH depletion and rescue CAT and SOD activities in
APAP-intoxicated mice, it can be speculated that KgE may upregulate
endogenous antioxidant defense systems, thereby protecting the liver
from deleterious ROS resulting from APAP intoxication. These findings
are consistent with our previous reports demonstrating the effectiveness
of phytochemical compounds from K. grandifoliola in inhibiting oxidative
stress-mediated damage through the induction of Nuclear
Factor-erythroid 2-related Factor-2 (Nrf2), a transcription factor
responsible for the regulation of gene expression of antioxidant and
detoxification enzymes [18,23,40].

The next event that plays a prominent role in APAP-hepatotoxicity
hepatotoxicity is the activation of the Mitogen-activated Protein Kinase
signaling pathway, which later causes the phosphorylation of the JNK
protein in the cytosol and the translocation of phosphorylated JNK (p-
JNK) into the mitochondria [4,41]. These phenomena are responsible for
the mitochondrial dysfunction observed during APAP-induced hepato-
toxicity. Indeed, the translocation of JNK amplifies mitochondrial
oxidative stress, which leads to the opening of the membrane perme-
ability transition (MPT) pore with the collapse of the membrane potential
and cessation of ATP synthesis [4]. In addition, the opening of MPT pores
causes mitochondrial Bax translocation and mitochondrial matrix
swelling, with rupture of the outer membrane and release of intermem-
brane proteins, such as endonuclease G and apoptosis-inducing factor,
which translocate into the nucleus and induce DNA damage [42].
Mitochondria are essential for cell viability because of their central role
in the maintenance of the cellular energy supply [43]. Five enzyme
complexes, NADH oxidoreductase (complex I), succinate dehydrogenase
(complex II), cytochrome C oxidoreductase (complex III), cytochrome C
oxidase (complex IV), and F0F1 ATP synthase/ATPase (complex V), are
found in the mitochondrial electron transport chain and are involved in
mitochondrial energy production [44]. Deleterious effects of xenobiotics
on one of these enzyme complexes may impair the mitochondria func-
tioning, and thereafter induce cell death [31,45]. In addition, preventing
mitochondrial dysfunction through the inhibition of JNK activation and
its translocation into the mitochondria can contribute to mitigating APAP
hepatotoxicity. In support of this hypothesis, no p-JNK was detected in
the liver homogenate or mitochondria of control mice. However, exten-
sive JNK phosphorylation in the liver homogenate and mitochondrial
translocation of p-JNK were observed in APAP-intoxicated and untreated



Fig. 5. Effect of KgE post-treatment on the liver phosphorylation of JNK and its translocation into mitochondria in APAP-intoxicated mice. A: Effect of KgE post-
treatment on JNK activation in whole liver homogenate and mitochondrial fraction. B Densitometric analysis of protein bands. Values are expressed as means �
SD (n ¼ 5). Δ values significantly different when compared to control mice (P < 0.05); *values significantly different when compared to APAP-intoxicated mice (P <

0.05). Line 1: control; line 2: APAP (300 mg/kg); line 3: APAP (300 mg/kg) þ SP (20 mg/kg); line 4: APAP (300 mg/kg) þ KgE (100 mg/kg); line 5: APAP (300 mg/
kg) þ KgE (200 mg/kg); line 4: APAP (300 mg/kg) þ KgE (400 mg/kg). SP: JNK inhibitor SP600125; KgE: hydroethanolic (30:70, v/v) extract of K. grandifoliola.
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Fig. 6. Effect of KgE post-treatment the mitochondria enzymes dysfunction and swelling in APAP-intoxicated mice. A: Succinate dehydrogenase activity (Complex II);
B: F0F1 ATP synthase/ATPase activity (Complex V). C: Mitochondrial swelling rate. Values are expressed as means � SD (n ¼ 5). Δ values significantly different when
compared to control mice (P < 0.05); *values significantly different when compared to APAP-intoxicated mice (P < 0.05). Numbers in parentheses represent swelling
rates. SP: JNK inhibitor SP600125; KgE: Hydroethanolic (30:70, v/v) extract of K. grandifoliola.

A.F. Kouam et al. Pharmaceutical Science Advances 2 (2024) 100049
mice (Fig. 5A and B). These observations effectively correlated with the
significant (P˂0.05) decrease of the activity of mitochondrial enzyme
complexes II and V (Fig. 6A and B respectively), as well as the sensitivity
of mitochondria swelling (Fig. 6C). In contrast, co-treatment of mice with
KgE or the JNK inhibitor SP600125 effectively inhibited JNK activation,
preventing its translocation into the mitochondria (Fig. 5A and B) and
maintaining the activity of the mitochondrial complex enzyme (Fig. 6).
Taken together, these observations suggest that the inhibition of JNK
activation and its translocation into the mitochondria contributes to the
curative effect of KgE. These findings are corroborated by previous re-
sults showing that the pharmacological inhibition of JNK activation or
silencing of JNK gene expression protects mice against
APAP-hepatotoxicity [4,42].

HPLC-UV analysis showed that KgE contains some bioactive com-
pounds including gallic acid, quercetin, and silibinin which have been
reported to possess hepatoprotective effect against various xenobiotics
[46–48]. Indeed, quercetin protects against liver diseases through
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various mechanisms, including the activation of Nrf2-antioxidant
signaling pathways [49,50], whereas gallic acid has been reported to
display anti-inflammatory, antioxidant, and hepatoprotective potential
in carbon tetrachloride-induced hepatic injuries [46]. Silibinin is the
main component of silymarin, a mixture of flavolignans extracted from
Silybum marianum, a well-known hepatoprotective plant [51]. Therefore,
the curative effect of KgE observed in APAP-intoxicated mice can be
attributed to the presence of these bioactive compounds. Taken together,
these results suggested that the curative effect of KgE against APAP
poisoning was strongly correlated with the inhibition of APAP-induced
JNK activation and mitochondrial dysfunction. These findings provide
scientific evidence justifying the use of K. grandifoliola in traditional
medicine to combat liver-related diseases [22]. Drug poisoning, either
intentional or accidental, is a cause of death of great importance in
clinical settings because of the unavailability of efficient antidotes [52].
Accordingly, medicinal plants with hepatoprotective properties, such as
K. grandifoliola, represent a unique alternative for many people living in
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developing countries. In the literature, K. grandifoliola has not been
documented for use in Traditional Chinese Medicine as an antidote for
poisons. However, given that the liver is the primary target organ for
damage induced by various xenobiotics and that K. grandifoliola is
traditionally used to manage liver-related diseases, researchers have
investigated its antihepatotoxic properties [22,53]. These early studies
demonstrated the ability of the stem bark extracts of K. grandifoliola and
its derived compounds to protect primary mouse hepatocytes and normal
human liver cell lines from APAP- and cisplatin-induced hepatotoxicity
through various mechanisms, including the inhibition of cytochrome
P450 2E1, induction of nuclear translocation of Nrf2, and inhibition of
JNK activation [18,23]. Hence, the results obtained using a clinically
relevant model of APAP poisoning substantiate previous reports on the
anti-hepatotoxic effect of K. grandifoliola and subsequently support its use
in Traditional Chinese Medicine for the treatment of hepatic disorders.

This study had several limitations. For example, detailed phyto-
chemical characterization of KgE using advanced spectroscopic tech-
niques, such as HPLC-Mass spectrophotometry or Nuclear Magnetic
Resonance, is lacking. Indeed, these techniques permit the proper iden-
tification of the active ingredients present in the extract. In addition, the
possible protective mechanism of KgE through the Nrf2-antioxidant
signaling pathways has been investigated by measuring the activity of
its target genes, such as SOD and CAT, in liver homogenates. Accord-
ingly, it would be interesting to assess the effect of KgE on these genes at
the transcriptional and post-translational levels using qRT-PCR and
Western blot analysis, respectively. Moreover, investigating the nuclear
translocation of the Nrf2 transcription factor could offer a better
approach for understanding the molecular mechanisms underlying the
protective action of KgE.

5. Conclusion

In summary, the present study is the first to report the ability of a
hydroethanolic extract of K. grandifoliola (KgE) to protect the liver after
an overdose of acetaminophen (APAP) in mice. Our results demonstrate
that delayed administration of KgE following APAP intoxication pro-
tected mouse livers from the early injury phase of APAP pathophysiology.
Themolecular mechanisms underlying this curative effect mainly involve
the inhibition of c-Jun N-terminal Kinase (JNK) phosphorylation, pre-
vention of p-JNK translocation into the mitochondria, and inhibition of
mitochondrial dysfunction induced by APAP. These findings warrant
further studies on K. grandifoliola to identify compounds that can serve as
potent antidotes for the treatment of drug-induced liver injuries.
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