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ARTICLE INFO ABSTRACT

Keywords: APAP (Acetaminophen)-induced hepatic injury is a major public health threat that requires
Kaempferol-3-sophoroside-7-glucoside continuous searching for new effective therapeutics. KSG (Kaempferol-3-sophoroside-7-glucoside)
Acetaminophen

is a kaempferol derivative that was separated from plant species belonging to different genera.
This study explored the protective effects of KSG on ALI (acute liver injury) caused by APAP
Health and wellbeing overdose in mice and elucidated its possible mechanisms. The results showed that KSG pre-
Life on land treatment alleviated APAP-induced hepatic damage as it reduced hepatic pathological lesions as
Drug discovery well as the serum parameters of liver injury. Moreover, KSG opposed APAP-associated oxidative
Industrial development stress and augmented hepatic antioxidants. KSG suppressed the inflammatory response as it
decreased the genetic and protein expression as well as the levels of inflammatory cytokines.
Meanwhile, KSG enhanced the mRNA expression and level of anti-inflammatory cytokine, IL-10
(interleukin-10). KSG repressed the activation of NF-kB (nuclear-factor kappa-B), besides it pro-
moted the activation of Nrf2 signaling. Additionally, KSG markedly hindered the elevation of
ASK-1 (apoptosis-signal regulating-kinase-1) and JNK (c-Jun-N-terminal kinase). Furthermore,
KSG suppressed APAP-induced apoptosis as it decreased the level and expression of Bax (BCL2-
associated X-protein), and caspase-3 concurrent with an enhancement of anti-apoptotic protein,
Bcl2 in the liver. More thoroughly, Computational studies reveal indispensable binding affinities
between KSG and Keap1 (Kelch-like ECH-associated protein-1), ASK1 (apoptosis signal-regulating
kinase-1), and JNK1 (c-Jun N-terminal protein kinase-1) with distinctive tendencies for selective
inhibition. Taken together, our data showed the hepatoprotective capacity of KSG against APAP-
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produced ALI via modulation of Nrf2/NF-kB and JNK/ASK-1/caspase-3 signaling. Henceforth,
KSG could be a promising hepatoprotective candidate for ALIL

1. Introduction

Acetaminophen (APAP) is among the most popular used analgesics/antipyretic agents worldwide. As it is well tolerated in ther-
apeutic doses, it is found in many prescriptions and over-the-counter medications. However, as a result of its widespread availability,
patients may be exposed intentionally or unintentionally to APAP overdose which results in extensive liver injury or failure. In the
United States and several other Western countries, APAP toxicity constitutes roughly half of all acute liver failure cases. Till now, NAC
(N-acetylcysteine) is the only approved antidote for APAP-induced hepatotoxicity despite its narrow therapeutic window [1-3].

The pathogenic mechanisms of APAP-produced ALI (acute-liver injury) are complicated and include crosstalk between oxidant
stress, inflammation, mitochondrial malfunction, endoplasmic reticulum stress, and autophagy [4-6]. Cytochrome-P450 2E1 me-
tabolizes APAP to generate an extremely active metabolite, NAPQI (N-acetyl-p-benzoquinone-imine) that rapidly conjugates with the
endogenous antioxidant GSH (glutathione). Following APAP overdose, depletion of the cellular GSH pool occurs, followed by sub-
sequent accumulation of NAPQI which binds with other cellular proteins to form cytotoxic arylated proteins that create a state of
oxidative stress, eventual hepatocyte death and massive hepatic necrosis [7]. Excessive oxidative stress results in the activation of
inflammatory signaling of the transcription factor, NF-kB (nuclear-factor kappa-B) which is normally present in the cytosol in an
inactive state. Many studies documented the activation, nuclear translocation of NF-kB-p65 and subsequent induction of the tran-
scription of some inflammatory genes as ILs (interleukins) and TNF-a (tumor-necrosis factor-a) following APAP overdose [8-10].

NAPQI-induced mitochondrial oxidant stress has been shown to trigger the activation of a MAPK (mitogen-activated-protein-ki-
nase) kinases cascade, including ASK1 (apoptosis signal-regulating kinase-1), causing the JNK (c-Jun N-terminal-kinase) phosphor-
ylation in the cytoplasm. In normal conditions, ASK-1 interacts with Trx (thioredoxin) to form an inactive complex. Following APAP
overdose, the excessive generation of oxidative ROS (reactive oxygen species) and other inflammatory stimuli such as TNF-a can
activate ASK-1, leading to JNK and p38 signaling pathways’ activation that contributes to ALI [11,12]. P-JNK transfers to the mito-
chondria and causes the permeability transition pore to open, as well as the loss of the potential of the mitochondrial membrane,
further mitochondrial dysfunction and the resultant release of apoptotic factors [2,13].

The crosstalk between inflammatory signaling and antioxidant regulators has been identified during APAP-induced ALI. The Nrf2
(nuclear-factor E2-related factor-2) a redox-sensitive transcription factor that modulates most of the defence proteins including the
enzymes that synthesize GSH, has been involved in the development of APAP-produced hepatotoxicity [14]. Nrf2-deficient mice were
extremely sensitive to APAP toxicity, whereas mice with constitutive Nrf2 activation were extremely resistant [15], while Nrf2
activation was documented to effectively protect against APAP-induced ALI [16,17].

Medicinal plants are established to have a substantial role in human healthcare not only as a treatment of various diseases but also
to maintain good health conditions and well-being. It was estimated that more than two-thirds of the world’s population depends on
medicinal plants’ uses in herbal medicine [18,19].

The well-established phytochemicals’ health benefits and growing popularity of herbal medicine resulted in the development of
several phytopharmaceutical and nutraceutical products that are utilized as therapeutic drugs for treating various illnesses and as
nutritional supplements for promoting general well-being [20].

Various reports revealed the hepato-protection capacity of different phytoconstituents and/or plant-derived extracts on different
hepatotoxin-induced liver injuries [21-23]. The plant extracts effectiveness was attributed to their antioxidant constituents such as
flavonoids and phenolics.

Flavonoids are well-recognized, low-molecular-weight constituents that are vastly present in different plants and foods [24]. They
are of health value as anti-inflammatory, antioxidant, anti-viral, anti-microbial, chemo-preventive, hepato-protective, anti-mutagenic,
and anti-diabetic. In addition, their cellular key enzymes modulating capacity makes them an essential part of nutraceutical and
pharmaceutical products [25-27]. Flavonoids such as quercetin, kaempferol, myricitrin, luteolin, malvidin, epicatechin, hesperetin,
and apigenin were proven to be protective against liver injury through different actions such as controlling the Nrf2 signaling pathway,
suppressing NLRP3-inflammasome, reducing NO and malondialdehyde, and prohibiting apoptosis, autophagy, and oxidative stress
[25].

Kaempferol and its derivatives are abundant flavonoid glycosides in numerous plants [28]. It was reported that the dietary plants
having kaempferol safeguard against different lethal disorders and organ-boosted oxidative injury by repressing apoptosis and
inflammation and raising antioxidants in many tissues including the liver, brain, heart, and kidney [29]. Kaempferol demonstrated
hepatoprotection capacity from oxidative stress-mediated liver injury using different models such as bromobenzene, alcohol, carbon
tetrachloride, rifampicin, and APAP [29,30]. Its effect was mediated by prohibiting the GSH decrease and cytochrome-P450 2E1,
increasing antioxidants, and repressing lipid peroxidation [31]. Kaempferol 3-sophoroside-7-glucoside is one of the kaempferol de-
rivatives that was reported from plant species belonging to different genera such as Hosta, Asplenium, Brassica, Sinapis, Lathyrus, and,
Crocus [32-35]. It is noteworthy that this compound has not been previously evaluated for its possible bioactivity.

Structural-based drug design harnesses the merits of computer sciences to shorten the journey of drug development and discovery
[36]. For the fulfillment of such procedures, the three-dimensional structure of the protein should be preidentified, usually through
homology modeling, X-ray crystallography, and nuclear magnetic resonance spectroscopy [37]. Following the identification of a
binding site, a broad variety of chemical compounds can be screened for their binding affinity and interaction with the target protein’s
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active site based on how they interact sterically, hydrophobically, and electrostatically with the active site of a target protein [38]. The
optimum allocation of SBDD (structure-based drug design) methodologies offers comprehensive information about the protein’s active
sites, understanding the active compound’s molecular-level mechanism of action, and reviewing the kinetics and thermodynamics
parameters utilized in target-ligand interaction [39].

In this regard, this study aimed to discover novel therapy strategies for APAP overdose using one of the kaempferol derivatives; KSG
and elucidate the mechanisms of hepato-protective activities in rodent models.

2. Materials and methods
2.1. Materials

N-acetylcysteine (NAC) was dissolved in 0.9 % sterile saline before use (Sigma Aldrich- St. Louis- MO- USA). APAP was acquired as
10 mg/mL injectable ampoules (Perfalgan/Bristol/Myers Squibb/Victoria/Australia). KSG was provided by Chengdu Bio-purify
Phytochemicals Ltd. (Chengdu city/Sichuan/China). KSG was suspended in 0.5 % CMC (carboxymethyl cellulose) just before use.

2.2. Experimental design

Male mice BALB/c (20-25g, 6-8 weeks old) were housed under humidity/temperature/light cycle standard conditions before and
during the experimental period with unrestricted access to food and water.

APAP-induced hepatotoxicity was carried out as mentioned earlier [14,16]. Animals were randomly assigned (six groups, 6 mice
each) to the following treatments: (1) Control (sterile saline with 0.5 % CMC), (2) KSG (100 mg/kg, orally) for 7 days, (3) APAP (0.5%
CMC for 7 days then APAP (500 mg/kg, i.p.)), (4) KSG-50 + APAP (KSG 50 mg/kg/orally for 7 days, followed by APAP 500 mg/kg), (5)
KSG-100 + APAP (KSG 100 mg/kg/orally for 7 days, followed by APAP 500 mg/kg), (6) NAC + APAP (NAC 100 mg/kg, orally for 7
days followed by APAP 500 mg/kg). This group is a positive group for determining KSG’s hepatoprotective effectiveness. The KSG dose
was chosen based on a pilot experiment in which four doses of KSG (5, 10, 50, and 100 mg/kg) were assessed against APAP-produced
hepatic injury. The doses of KSG were chosen based on the positive results of serum parameters of hepatic injury and liver
histopathology.

24 h after the APAP injection, mice were euthanized by cervical dislocation under anaesthesia with xylazine (10 mg/kg) and
ketamine (75 mg/kg). blood samples were collected and centrifugated to obtain serum that was kept at — 80 °C for further analysis.
Liver samples were harvested. A small piece of hepatic tissue was homogenized in PBS (phosphate-buffered saline) and centrifuged to
get the supernatant for ELISA (enzyme-linked immunosorbent assays), oxidative stress, and antioxidant analysis. A piece of the liver’s
right lobe was immersed in 10 % neutral-buffered formalin and submitted for histological and immunohistochemical (IHC) analysis.

2.3. Histo-pathological and immuno-histochemical (IHC) analysis

Liver samples were dehydrated using ethanol and then embedded in paraffin. The blocks were sectioned and stained with
hematoxylin-eosin (H&E). In random order, the specimen was blindly examined, and the pathologic lesions were recorded from 0 to 4
as stated previously [14].

For [HC, the liver paraffin sections were processed as formerly described [22,40]. Sections were immuno-stained using the primary
antibodies: rabbit-poly-clonal antibody against IL-6 (1: 100), TNF-a (1:100), NF-xB p65 (1: 200), Bcl2 (1:200), Nrf2 (1: 200), and
caspase-3 (1: 200) (Fisher-Scientific Inc.-Waltham-MA-USA; Elabscience-Biotechnology Inc.-Houston-TX-USA). DAB (dia-
minobenzidine) was employed for visualization. Semiquantitative analysis was achieved using the image analysis software
(ImageJ/NIH).

2.4. Biochemical analysis

Using UNICO® Model S1200 Spectrophotometer (UNICO Instruments C./NJ/USA), the serum levels of LDH (lactate-dehydroge-
nase), ALP (alkaline phosphatase), aminotransferases (ALT, AST), and y-GT (gamma-glutamyl transferase) were determined using
commercial kits following the manufacturer’s protocols (Human/Wiesbaden/Germany).
2.5. Lipid peroxidative markers and antioxidants

The levels of MDA (malondialdehyde), 4-HNE (4-Hydroxynonenal), GSH-px (glutathione-peroxidase), GST (glutathione-s-trans-
ferase), GSH (glutathione), and SOD (super-oxide-dismutase) were estimated in the hepatic supernatants using the corresponding
commercial assay kits (Bio-Diagnostic Co./Giza/Egypt).
2.6. Enzyme-linked immunosorbent assays (ELISA)

Levels of TNF-a, IL-6, IL-1p, ASK-1, JNK, Bcl2, Bax, caspase-3, and NF-kBp65 were assessed in the hepatic tissue’ supernatants

utilizing ELISA kits manufacturer’s instructions. In the nuclear extract, Nrf2 binding activity was estimated as stated in the kit’s
guidelines (Active-Motif Inc.-Carlsbad -USA).
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2.7. RT-PCR

Gene expression of TNF-a, IL-6, NF-kBp65, Nrf2, Bcl2, Bax, and caspase-3 was estimated using RT-PCR. Briefly, RNA extraction was
done employing QIAzol reagent according to the provided instructions (Qiagen/Germany). The RNA concentration was determined
using NanoDrop-2000 (Thermo-Scientific/USA). RNA Reverse transcription (=1 pg) was performed based on the protocol of the cDNA
synthesis kit. RT-PCR was carried out employing the primers listed in Table S1. GAPDH (Glyceraldehyde-3-phosphate-dehydrogenase)
was the control gene; and gene expression change was estimated using the 272¢T method.

2.8. Data analysis

One-way ANOVA and then Tukey Kramer’s multiple comparisons test were adopted for comparing multiple groups. Results were
presented as mean + SEM. GraphPad Prism (GraphPad Software/USA) was used to obtain the figures. <0.05 P value was referred to as
significant.

2.9. Computational analysis

2.9.1. Protein preparation

Protein preparation is a crucial procedure for the issuance of the computational analysis reproducibility [41]. This process is solely
focused on the normalization of stearic clashes in the protein structure and the optimization of hydrogen atoms and bonds. In this
study, the structures of the rate-limiting proteins in ALI occurrence i.e., ASK-1 (PDB ID: 6E2N), Keap-1 (BDP ID: 7OFE), and JNK (BDP
ID: 3PZE), were retrieved from the Protein-Data-Bank [42]. The three PDB structures were submitted to the protein preparation wizard
of Schrodinger’s Maestro 12.8 software package [43]. In subsequent, the proteins were preprocessed, this entails the addition of any
missing hydrogens, the assignment of the bond orders in each amino acid, the deletion of any heteroatom or solvent molecule within 5
A, the optimization of hydrogen bonds, and the creation of zero-ordered bonds to the metals [44]. In the follower step, the missing
loops and/or chains were checked and added using Maestro’s Prime module. Finally, the optimized structures were subjected to energy
minimization by the prime module, and the energy parameters were derived from the OPLS forcefield [45].

2.9.2. Ligand preparation

The 2D structure for KSG was retrieved from the PubChem online database and prepared via the LigPrep module of Schrodinger.
Herein, the module recruits the Epik software program for pKa prediction and protonation state generation for drug-like molecules
which utilizes the SMARTS pattern of the selected compound to generate optimized Lewis’s structure, moreover, Epik generates the
possible tautomers protonation states of the molecule in the physiological PH (7 + 2). Furthermore, the minimized three-dimensional
assembly has been created [46].

2.9.3. Receptor Grid generation and molecular docking

For the sake of efficiency, the binding site identification before docking processes is inevitable. The receptor grid generator tool in
Schrodinger’s Maestro 12.8 software suite was employed to design a cubic grid based on the centroids of the co-crystalized ligand for
the three studies proteins and the output files were preserved for the docking procedure [47].

Molecular docking is one of the most popular SBDD methodologies. The theory of molecular docking emphasizes upon the
anticipation of binding affinity and ligand orientation at the target protein’s active site [48]. Molecular docking software predicts the
possible poses for the molecules through the implementation of software algorisms and indicates the intramolecular interaction of
small molecules at the target protein’s binding site to distinguish the ligand’s binding strength with a target protein using mathe-
matical scoring functions which is most often depends on the number of H bonds, binding energies, and potential hits found in the
protein-ligand complex structure [37].

In this research, the molecular docking studies of KSG and the co-crystalized molecule for each protein were conducted using the
GLIDE (Gride-based Ligand Docking with Energetics) platform provided by Schrodinger’s Maestro 12.8. GLIDE module adopts Monte
Carlo simulated annealing algorithms in the search for the conceivable ligand poses and scores the resultant poses using imperial
scoring functions [36]. GLIDE proposed three distinct modes for docking which differ from one another in the extensiveness of
sampling and the degree of freedom in the scoring function. High throughput virtual screening HTVS focuses on the selection of
molecules that can geometrically fit into the active site with less comprehensiveness in the sampling process and a highly forgiving
scoring function [49]. It is useful in reducing the number of molecules in large databases by nominating the most likely active mol-
ecules for further analysis. GLIDE Standard Precision SP mode offers better scoring and sampling processes. It employs the Glide SP
score which is more coherent than the HTVS scoring function, however, the Glide SP score showcases some degree of softness since it is
designed to identify the molecules that possess a reasonable propensity of binding even if the pose itself is imperfect [50,51].

GLIDE extra-precision XP mode represents the most concrete GLIDE docking model since it applies a wider docking funnel therefore
more extensive sampling takes place. Furthermore, it uses Glide 4.0 XP score which applies numerous penalties to differentiate the
active poses. XP score is calculated through Equation (1), whereas, E(coul) scores the contribution of columbic (electrostatic)
attraction, E(vdW) is the score of van der Wall forces, E(bind) is the score of the binding energy calculated in Equation (2) and based
on the hydrophobic interaction between the protein and ligand atoms E(hyd,,eey.) Neutral-Neutral HB E hbnnmmf), Charged-
Charged HB between the ligand and the receptor, n-stacking/z-cation contribution E(r), HB E(hyy) and hydrophobic
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E(phobicpair) atom-atom pair energy [50,51] -.

XP GlideScore = E(coul) + E(vdW) + E(bind) + E(penalty) (€8]
Ebind = E(hydenclosure) +E (hbn“modf) +E (hbccmodf) + E(TC) +E (hpair) +E (phObicPair> (2)
E(penalty) = E(disolv) + E(ligandsrqin) 3

Equation (3) symbolizes the applied penalties E(penalty) for the generated poses where E(disolv) represents the desolvation
penalties and E(ligand,,,,;,) represents the penalties of strain energy of the generated poses. Considering these complex calculations
plus egregious confirmational search, GLIDE XP excels over the other docking modes in terms of precision and credibility and pre-
cision. Upon this fact, XP docking was the chosen methodology to study the interactions between KSG and the selected proteins [52].

2.9.4. Insilco toxicity studies

Previous studies stated that nearly one-third of the newly discovered leads fail due to toxicological reasons. Drug-related toxicity is
attributed to numerous causes, for example, off-target binding, impaired distribution and/or metabolism, the liberation of toxic
byproducts, and plentiful interaction profile. Most of these toxicities are related to the chemical structure of the bioactive moleculei.e.,
the toxicity of a drug molecule is due to its possession of specific substructures [39]. The tracing of the toxic structure before lead
optimization would dramatically increase the efficiency of the drug discovery process. It becomes attainable to detect these structures
and their related toxicity by specific computational tools. Henceforth, we exploited the Pro Tox II web server to review the toxico-
logical tendencies of KSG [53].

fog ¥
v & n B4, B

o d
il

Fig. 1. KSG improved histopathological lesions of APAP-induced ALI in mice.

Liver specimen stained with H&E ( x 400): Control and KSG groups exhibited normal liver histology regularly arranged plates of hepatocytes
radiating from the central vein (CV); APAP group displayed hepatic lesions in the form of perivascular inflammatory cell infiltration (arrows); many
individual hepatocytes with vacuolated cytoplasm (tailed arrows) and pyknotic nuclei (arrowheads); KSG + APAP groups showed remarkable
improvement in APAP-induced hepatic lesions; NAC + APAP showed very mild pathological changes.
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3. Results

For all the measured biochemical, histological, and molecular parameters, the KSG group exhibited a non-significant difference
compared to the control group.

3.1. KSG ameliorated APAP-induced ALI

APAP overdose resulted in a progressive ALI as presented by deteriorated histopathology of the liver as focal hepatic inflammation
and necrosis compared to normal histology of the control mice (Fig. 1).

These histopathological results of liver tissue were confirmed by the biochemical results as APAP induced a significant rise in serum
levels of AST, ALT, ALP, LDH, and y-GT when compared to control mice. Administration of KSG significantly reversed all the
abovementioned APAP-induced pathological changes that were relatively comparable to NAC effects (Table 1).

3.2. KSG attenuated APAP-induced oxidative stress and boosted the antioxidant status of the hepatic tissue

APAP administration augmented the oxidative burden of the hepatic tissue simultaneously with the withholding of the antioxi-
dants. Markers of oxidative stress, 4-HNE, and MDA were significantly increased in the APAP group. In addition, markers of anti-
oxidant capacity of the hepatic tissue such as GSH, GSH-Px, GST and SOD were relatively depleted in the APAP group (Table 2). KSG
successfully hindered APAP-induced lipid peroxidation as it attenuated 4-HNE and MDA compared to the APAP group as well as it
significantly intensified GSH, GSH-Px, GST, and SOD compared to the APAP group.

3.3. KSG alleviated APAP-induced inflammatory response in the hepatic tissue

In Fig. 2, APAP overdose resulted in a significant elevation in the levels, as well as the mRNA and protein immuno-expression of the
inflammatory cytokines: IL-6 and TNF-a in the hepatic tissues compared to that of the control mice (Fig. 2 A and B). Furthermore, there
was a marked decline in the level and mRNA of the anti-inflammatory cytokine IL-10 (Fig. 3A and B). However, KSG pretreatment
effectively repressed both, the significant rises of TNF-a and IL-6 and the decline of IL-10.

3.4. KSG opposed APAP-induced activation of NF-«kB and enhanced Nrf2 activation in the hepatic tissue

NF-xB signaling is activated following APAP injection as shown through the marked rise in the level, mRNA, and immuno-
expression of NF-kB (Fig. 4A). On the other hand, the Nrf2 binding activity, mRNA, and protein immuno-expression were slightly
depressed following the APAP challenge (Fig. 4B). KSG pretreatment resulted in a significant reduction in the level, mRNA, and
immuno-expression of NF-kB compared to normal mice. Notable enhancement of Nrf2 activity, mRNA, and protein immuno-
expression was noticed in KSG + APAP groups (Fig. 4A and B).

3.5. KSG inhibited ASK-1/JNK signaling and attenuated APAP-induced apoptotic response in the hepatic tissue

As presented in Fig. 5A, APAP noticeably increased the level of ASK-1 and JNK. Moreover, APAP induced a significant diminish in
the anti-apoptotic marker Bcl2 concurrently with marked elevation in the apoptotic markers; Bax and caspase-3 compared to the
control group (Fig. 5B and C). The protein immuno-expression of Bcl2 was lessened and that of caspase-3 was heightened in the APAP
group. Contrarily, KSG pretreated groups exhibited the reverse of APAP-induced changes in expression and level of Bcl2, Bax, and
caspase-3.

Table 1
KSG reduced serum parameters of APAP-induced ALI in mice.
CTRL KSG 100 APAP KSG 50 + APAP KSG 100 + APAP NAC + APAP

ALT (IU/L) 29.33 + 3.22 30.33 £ 1.8 296 + 23.25 © 224.8 + 22.36 © ¢ 143.8 +9.8°" 134 £12.48°°
AST (IU/L) 44.5 + 3.66 39.17 + 2.98 457.2 + 45.39 © 329 +30.6 ¢ ¢ 218.7 +£20.31 ¢ 169.7 +14.21 2 f
ALP (TU/L) 25.5 + 1.86 25.3 + 2.1 282.2 + 4.08 © 205.3 +13.36 ° f 137.8 +14.76 ¢ ¢ 96.17 +7.21 “*
LDH (IU/L) 173 + 6.31 187 +18.9 820.7 +53.89 611 +57.01 ¢ 462.2 +33.29 " 389.3 +27.67 " !
¥-GT (IU/L) 22.67 + 2.19 24.33 + 2.63 91.33+8.1° 63.83 £5.41 ¢ ¢ 51.83+3.1°" 39.67 £3.37 ¢

Serum parameters of hepatic injury: Alanine aminotransferase (ALT); Aspartate aminotransferase (AST); Alkaline phosphatase (ALP); Lactate de-
hydrogenase (LDH); gamma-glutamyl transferase (y-GT). Data are mean + SEM (n = 6).

2 P < 0.05.

P p <0.01.

¢ P < 0.001 vs control group.

4P <0.05.

¢ P <0.01.

f'P < 0.001 vs APAP group (one-way ANOVA).
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Table 2
KSG attenuated APAP-induced oxidative stress and enhanced antioxidant status of the hepatic tissue.
CTRL KSG 100 APAP KSG 50 + APAP KSG 100 + APAP NAC + APAP

4-HNE (pg/ml) 0.76 + 0.04 0.65 + 0.06 1.9 + 0.08° 1.3+0.1°f 0.93 + 0.08" 0.82 + 0.06
MDA (nmol/g tissue) 25.2 + 1.4 241+ 1.7 78.7 + 4.4° 53.3 + 3.6°," 445 +5.1°f 38.3+3.7
GSH (umol/g tissue) 20.5 + 1.4 222+ 1.2 7.3+ 0.9 13.8 +1°° 17.7 +1.2' 195+ 1.1
GSH-Px (U/g tissue) 6.5+ 0.3 6.8 + 0.4 3.1+0.3° 5.1 + 0.3¢ 5.7 + 0.6° 5.9+ 0.5
GST (U/g tissue) 803.7 + 37.5 830.8 + 45.1 301.5 + 32.9° 490.2 + 53.1¢¢ 703.5 + 27.7° 794.8 + 40.5°
SOD (Unit/g tissue) 35.2 + 2.3 36.5 + 1.4 17.3 £ 2.2° 26.5 + 1.6, 28 + 1.8° 29.8 + 2.2°

4-Hydroxynonenal (4-HNE); malondialdehyde (MDA); reduced glutathione (GSH); glutathione peroxidase (GSH-Px); glutathione transferase (GST);
superoxide dismutase (SOD). Data are mean + SEM (n = 6).

P <0.05.

b p <0.01.

¢ P < 0.001 vs control group.

4P <0.05.

¢ P <0.01.

f P < 0.001 vs APAP group (one-way ANOVA).
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Fig. 2. KSG alleviated APAP-induced inflammatory response in the hepatic tissue.

Level, mRNA and immuno-expression of proinflammatory cytokines: (A) Tumor necrosis factor-a (TNF-a) and (B) Interleukin-6 (IL-6). IHC analysis
of TNF-a and IL-6 showed minimal positive stains in the control and KSG 100 groups and high stains in the APAP group for both cytokines. KSG +
APAP showed a lower immuno-positive stain. Data are mean + SEM (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs control group; #P < 0.05, *#P
< 0.01, #*#P < 0.001 vs APAP group (one-way ANOVA).

3.6. Docking results

The findings of XP docking foretell noteworthy chemical interactions and binding affinities between KSG and the examined pro-
teins i.e., JNK, KEAP1, and ADK1 expressed as docking scores and summarized in Table 3.

It can be spotted from Fig. 6 that KSG projected hydrogen bonds to Ser363, Asn382, and Arg483 as well as water-mediated
hydrogen bonds to Ser363 and Arg414 in the KEAP-1 binding site (Fig. 6). In addition, hydrophobic interactions were noticeable
with Tyr334, Phe478, Tyr525, Ala556, Tyr572, and Phe577. Whereas n-cation was witnessed with Arg415 and = stacking with Tyr572
residue. On the other hand, KEAP1's co-crystalized ligand showcased hydrogen bonds to Ser508, Arg415, Ser555, and GIn530. Hy-
drophobic interactions were observed with Tyr525, Ala556, Tyr572, and Phe577, while n stacking with Tyr525.

The interactions diagram in Fig. 7 highlights hydrogen bonds at Met111, Gly38, water mediated hydrogen bonds at lle32, Gln117,



G.A. Mohamed et al. Heliyon 10 (2024) 31448

A B
200- 1.5

- — —

[4

= 150- -3
£ - 81.0'

gmo- E 8

e 22
o ¥ 0.5

= 50 E 2
oll— , 0.0

& O
& #a"

Fig. 3. KSG counteracted APAP-induced decrease in the (A) level and (B) mRNA expression of the anti-inflammatory cytokine, Interleukin-10 (IL-
10) in the hepatic tissue.

Data are mean + SEM (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs control group; #P < 0.05, *#P < 0.01, *##P < 0.001 vs APAP group (one-
way ANOVA).
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Fig. 4. KSG opposed APAP-induced activation of NF-kB and enhanced Nrf2 activation in the hepatic tissue.

(A) Level, mRNA and immuno-expression of NF-kB. The immuno-stain of NF-kB was deep in a specimen of APAP group while it was attenuated in
KSG + APAP groups. (B) The binding activity, mRNA and immuno-expression of Nrf2. The immuno-stain for Nrf2 was enhanced in KSG + APAP
groups compared to little stain in APAP group. Data are mean + SEM (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs control group; *P < 0.05, *#P
< 0.01, ##p < 0.001 vs APAP group (one-way ANOVA).

and hydrophobic interactions at Ile32, Val40, Ala53, Leul10, Met111, Val158, and Luel68 in KSG-JNK1(PDB:3PZE) complex (Fig. 7).
Meanwhile JNK1- co-crystalized ligand complex projected hydrogen bonds at Glu109, Met111 and hydrophobic interactions at Ile32,
Val40, Ala53, Leul10, Met111, Vall58, Luel68, 11e86, and Met108 amino acids.

It can be seen from Fig. 8 that KSG has formed hydrogen bonds with chain B at Try814, Asp822, and Val757. It also constructed two
water mediated HBs with Lue686 and Lys709. KSG interacted hydrophobically with both chains; chain A at Tyr814 while interacted
with chain B at Lue686, Val694, Ala707, Val738, Met754, and Lue810. Conversely, the co-crystalized ligand has built three HB with
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Fig. 5. KSG inhibited ASK-1/JNK signaling and attenuated APAP-induced apoptotic response in the hepatic tissue.

(A) Level of JNK and ASK-1. (B) Level and mRNA of Bcl2, Bax and caspase-3. (C) Immuno-expression of Bcl2 and caspase-3. The immuno-stain of
Bcl2 was declined after APAP in contrast to caspase-3 whose immuno-stain was deepened following APAP challenge. These effects were reversed in
KSG -+ APAP groups. Data are mean + SEM (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs control group; “P < 0.05, **P < 0.01, **#P < 0.001 vs
APAP group (one-way ANOVA).

Lys769, and one with Gly759 amino acids at chain B, whereas hydrophobic interactions were observed with A Tyr814 of chain A, and
Gly689, Lue686, Pro758, Lue765, Lue810 of chain B.

3.7. Insilco toxicity studies
Toxicity studies of KSG through the Pro Tox II web server yielded variable results, the most influential parameters have been

selected and listed in Table 4. We had chiefly focused on hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity, and cyto-
toxicity. Furthermore, we leveraged Pro Tox II to foresee the plausible toxicity class and the lethal dose.

4. Discussion
4.1. Experimental work

APAP overdose-induced ALI is commonly seen in clinical practice, even though diverse therapeutics are missing. Hence, searching
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Table 3
The docking scores and the observed bonds for KSG and the co-crystalized ligand (reference) for each protein. (wm: water-mediated, n-ca: n-cation,
n-st: © stacking).

Title docking XP H-Bonds Hydrophobic Others
score GScore

KEAP1 (PDB ID: 70FE)

KSG —7.525 —7.561 Ser363, Asn382, Arg483, Ser363 (wm), Tyr334, Phe478, Tyr525, Ala556, Tyr572, Phe577 Arg415(n-ca),
Arg414 (wm) Tyr572 (n-st)
Reference —6.633 —6.633 Ser508, Arg415, Ser555, GIn530 Tyr525, Ala556, Tyr572, Phe577 Tyr525 (n-st)
JNK1 (PDB:3PZE)
KSG —12.301 —12.337 Met111, Gly38, ILE32 (wm), GIn117 1le32, Val40, Ala53, Leul10, Met111, Val158, -
(wm), Lys 55 Luel68
Reference —8.028 —8.028 Glu109, Met111 1le32, Val40, Ala53, Leul10, Met111, Val158, -

Luel68, ILE86, Met108
ASK1 (PDB ID: 6E2N)

Reference —9.746 —9.746 B Lue686 (wm), B Lys709 (wm), B Try814, A Tyr814, B Lue686, B Val694, B Ala707, B -
B Asp822, B Val757 Val738, B MET754, B Lue810
KSG —8.926 —8.962 B Lys769 (3HB), B Gly759, B Val757 A Tyr814, B Gly689, B Lue686, B Pro758, B -

Lue765, B Lue810

) Charged (hegative) . Polar -~ Distance ~—e Pi-cation

) Charged (positive) Unspecified residue —# H-bond — Salt bridge
Glycine Water * Halogen bond Solvent exposure

_ Hydrophobic Hydration site —  Metal coordination

o Metal X Hydration site (displaced) e—e Pi-Pi stacking

Fig. 6. The 2D and 3D interactions between (A) KSG and (B) the co-crystalized reference with KEAP-1 (PDB ID: 7OFE) predicted by XP docking of
Schrodinger’s Maestro 12.8. The colored legends indicate the name and the type of interaction.

for new effective candidates is necessary. The pathogenesis of APAP is mainly attributed to excessive oxidative stress, inflammation,
and apoptosis [13]. So, agents that could inhibit these pathogenic players might be a potentially effective strategy for APAP intoxi-
cation. The present study is the first to report that the new kaempferol derivative, KSG can protects hepatocytes against APAP-induced
ALLI The hepatoprotective activity of KSG is mainly associated with the inhibition of NF-kB/TNF-a/ILs, up-regulation of Nrf2/Bcl2, and
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Fig. 7. The 2D and 3D interactions between (A) KSG and (B) the co-crystalized reference with JNK (PDB ID: 3PZE) predicted by XP docking of
Schrodinger’s Maestro 12.8. The colored legends indicate the name and the type of interaction.

suppression of ASK-1/JNK/Bax/caspase-3 (Fig. 9).

Based on the histopathology and test results, animals subjected to APAP overdose exhibited substantial pathological hepatic lesions
and a notable elevation in serum parameters of hepatic damage (ALT, AST, ALP, LDH, and y-GT). These observations come along with
the data of earlier studies that documented the significant hepatotoxic actions of APAP [17,54,55]. Interestingly, pretreatment with
KSG significantly alleviated the pathological lesions and reduced the elevated levels of transaminases, ALP, LDH, and y-GT, indicating
protection of the liver’s integrity and function by KSG. Importantly, the hepatoprotective activity of different derivatives of kaempferol
against experimental hepatic injury has been shown previously [30,31,56,57].

Oxidative stress is considered a cornerstone in the progression of APAP-induced hepatic damage. The highly reactive metabolite of
APAP: NAPQI mediates the toxicity of APAP through the depletion of cellular GSH, binding to cellular proteins, excessive ROS for-
mation, and generation of a state of oxidative stress-induced ALI [14,58,59]. In line with these previous reports, our study revealed the
disrupted oxidant/antioxidant hemostasis following the injection of a high dose of APAP. That was evident through the elevation of
lipid peroxidative parameters; 4-HNE and MDA. The restricted antioxidant capacity of the liver was obvious through the remarkable
reduction in GSH, GSH-Px, GST, and SOD activity. Pretreatment with KSG suppressed APAP-mediated oxidative damage in the hepatic
tissue contaminant with enhanced antioxidant capacity suggesting that KSG has marked free radical scavenging properties that helped
to protect the oxidant/antioxidant balance and hence safeguarded the liver against APAP-induced damage. These data are in line with
previous studies that clarified the antioxidant potential of kaempferol derivatives [30,31,56,571.

Oxidative stress and inflammation crosstalk mediate the pathogenic pathways of APAP-induced liver damage. Oxidative stress
exacerbates hepatic damage through activation of multiple inflammatory transcription factors which triggers the overexpression of
pro-inflammatory proteins that aggravate inflammation [3,60]. Our data confirmed the elevation of the level and expression of in-
flammatory cytokines, TNF-a and IL-6, following APAP injection while there was a marked reduction in the level and expression of
IL-10, an anti-inflammatory cytokine. These results came in line with former studies that revealed the overexpression and excessive

11
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Fig. 8. The 2D and 3D interactions between (A) KSG and (B) the co-crystalized reference with ASK1 (PDB ID: 6E2N) predicted by XP docking of
Schrodinger’s Maestro 12.8. The colored legends indicate the name and the type of interaction.

release of TNF-a and IL-6 in the hepatic tissue of the APAP group [60,61]. KSG pre-treatment counteracted the rise of inflammatory
cytokines which limited the inflammatory response following APAP injection. It may be acceptable to say that KSG has substantial
anti-oxidative and anti-inflammatory activities.

Among the inflammatory pathways that control the inflammatory response during APAP-mediated hepatotoxicity is NF-xB, a
nuclear transcription factor, that is the most often reported. NF-kB becomes activated in response to many stimuli as excessive ROS, to
be released and translocated into the nucleus where it induces the overexpression of inflammatory cytokines such as TNF-a and IL-6.
Our data confirmed the activation of NF-kB after APAP challenge which agrees with previous work findings [4,10,61,62]. KSG pre-
treatment showed a remarkable inhibition of NF-kB activation, which may be responsible in part for its anti-inflammatory activity.
These data are consistent with previous studies which showed the ability of kaempferol to inhibit the activation of NF-kB [31,63,64].
The activation of NF-kB has been shown to impact an important antioxidant stress modulator which is Nrf2 signaling. Nrf2 regulates
the inducible and constitutive expression of numerous genes involved in antioxidative defence and drug detoxification. The nuclear
factor Nrf2 plays a key role in resisting APAP-induced liver injury as it induces the expression and release of many antioxidant me-
diators that effectively can oppose the progress of the hepatic damage. Elevation of Nrf2 expression showed a protective effect on the
liver against APAP-induced ALI [13,55,59]. In this study, KSG treatment enhanced Nrf2 mRNA expression and its binding activity,
suggesting that Nrf2 activation is one of the main mechanisms involved in the beneficial effect of KSG. Our results are confirmed by the
data of earlier reports which demonstrated the ability of kaempferol to enhance the expression of Nrf2 in liver tissue intoxicated by
carbon tetrachloride [63], acetaminophen [56], or cadmium chloride [64].

The critical role of JNK in APAP-induced cell death in mice has been documented [65,66]. Importantly, after the translocation of
p-JNK to the mitochondria [12], p-JNK enhances mitochondrial oxidant stress which results in JNK-dependent cell death in
APAP-induced hepatotoxicity [67,68]. Noteworthy, JNK is not a redox-sensitive kinase. JNK is regulated by other upstream kinases
including ASK-1 [11] which is activated in response to oxidative and inflammatory stimuli such as ROS or cytokines. Previous reports
demonstrated inhibition of ASK1 inhibitor [65] or JNK phosphorylation [2,68]significantly attenuated APAP hepatotoxicity. Our data
indicated that APAP injection markedly elevated the levels of hepatic ASK-1 and JNK. This was significantly attenuated by pre-
treatment with KSG. Therefore, it may be acceptable to presume that KSG hepatoprotective activity is mediated through suppressing
the ASK-1/JNK pathway. It is worth to mention that kaempferol derivatives modulated MAPK pathways in case of experimental

12
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Table 4
The anticipated toxicity parameters for KSG.
LD50 (mo/kg) Toxicity Class Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity
5000 5 Prediction Probability Prediction Probability Prediction Probability Prediction Probability Prediction Probability
Inactive 0.83 Inactive 0.85 Active 0.89 Inactive 0.74 Inactive 0.67
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Fig. 9. A schematic illustration of the main mechanisms that mediate the beneficial activity of KSG against APAP-induced ALI

hepatic failure [69]. ASK-1/JNK activation has been linked to the induction of apoptotic changes as activation of Bax, increases
mitochondrial permeability and cytochrome C release with subsequent activation of caspases such as caspase-3 [70,71]. Hence, the
involvement of apoptosis in the pathogenic events of APAP-induced ALI is confirmed. Previous studies have shown the disruption
between the pro-apoptotic and anti-apoptotic mediators as APAP overdose increases the expression of Bax as well as caspase-3 activity
with diminished Bcl-2 expression [72,73]. Consistent with these reports our data showed that APAP overdose resulted in an elevation
in the mRNA and level of Bax and caspase 3, as well as a decline of Bcl2 level. However, these changes were significantly lowered in
response to KSG pretreatment, suggesting that the hepatoprotective activity of KSG may be due to suppression of apoptosis. These data
are in harmony with previous reports that demonstrated the anti-apoptotic activities of kaempferol [30].

4.2. Computational work

Extra-precision GLIDE docking is a coherent strategy in which the ligand sampling and the applied scoring procedure were opti-
mized simultaneously which gave it a prestigious simulation power. This progress was driven by the scarcity of reliable pose prediction
techniques and quantitative ranking for the corresponding binding affinities for these poses. The previous literature had interestingly
displayed that GLIDE XP docking does not only offer robust energy calculations, but it can reproduce the experimental Ligand-Receptor
interaction as well. Kelch-like ECH-associated protein 1 (Keap1) is condemned to be a part of the pathology of numerous diseases and
inflammatory responses [74,75]. Herein, the results of Kaempferol-3-sophoroside-7-glucoside docking against Keapl protein have
shown prosperous findings. It can be seen from Table 3 that KSG owed superior binding affinity in comparison with the co-crystalized
potent Keapl inhibitors (reference), this superiority is reflected in the docking score of -7.525 kcal/mol for KSG versus -6.633
kcal/mol for the reference. Relevant literature reports have linked hydrogen bond formation with Keap1's protein-protein interaction
domain (Arg415, Arg483, Ser508, Ser363, Arg380, and Asn382) with high ligand binding affinity [75]. The retrospection of the
depicted interactions in Fig. 7 in light of these conclusions explain the superiority of KSG in the estimations of binding affinity since it
formed hydrogen bonds at Ser363, Asn382, Arg483, and Ser363 (wm) in addition to n-cation at Arg415 (Fig. 7). Meanwhile, the
reference molecule constructed hydrogen bonds at Ser508, Arg415, and GIn530 in Keapl's interacting domain. Studies also showed
that n stacking with Tyr572 is a shared feature among Keapl inhibitors [75,76], which was noticeable at the phenolic ring in
kaempferol-3-sophoroside-7-glucoside but was absent in the co-crystalized ligand-Keapl interaction. Both compounds presented
massive hydrophobic interaction with the Keapl binding domain though KSG outweighed the co-crystalized ligand in this respect.
These findings suggested that kaempferol-3-sophoroside-7-glucoside carries a distinctive potential for Keapl inhibition.

c-Jun NH2-terminal kinase 1 (JNK1) is one of the stress kinases that interact with specific pathways to contribute to lots of
physiological and pathophysiological conditions including ALI [77,78]. For decades, the discovery of selective JNK inhibitors was
challenged by the structural similarity between JNKs isoforms and between the JNKs family and the other kinases i.e., ERK2, P38,
CHKs, CDKs, etc [79].

Surprisingly, KSG showed a high docking score value of -12.301 kcal/mol in comparison with -8.028 kcal/mol for thiophene
carboxamide urea (reference). Moreover, KSG presented plenty of interactions that are renowned prerequisites for JNK1 selective
inhibition. This imposes hydrogen bonding at the hinge residue Met111 (fingerprint for selective JNK1 inhibitors) and Lys 55, hy-
drophobic interaction at ILE32, and hydrophobic interaction near the gatekeeper at Leul10 and Met111 (Fig. 8). These interactions are
directly correlated JNK1 inhibitors with selectivity and potency [80-82]. Collectively, these observations nominate KSG as a potential
JNK1 selective inhibitor.
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Apoptosis signal-regulating kinase 1 (ASK1) is an abundant member of the mitogen-activated protein kinase, it cooperated with
ubiquitous pathways to control oxidative stress. Phosphorylation of ASK1’s Thr845 in the activation loop boosts ASK1's catalytic
potential. The phosphorylated ASK1 activates MAPKKs which subsequently activates MAPKs, p38, and c-Jun N-terminal kinase (JNK)
[83]. In this study, we had inversely docked ASK’s potent inhibitor GS-444217 (K D = 4.1 nM) to be used as a reference. It is note-
worthy that the docking process had completely reproduced the documented interactions for ASK1 inhibition. Henceforth, hydrogen
bond was noticed at the hinge residue Val757, Lys709, and cross-dimer hydrogen bond to Tyr814 which is renowned as peculiar and
related to the higher potency. the N-cyclopropyl group of the triazole occupies the groove made by residues Ser821, Asp822, Leu810,
and Asn808 [83]. Although KSG presented comparable binding affinity (—8.926 kcal/mol vs -9.746 kcal/mol), it showcased different
interaction patterns, four hydrogen bonds were observed at the hinge region at Lys769 and Gly759, and Val757 (Fig. 8) which were
stated to be preferential for ASK1 inhibition. KSG did not fill the formerly mentioned pocket, it only contacted it hydrophobically at
LUE810. Taking these notes, Kaempferol-3-sophoroside-7-glucoside conveys a considerable likelihood for ASK1 inhibition.

Recalling the data in Table 4, Pro Tox-II categorizes oral toxicity based on the median lethal dose (LDs) expressed in milligrams per
kilogram of body weight. An LD5( dose of 5000 mg/kg positions Kaempferol-3-sophoroside-7-glucoside at category 5 (slightly toxic).
The results refer to an existent risk of immunotoxicity, nevertheless, no risk of hepatotoxicity, carcinogenicity, mutagenicity, or
cytotoxicity.

5. Conclusions

In summary, KSG counteracted APAP-associated oxidative stress, inflammatory response, and apoptotic events in the hepatic tissue
via modulation of NF-kB/Nrf2 and ASK-1/JNK/caspase-3 signaling. Computational analysis of KSG versus the intrinsic regulators in
ALI demonstrated discernible interaction energies. However, the interactions of KSG with JNK1 and Keap1 endorsed its potential to
selectively interact with these kinases. Meanwhile, KSG’s selectivity towards ASK1 might be questionable. We recommend further
investigations to comprehend the beneficial role of KSG against inflammatory hepatic dysfunction more vividly.
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List of abbreviations

APAP Acetaminophen

ALIL APAP-induced acute liver injury
ALT Alanine transaminase

ALP Alkaline phosphatase

ASK1 Apoptosis signal-regulating kinase 1
AST aspartate aminotransferase

Bax Bcl2-associated X protein

CMC Carboxymethyl cellulose

DAB Diaminobenzidine

ELISA Enzyme-linked immunosorbent assay
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GSH glutathione

GSH-px glutathione peroxidase

GST glutathione-s-transferase

v-GT gamma-glutamyl transferase

H&E hematoxylin-eosin

4-HNE 4-Hydroxynonenal

IHC immunohistochemical

L interleukin

JNK JNK1 (c-Jun N-terminal protein kinase 1)
Keapl Kelch-like ECH-associated protein 1
LDH lactate dehydrogenase

MDA malondialdehyde

NAC N-acetylcysteine

NAPQI N-acetyl-p-benzoquinoneimine
NF-«kB nuclear factor kappa B

NLRP3 Nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3
PBS phosphate-buffered saline

SOD superoxide dismutase

ROS reactive oxygen species

TNF-a tumour necrosis factor-o
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