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Abstract: Melamine (ML) is a common environmental contaminant, commonly used in food fraud,
representing a serious health hazard and jeopardizing human and animal health. Recently, nootka-
tone (NK), a naturally occurring sesquiterpenoid, has garnered considerable attention due to its
potential therapeutic advantages. We investigated the potential mechanisms underlying the pro-
tective effects of NK against ML-induced liver injury in rats. Five groups were utilized: control,
ML, NK10, ML-NK5, and ML-NK10. ML induced substantial hepatotoxicity, including considerable
alterations in biochemical parameters and histology. The oxidative distress triggered by ML increased
the generation of malondialdehyde (MDA) and nitric oxide (NO) and decreased levels of reduced
glutathione (GSH), catalase (CAT), and superoxide dismutase (SOD) activities. In addition, decreased
expression of nuclear factor-erythroid 2-related factor 2 (Nrf2) and increased nuclear factor kappa
beta (NF-κB) expression levels were observed in hepatocytes, which indicated the occurrence of
inflammatory changes following ML exposure. These alterations were alleviated by NK supple-
mentation in a dose-dependent manner. The data revealed that the favorable effects of NK were
attributed, at least in part, to its antioxidant and anti-inflammatory properties. Moreover, our results
were supported by molecular docking studies that revealed a good fit and interactions between NK
and antioxidant enzymes. Thus, the current study demonstrated that NK is a potential new food
additive for the prevention or treatment of ML-induced toxicity.
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1. Introduction

Melamine (ML; 2,4,6-triamino-1,3,5-triazine) is a triazine heterocyclic chemical, fre-
quently employed for the production of resins, plastics, enamel dyes, commercial filters,
glues, dishware, and kitchenware [1–4]. Furthermore, this organic base contains 66% nitro-
gen, and has been added to food for human and animal consumption; the latter has been
shown to fraudulently boost the apparent protein content for commercial gain [5]. Several
studies have demonstrated contamination of various types of foods by ML, including fruits,
baby formula, milk, yogurt, cheese, butter, eggs, processed meat, and bread [6,7], causing
considerable concern, because it jeopardizes human and animal health [8]. Zhang and
colleagues [9] found that ML was able to induce DNA damage in sperm with a significant
increase in sperm abnormality rates in exposed mice. ML residues accumulate in different
organs after intravenous administration, causing toxic effects in the brain, spleen, bladder,
and kidney [10]. ML also damages the liver, the chief site for detoxification and elimina-
tion in the body [10]. Previous investigations have reported that ML induced significant
alterations in hepatic histoarchitecture and elevated liver function markers, as well as the
induction of oxidative stress, inflammation, and apoptotic changes [2,11,12].

Many compelling publications have supported the presence of oxidative stress follow-
ing ML exposure, primarily due to the depletion of the intracellular antioxidant defense
systems and the uncontrolled formation of reactive oxygen species (ROS) such as superox-
ide anion, O2

•–; hydrogen peroxide, H2O2; and hydroxyl radical, OH•; as well as reactive
nitrogen species such as nitric oxide (NO) [11,13]. These events cause tissue damage, lipid
peroxidation (LPO), protein cross-linking, and DNA oxidation [12,14,15]. Another proposed
mechanism following long-term exposure to ML is the enhancement of pro-inflammatory
and pro-fibrotic markers [16]. Currently, there is no specific treatment for ML toxicity and
treatment depends on controlling the ML-induced damage, removal of renal stones, and
dialysis, if needed [17]. Consequently, antioxidant supplementation might be an effective
therapeutic strategy to repair ML-induced tissue damage and enhance tissue renewal.

Antioxidants of plant origin have garnered global attention recently and are frequently
used due to their phytochemical content [18]. Among them, nootkatone (NK; C15H22O) is a
sesquiterpenoid extracted from several plants including grapefruit and rhizomes of Cyperus
rotundas, as well as essential oil derived from citrus [19]. Due to its pleasant aroma, this com-
pound has been commercially employed in the chemical, food, and cosmetic industries [20].
NK has tremendous pharmacological properties, including antioxidant, anti-inflammatory,
and antiapoptotic activities [19,21]. In addition, an increasing body of evidence supports
the potential protective effects of NK against certain drugs and environmental toxicants
such as isoproterenol [22], carbon tetrachloride [23,24], rotenone [25], D-galactosamine [26],
lipopolysaccharide [27], and water pipe smoking [28].

Therefore, a literature review revealed that even though numerous studies have been
performed regarding ML toxicity, research focused on ML-induced liver injury and its
alleviation is minimal. Therefore, this study evaluated whether NK exhibited a modulatory
effect on ML-triggered oxidative stress and inflammatory liver damage. Hepatic biochemi-
cal parameters, oxidative status, histological alterations, and expression of nuclear factor
erythroid 2-related factor 2 (Nrf2) and nuclear factor kappa beta (NF-κB) were investigated.

2. Materials and Methods
2.1. Chemicals

Melamine and nootkatone were obtained from Sigma Chemical Company (St. Louis,
MO, USA). The analytical kits used to assay the biochemical parameters and oxidative
cascade markers were purchased from Bio-diagnostics Co., Giza, Egypt.
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2.2. Animals and Ethical Endorsement

Male Wister albino rats weighing 150–170 g were used to complete this experimental
protocol. Rats were procured from the Medical Experimental Research Center of Mansoura
University (MERC) for experimental research, Faculty of Veterinary Medicine, Mansoura,
Egypt. Before the trial, the rats were confined in comfortable, standard hygienic conditions
for two weeks (temperature: ~25 ◦C, humidity: 50–60%). During the trial, all rats were fed
a standard baseline diet and had unrestricted access to water.

2.3. Experimental Modeling

After being acclimated, animals were sorted into five equivalent groups (five rats/group).
The control group received food and water ad libitum without any treatment. The ML
group was the positive toxic group, in which rats received 700 mg/kg body weight ML [11].
In the NK group, rats were treated with NK10 (10 mg/kg body weight) [22]. In the
ML-NK5 group, rats were given a low dose of both ML and NK, of 5 mg/kg, while in the
ML-NK10 group, rats received ML and NK in high doses of 10 mg/kg (ML was given in
the same regimen used with the ML group). All treatments were given orally, once a day
for 28 successive days.

2.4. Sampling

At the end of the trial, the rats were euthanized by intraperitoneal injection of a
xylazine and ketamine mixture (1:1 v/v; 0.15 mL/100 g body weight). Blood specimens
were gathered from the heart of each animal. The serum was collected after centrifugation
of the coagulated blood at 2000× g for 10 min and preserved at −20 ◦C until further
analysis. Immediately following blood collection, the liver was rapidly extracted, washed
in ice-cold physiological saline, and sliced into several pieces. One piece was placed in
neutral buffered formalin (10%) for subsequent histopathological evaluation. The other
fresh tissue samples were preserved at −80 ◦C for oxidative cascade marker investigation.

2.5. Estimation of Liver Biomarkers

Serum was used to estimate the liver biochemical markers (ALP, AST, and ALT) using
kits from Bio-diagnostics Co. The analysis of all markers was performed according to the
manufacturer’s directions.

2.6. Liver Homogenate Preparation

Liver homogenates from each rat were prepared by centrifuging the tissue samples at
8000 rpm for 15 min at 4 ◦C in 400 mL of phosphate-buffered saline (PBS). The supernatants
were collected in cold Eppendorf tubes for enzymatic analyses.

2.7. Estimation of the Hepatic Oxidative State

The non-enzymatic oxidative markers (MDA, GSH, and NO) and the enzymatic
oxidative marker (CAT) were purchased from Bio-diagnostics Co, and measured according
to the manufacturers’ guidelines.

2.8. Histoarchitecture Analysis

Formalin-fixed liver samples were dehydrated in a graded alcohol series. Subsequently,
xylene clearing was performed followed by routine paraffin embedding. The tissue was
cut into 5 µm sections and stained with hematoxylin and eosin (H&E) for histological
evaluation. Representative images were captured using an integrated digital scanning
camera system (DM300, Leica, Germany).
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2.9. Immunohistochemical Examination

Following the manufacturer’s directions, immunohistochemical staining was used
to evaluate the hepatic expression of NF-κB and Nrf2. Liver sections (4 mm) on micro-
scope slides were incubated in 0.3% hydrogen peroxide for 20 min to prevent endogenous
peroxidase activity. The sections were blocked for 30 min with 2% bovine serum albumin
(BSA) for 10 min before incubation in a water bath at 100 ◦C. Then, the sections were
incubated overnight at 4 ◦C in rat antibodies directed against a rat-targeted antigen. Subse-
quently, the sections were washed and then incubated with horseradish peroxidase (HRP)
secondary antibody at 37 ◦C for 1 h. Then, the sections were exposed to a diaminoben-
zidine (DAB) working solution for 4 min and counterstained with Mayer’s hematoxylin.
Finally, the sections were evaluated and photographed. Images were taken using a Nikon
integrated digital imaging system (Eclipse E200-LED, Nikon, Tokyo, Japan), at an original
magnification of ×400.

2.10. Molecular Docking

ML was docked with rat superoxide dismutase (SOD1, SOD2, SOD3), catalase (CAT),
glutathione peroxidase-1 (GPx-1), glutamate-cysteine ligase catalytic subunit (GCLC), glu-
tathione reductase (GR), and glutathione synthase (GS). NK was docked against tumor
necrosis factor receptor superfamily member 1A (TNFRSF1A), tumor necrosis factor re-
ceptor superfamily member 1B (TNFRSF1B), transforming growth factor beta-activated
kinase 1 (TAK1), inhibitor of nuclear factor kappa-B kinase subunit beta (IKKB), interleukin-
1 receptor type 1 (IL-1R1), interleukin-1 receptor type 1 (IL-1R2), caspase-3, and inducible
nitric oxide synthase (iNOS). The three-dimensional structures of target proteins were re-
trieved from UniProt (https://www.uniprot.org/; accessed on 15 June 2023) and AlphaFold
(https://alphafold.ebi.ac.uk/; accessed on 15 June 2023) protein structure databases. Pro-
teins were prepared for docking using Molecular Operating Environment software (MOE
2022.02, Chemical Computing Group, Montreal, QC, Canada). In addition, the three-
dimensional structures of ML and NK were retrieved from the PubChem (https://pubchem.
ncbi.nlm.nih.gov/; accessed on 15 June 2023) database. Furthermore, the molecular dock-
ing, protein–ligand interactions, and visualization were carried out using MOE software
(https://www.chemcomp.com/ accessed on 15 June 2023).

2.11. Statistical Data

One-way analysis of variance (ANOVA) was used to analyze the results, and differ-
ences between the groups were revealed using Duncan’s post-hoc multiple tests. All values
were judged to be statistically significant at p ≤ 0.05 and expressed as means ± standard
error of the mean (SE). GraphPad Prism version 8 was used for data analysis and the gen-
eration of column charts. Multivariate principal component analysis (PCA), the variable
importance in projection (VIP) score, and clustering heatmaps were created using Metabo-
Analyst software (version 0.5, developed by the XiaLab at McGill University, Montreal,
QC, Canada).

3. Results
3.1. Effect of ML and/or NK Treatment on Liver Biochemical Parameters

As shown in Figure 1, ML treatment resulted in notable disruptions in liver functions,
as indicated by a substantial increase in liver enzymes (AST and ALT) and ALP activity
compared to control rats. On the other hand, preconditioning with a low dose of NK signifi-
cantly attenuated the ML-induced injuries in liver tissue. Remarkably, administering a high
dose of NK exerted noticeable amelioration of those parameters. These data suggested a
dose-dependent change in ML-treated animals when co-administrated with different doses
of NK.

https://www.uniprot.org/
https://alphafold.ebi.ac.uk/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.chemcomp.com/
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Figure 1. Bar plots of liver parameter levels with ML and/or NK exposure (n = 5). ALT, alanine
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(NK10), melamine (ML), ML-NK5 combination, and ML-NK10 combination. Significant differences
existed across groups with different letters (p ≤ 0.05).

3.2. Effect of ML and/or NK Treatment on Oxidative Cascade and Lipid Peroxidation

The lipid peroxidation (MDA) index and oxidative status (NO, CAT, SOD, and GSH)
following ML and/or NK administration are presented in Figure 2. ML treatment prompted
considerable oxidative stress, as indicated by a drastic reduction in CAT and SOD activity
as well as the level of GSH, along with increased MDA and NO levels, compared to controls.
However, rats co-administrated ML and NK at high and low doses exhibited significant
elevations in CAT and SOD activities and GSH levels, as well as a reduction in MDA
and NO levels. An improvement in the oxidative state appeared in the ML-NK10 group
compared to the ML-NK5 group in the CAT, SOD, and GSH expression levels. The MDA
and NO levels exhibited no significant differences between the ML-NK5 and ML-NK10
groups (Figure 2).

3.3. Liver Histopathology following ML and/or NK Treatment

The hepatic histoarchitecture of the control and NK groups revealed normal hep-
atic cords radially arranged around central veins and normal portal areas and sinusoids
(Figure 3A,C). Hepatic sections from the ML group showed marked portal fibrosis with
disruptions in the radial arrangement of the hepatocyte cords. Marked infiltration of
inflammatory cells was observed in the hepatic lobules. Congested portal blood vessels,
sinusoidal enlargement, and also dilation and proliferation of biliary epithelium were ob-
served (Figure 3B). Sections from the ML-NK5 group demonstrated limited portal fibrosis
with sparse inflammatory infiltration. In addition, there was decreased dilation and prolif-
eration of the biliary tracts (Figure 3D). Co-treatment of rats with ML and NK10 resulted in
strikingly nearly normal hepatic lobules with minimal inflammatory cell infiltration in the
portal areas (Figure 3E).
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rat exhibits notable portal fibrosis coupled with prominent inflammatory cell extravasation (thick,
black arrows), congested portal blood vessels (red, arrows), and dilation of biliary tracts with
proliferation of the lining epithelium (thin, black arrows). The ML-NK5 and ML-NK10 groups display
dose-dependent improvement in the liver histological features ranging from limited portal fibrosis
with sparse inflammatory infiltration (thick, black arrows), and minimal biliary changes (thin, black
arrows) (D) to strikingly nearly normal hepatic lobules (E). (PA, portal artery; H&E ×400).

3.4. Nrf2 and NF-κB Expression in Hepatic Tissue

Expression of Nrf2 and NF-κB in liver sections following treatment by ML and/or
NK are displayed in Figures 4 and 5, respectively. Immunohistochemical staining of
liver sections showed changes in oxidative stress and inflammation-related markers with
exposure to ML, as shown by the reduced expression of Nrf2 in hepatocytes (Figure 4B). On
the other hand, we spotted modest (Figure 4D) and increased (Figure 4E) Nrf2 expression
when animals were co-supplemented with 5 and 10 mg/kg of NK, respectively.

In addition, immunohistochemical evaluation of the liver sections revealed changes
in the inflammatory state of the hepatic tissue after ML exposure, with up-regulated
NF-κB expression (Figure 5B). In contrast to the ML-treated rats, we noticed modest
(Figure 5D) and minimal (Figure 5E) NF-κB expression when rats were simultaneously
treated with NK5 and NK10, respectively. These observations confirmed the hypothesis
of dose-dependent improvement of ML-mediated hepatic damage, as elucidated by the
remarkable changes observed in the immunological assessment when the rats were treated
with high doses of NK (10 mg/kg).
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3.5. Hierarchical Clustering Heatmap, PCA, and VIP Scores

The clustering heatmap depicted in Figure 6A exemplifies a clear visual representation
of all data groups that highlight the distinct disparities present in the levels of all measured
parameters with respect to ML toxicity compared to the other groups. These findings imply
that the ML-exposed animals incurred more injury than the other groups.

PCA was implemented to analyze the correlations between different treatments and
variables. Based on PCA, all variables were sorted into three principal dimensional compo-
nents (PC1, PC2, and PC3), which accounted for 98.6% of the variance. PC1 distinguished
most of the evaluated variables and represented a greater proportion of the variation
(95.1%), while PC2 (2.2%) and PC3 (1.3%) represented less of the percentage of the variance.
The PCA revealed that the control, NK, and ML-NK10 groups were clustered on the left
side and separated from the groups treated with ML (Figure 6B). Furthermore, the VIP
revealed that MDA, AST, and ALP were the most relevant parameters in distinguishing
ML-exposed animals from the other groups (Figure 6C).

3.6. Molecular Docking

ML interacted with the binding sites of SOD1, SOD2, SOD3, CAT, GPx-1, GCLC, GR,
and GS with binding energies of −3.81, −3.90, −4.23, −4.65, −4.16, −3.99, −4.34, and
−4.92 kcal/mol, respectively (Figure 7A–H). ML bound with ASP12 and CYS58 in the
binding site of SOD1 by H-acceptor bonds (Figure 7A). In the binding site of SOD2, ML was
bound to the GLY144 with H-donors and GLU186 with H-acceptors (Figure 7B). Similarly,
ML interacted with ARG467 and LEU497 residues in the binding site of CAT by H-acceptor
bonds (Figure 7D). In the binding site of GPx-1, ML was bound by H-donors with ASN128,
ASN155, and ASP156 residues (Figure 7E). Also, ML bound with GLM505 residues by
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H-donors in the binding site of GCLC (Figure 7F). In Figure 7G, ML interacted with MET158
by H-donors and with ILE159 and ARG160 by H-acceptor bonds in the binding site of GR.
Furthermore, ML bound to the ILE401, MET398, and GLU399 residues by H-donors in the
active site of GS, and interacted with LYS400, ILE401, and LYS364 residues by H-acceptor
bonds (Figure 7H).
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Figure 6. Multivariate analyses of ML and/or NK treatment. (A) hierarchical clustering heatmap
reveals intuitive visualization of all data sets. Each colored cell on the map reflects the concentra-
tion levels of measured variables, with varying averages in rows and different treatment groups
in columns. Dark red indicates the highest value and blue indicates the lowest value on the
gradation scale. (B) The five experimental groups (Control, NK, ML, ML-NK5, and ML-NK10)
were identified using a 3D score plot of PCA. Proportion values specified on the axes represent
the contribution rates of PC1 (95.1%), PC2 (2.2%), and PC3 (1.3%) to the overall number of
variations. (C) The variable importance in projection (VIP) shows the contribution intensity as
a colored scale with the greatest value in red and the lowest value in blue. The colored boxes
on the right show the proportional concentrations of the relevant measured parameters in each
study group.
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Figure 7. Molecular docking interactions of ML with rat (A) superoxide dismutase (SOD1), (B) SOD2,
(C) SOD3, (D) catalase (CAT), (E) glutathione peroxidase-1 (GPx-1), (F) glutamate-cysteine ligase
catalytic subunit (GCLC), (G) glutathione reductase (GR), and (H) glutathione synthetase (GS). The
letter A in the parenthesis in each protein indicates the chain A of the target protein.
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NK interacted with energy values of −4.67, −5.30, −5.71, −5.52, −5.22, −5.34, −5.63,
and −5.15 kcal/mol with TNFRSF1A, TNFRSF1B, TAK1, IKKB, IL-1R1, IL-1R2, iNOS, and
caspase-3 binding sites (Figure 8A–H), respectively. NK interacted with the MET458 residue
in the binding site of TNFRSF1B by H-donor bonds (Figure 8B). In Figure 2D, NK was
bound with ARG404 and ARG446 residues in the binding site of IKKB by three H-acceptor
bonds. In the binding site of IL-1R1, NK interacted with the GLN544 residue by H-acceptor
bonds (Figure 8E). Furthermore, NK was bound with the ASP166 residue in the binding
site of IL-1R2 by H-acceptors (Figure 8F). In addition, by H-acceptor bonds, NK interacted
with CYC595 and LYS603 residues in the binding site of iNOS (Figure 8G).
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Figure 8. Molecular docking interactions of NK with rat (A) tumor necrosis factor receptor superfam-
ily member 1A (TNFRSF1A), (B) tumor necrosis factor receptor-associated factor 1 B (TNFRSF1B),
(C) transforming growth factor beta-activated kinase 1 (TAK1), (D) inhibitor of nuclear factor kappa-B
kinase subunit beta (IKKB), (E) interleukin-1 receptor type 1 (IL-1R1), (F) interleukin-1 receptor type 1
(IL-1R2), (G) inducible nitric oxide synthase (iNOS), and (H) caspase-3. The letter A in the parenthesis
in each protein indicates the chain A of the target protein.
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4. Discussion

ML is a common pollutant and carcinogen that threatens human and animal health,
and has sparked major global concerns [29]. It is widely dispersed in the environment
including water and soil [30], and has been incriminated as a substance in food adulter-
ation [31]. The liver is the primary organ for metabolism and detoxification and one of the
organs most seriously affected by ML exposure [10,29].

Ample evidence strongly indicates that LPO, cellular antioxidant insufficiency, and
disruption of mitochondria are key pathogenic pathways associated with ML expo-
sure [32]. Accordingly, this study revealed increased LPO and oxidative stress following
ML exposure, as indicated by increased MDA and NO levels accompanied by a con-
siderable reduction in CAT and SOD activities and GSH levels. NO is a free radical; at
higher levels, it perturbs the mitochondrial electron transport chain, which increases
e− loss and produces significant quantities of O2

− [33]. Furthermore, O2
− and NO

radicals react together, resulting in the generation of nitrogen radical species that cause
oxidative stress and have deleterious consequences on living cells. Interestingly, SOD,
an endogenous antioxidant enzyme, functions as the first line of enzymatic antioxidant
defense necessary for the dismutation of O2

− to O2 and H2O2 [32,34]. Notably, CAT
is a crucial enzyme for the conversion of hydrogen peroxide into oxygen and water
vapor [24,35]. Alternatively, Fenton’s reaction is encouraged when ML-generated ROS,
which exhausts the antioxidant enzymes, leads to the formation of abundant quantities
of OH•, the most detrimental radical, because it degrades membrane lipids resulting in
increased LPO, as indicated by elevated MDA levels [24]. More importantly, MDA itself
has the potential to damage cellular proteins, DNA, and mitochondrial lipid membranes.
It also might cross cell membranes easily and interact with intracellular molecules, which
results in the propagation of cellular injury [12].

According to our findings and those of others [11,13], hepatic oxidative damage
following ML exposure is triggered by increased ROS generation and liver antioxidant
enzyme exhaustion. These findings were further supported by immunohistochemistry
results that revealed the downregulation of Nrf2 expression in hepatic tissues after ML
exposure. In addition, this finding was in agreement with the former study conducted by
Wu et al. [36], who reported that Nrf2, a key modulator of the detoxification pathway, was
decreased after ML exposure. Additionally, the molecular docking analysis demonstrated
the interaction of ML with antioxidant enzymes, including SOD1, SOD2, SOD3, CAT, GPx-1,
GR, GCLC, and GS in the docking pathway.

Expectedly, the enhanced LPO and disruption of hepatic cell membranes detected
following ML exposure might have enhanced the release of liver enzymes (AST, ALT,
and ALP) into the circulation, resulting in increased levels in the serum, as observed in
the current study. These results corroborate our earlier reports that demonstrated a pos-
itive association between MDA levels and elevated levels of hepatic enzymes [12,14,15].
El Rabey et al. [37], Early et al. [38], and Ahmed et al. [14] also reported significant hepato-
cellular membrane degradation with enhanced hepatic enzyme activities that confirmed
significant impairment of liver function after ML exposure. These findings are in agreement
with our histoarchitectural results, as we observed substantial pathologic alterations in liver
tissues, including severe damage to hepatocyte membranes. In addition, researchers [29]
reported an accumulation of hepatic aggregates and disruption of hepatic structure fol-
lowing ML exposure. This observation was also reported in previous studies [2,10,11],
demonstrating that ML clearly disrupts rat liver tissue.

Besides LPO and oxidative damage, ML-induced hepatic injuries have been associated
with increased production of pro-inflammatory cytokines and significant inflammatory cell
mechanisms involved in ML hepatotoxicity [39]. This finding aligns with our histopatho-
logical results, which elucidate inflammatory cell infiltration, and with our immunohisto-
chemistry findings that exhibited increased expression of NF-κB in liver tissue. Intriguingly,
NF-κB, a marker of the inflammatory process, is a transcription factor concerned with proin-
flammatory mediator regulation, chemokine expression, and cytokine activation [40–44].
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In addition, the knockdown of Nrf2 can enhance NF-κB expression and cytokine produc-
tion [45]. In the same manner, Kuo et al. [39] have documented upregulation of NF-κB
expression in ML-intoxicated rats.

NK is a naturally occurring sesquiterpenoid, found in grapefruit peels and can
be synthetically produced through biotransformation of valencene [27]. NK has
a range of biological activities and is frequently utilized in cosmetics, food addi-
tives, and pharmaceutics [35]. Intriguingly, in the present study, liver function in
ML-exposed rats was dramatically improved by NK remediation with either a low
or high dose. The improvements included restoration of the aberrant serum levels of
ALT, AST, and ALP to near-normal levels. Our findings corroborate earlier research
showing that NK abolished d-galactosamine-stimulated acute liver damage in mice in
a dose-dependent manner [26].

Overwhelming evidence confirms the idea that NK supplementation boosts antioxi-
dant enzyme activity by modulating the expression of oxidative stress biomarkers, such as
Nrf2 [46], along with decreasing LPO [24]. In support, our data revealed that NK remedy
conferred robust antioxidant activity against ML-stimulated oxidative damage, proven
by recovering the normal MDA and GSH levels together with CAT and SOD activities
in the ML-treated rats, in a dose-dependent manner. Mechanistically, NK has the pre-
emptive potential to capture free radicals and prevent cellular damage such as LPO and
protein oxidation ascribed to its bioactive antioxidant ingredient: sesquiterpene ketone [46].
Similarly, Majid [35] and Park et al. [27] demonstrated that NK supplementation could
protect the cell membrane from LPO and oxidative stress via increasing the activities of
antioxidant enzymes.

Besides its antioxidant activity, NK has demonstrated robust anti-inflammatory activity,
which might be partly ascribed to the suppression of the NF-κB pathway [47], and IL1-β, IL-6,
and TNF-α production [24] as well as possible reduction in cyclooxygenase-2 [46] and iNOS
activities [27]. The current investigation also proposed that NK had anti-inflammatory
properties in ML-exposed animals, which was confirmed by a substantial reduction
in the lymphocytic infiltration and NF-κB expression levels in liver cells in a dose-
dependent manner. Our data are in agreement with prior findings showing that NK
mitigated carbon tetrachloride-induced hepatotoxicity in mice in a dose-dependent
manner [24]. An additional report demonstrated that mice supplemented with NK
exhibited enhanced antioxidant enzyme activity in their kidneys [48]. Interestingly, the
molecular docking analysis demonstrated that NK interacted strongly with inflamma-
tion and apoptosis regulatory proteins (TNFRSF1A, TNFRSF1B, TAK1, IKKB, IL-1R1,
IL-1R2, caspase-3, and iNOS). Taken together, these data reveal that NK supplementa-
tion might have hepato-protective effects by reducing the inflammatory reactions and
apoptosis in ML-injured livers.

We performed multivariate statistical analysis, depicted by PCA, to assess the multiple
contributions from different treatments on liver tissue. Each treatment was primarily
identified on the PC1 axis (95.1%). ML-exposed animals were distinguished from the other
treated groups because they clustered on the left side, apart from other treatment groups.
The ML-NK10 co-treated group, on the other hand, was located close to the control and
NK groups. In contrast to the other treatment groups, the clustering heatmap exhibited
variations in all variable levels with respect to ML exposure. Thus, these findings robustly
emphasize the potential protective effect of NK on ML toxicity. Figure 9 highlights the
cellular mechanisms behind the protective impact of NK upon ML exposure. Based on
these observations, we suggest that co-treatment with NK could mitigate ML-induced liver
damage in a dose-dependent manner.
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5. Conclusions

Taken together, our results revealed that the liver is one of the principal target organs
for ML toxicity. ML exposure caused substantial hepatocellular injury which is attributed to
increased oxidative stress, LPO, and inflammatory reactions. In a dose-dependent manner,
NK supplementation ameliorated the ML-inflicted oxidative and inflammatory changes in
the liver tissue. NK corrected biomarkers of hepatic toxicity and relieved oxidative stress
and inflammation induced by ML. This hepatoprotective impact of NK is ascribed to its
antioxidant and anti-inflammatory properties, along with its potential to restore the normal
structure of the injured liver tissues. Molecular docking dynamics confirmed the anti-
inflammatory and antioxidant proteins targeted by NK and ML. We thereby propose that
NK supplementation could be an effective preventive approach for diseases or toxicants
that trigger hepatic degeneration.

Author Contributions: Conceptualization, O.A.H., A.A., R.T.A. and D.A. (Doaa Abdelrahaman);
methodology and investigation, O.A.H., A.A., A.I.E., S.M.S., M.H.M., K.M.K., M.E.-N. and D.A.
(Dania Abdelhady); software, validation, formal analysis, and data curation, A.A., R.T.A., S.F.I., L.F.,
I.B.-D., H.I.G. and R.T.A.; resources, O.A.H., A.A. and L.F.; writing and original draft preparation,
all authors; writing, review, and editing, A.A., A.B.R., S.F.I., I.B.-D. and R.T.A.; visualization, A.A.,
K.M.K. and H.I.G.; supervision, A.A.; project administration, O.A.H.; funding acquisition, L.F. All
authors have read and agreed to the published version of the manuscript.



Toxics 2023, 11, 784 15 of 17

Funding: This research was supported by the Deanship of Scientific Research at King Khalid Uni-
versity through the Large Groups Project under grant number RGP2/435/44. It was also funded
by the Princess Nourah bint Abdulrahman University Researchers Supporting Project number
(PNURSP2022R127), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia. The APC
was provided by the project 6PFE of the University of Life Sciences “King Mihai I” from Timisoara
and Research Institute for Biosecurity and Bioengineering from Timisoara, Romania.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Mansoura University’s Institutional Animal Care and Use Committee (Approval code
MU-ACUC (V.M.R.23.07.115).

Informed Consent Statement: Not applicable.

Data Availability Statement: The corresponding authors can provide the data used to verify the
findings of this research upon request.

Acknowledgments: The continual support offered by the Deanship of Scientific Research at King
Khalid University through the Large Groups Project under grant number RGP2/435/44 was ac-
knowledged. The appreciation is extended to the Princess Nourah bint Abdulrahman University
Researchers Supporting Project number (PNURSP2022R127), Princess Nourah bint Abdulrahman
University, Riyadh, Saudi Arabia. The authors also thank the technical and linguistic revision carried
out by Louise C. Abbott (Department of Veterinary Integrative Biosciences, College of Biomedical
Sciences, Texas A&M University, TX, USA), Ahmed Hikal (Food and Drug Administration, Jefferson,
AR, USA), and Oana Boldea (Authorized translator by Ministry of Justice, University of Life Sciences
“King Michael I” from Timis, oara, Romania).

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Habotta, O.A.; Abdeen, A.; El-Hanafy, A.A.; Yassin, N.; Elgameel, D.; Ibrahim, S.F.; Abdelrahaman, D.; Hasan, T.; Imbrea, F.;

Ghamry, H.I.; et al. Sesquiterpene Nootkatone Counteracted the Melamine-Induced Neurotoxicity via Repressing of Oxidative
Stress, Inflammatory, and Apoptotic Trajectories. Biomed. Pharmacother. 2023, 165, 115133. [CrossRef]

2. Chang, L.; Wu, Q.; She, R.; Tong, D. The Pathologic Lesions of Liver Caused by Melamine Alone or in Combination with Cyanuric
Acid in Mice. Res. Vet. Sci. 2021, 136, 230–238. [CrossRef] [PubMed]

3. Guo, C.; He, Z.; Wen, L.; Zhu, L.; Lu, Y.; Deng, S.; Yang, Y.; Wei, Q.; Yuan, H. Cytoprotective Effect of Trolox against Oxidative
Damage and Apoptosis in the NRK-52e Cells Induced by Melamine. Cell Biol. Int. 2012, 36, 183–188. [CrossRef] [PubMed]

4. Sun, H.; Wang, K.; Wei, H.; Li, Z.; Zhao, H. Cytotoxicity, Organ Distribution and Morphological Effects of Melamine and Cyanuric
Acid in Rats. Toxicol. Mech. Methods 2016, 26, 501–510. [CrossRef] [PubMed]

5. An, L.; Zhang, T. Vitamins C and E Reverse Melamine-Induced Deficits in Spatial Cognition and Hippocampal Synaptic Plasticity
in Rats. Neurotoxicology 2014, 44, 132–139. [CrossRef] [PubMed]

6. Zhu, H.; Kannan, K. Continuing Occurrence of Melamine and Its Derivatives in Infant Formula and Dairy Products from the
United States: Implications for Environmental Sources. Environ. Sci. Technol. Lett. 2018, 5, 641–648. [CrossRef]

7. Erisgin, Z. Melamine Exposure from the Weaning Period Causes Apoptosis, Inflammation, and Damage to the Blood-Brain
Barrier. J. Chem. Neuroanat. 2021, 113, 101939. [CrossRef]

8. Yoon, Y.S.; Kim, D.H.; Kim, S.K.; Song, S.B.; Uh, Y.; Jin, D.; Qi, X.F.; Teng, Y.C.; Lee, K.J. The Melamine Excretion Effect of the
Electrolyzed Reduced Water in Melamine-Fed Mice. Food Chem. Toxicol. 2011, 49, 1814–1819. [CrossRef]

9. Zhang, Q.X.; Yang, G.Y.; Li, J.T.; Li, W.X.; Zhang, B.; Zhu, W. Melamine Induces Sperm DNA Damage and Abnormality, but Not
Genetic Toxicity. Regul. Toxicol. Pharmacol. 2011, 60, 144–150. [CrossRef]

10. Erisgin, Z.; Mutlu, H.S.; Tekelioglu, Y.; Deveci, E.; Seker, U. Hepatotoxic Effects of Melamine Exposure from the Weaning Period
in Rats: A Flow Cytometric, Electron Microscopic, and Histopathologic Study. Toxicol. Res. 2021, 10, 418–424. [CrossRef]

11. Abd-Elhakim, Y.M.; Mohamed, W.A.M.; Khlood, K.M.; Ali, H.A.; Mahmoud, F.A.; Saber, T.M. Prevention of Melamine-Induced
Hepatorenal Impairment by an Ethanolic Extract of Moringa Oleifera: Changes in KIM-1, TIMP-1, Oxidative Stress, Apoptosis,
and Inflammation-Related Genes. Gene 2021, 764, 145083. [CrossRef] [PubMed]

12. Aboubakr, M.; Abdelkader, A.; Habotta, O.A.; Adel, N.; Emam, M.A.; Abdelhiee, E.Y.; Shanab, O.; Shoghy, K.; Elnoury, H.;
Soliman, M.M.; et al. Cefepime and Diclofenac Sodium Combined Treatment-Potentiated Multiple Organ Injury: Role of
Oxidative Damage and Disrupted Lipid Metabolism. J. Biochem. Mol. Toxicol. 2021, 35, e22929. [CrossRef] [PubMed]

13. Sun, W.; Chen, X.; Mei, Y.; Li, X.; Yang, Y.; An, L. Co-Exposure of Melamine and Cyanuric Acid as a Risk Factor for Oxidative
Stress and Energy Metabolism: Adverse Effects on Hippocampal Neuronal and Synaptic Function Induced by Excessive ROS
Production. Ecotoxicol. Environ. Saf. 2022, 247, 114230. [CrossRef]

https://doi.org/10.1016/j.biopha.2023.115133
https://doi.org/10.1016/j.rvsc.2021.03.002
https://www.ncbi.nlm.nih.gov/pubmed/33706074
https://doi.org/10.1042/CBI20110036
https://www.ncbi.nlm.nih.gov/pubmed/21939437
https://doi.org/10.1080/15376516.2016.1201559
https://www.ncbi.nlm.nih.gov/pubmed/27427087
https://doi.org/10.1016/j.neuro.2014.06.009
https://www.ncbi.nlm.nih.gov/pubmed/24960222
https://doi.org/10.1021/acs.estlett.8b00515
https://doi.org/10.1016/j.jchemneu.2021.101939
https://doi.org/10.1016/j.fct.2011.04.033
https://doi.org/10.1016/j.yrtph.2011.03.004
https://doi.org/10.1093/toxres/tfab022
https://doi.org/10.1016/j.gene.2020.145083
https://www.ncbi.nlm.nih.gov/pubmed/32860902
https://doi.org/10.1002/jbt.22929
https://www.ncbi.nlm.nih.gov/pubmed/34676623
https://doi.org/10.1016/j.ecoenv.2022.114230


Toxics 2023, 11, 784 16 of 17

14. Ahmed, Z.S.O.; Galal, M.K.; Drweesh, E.A.; Abou-El-Sherbini, K.S.; Elzahany, E.A.M.; Elnagar, M.M.; Yasin, N.A.E. Protective
Effect of Starch-Stabilized Selenium Nanoparticles against Melamine-Induced Hepato-Renal Toxicity in Male Albino Rats. Int. J.
Biol. Macromol. 2021, 191, 792–802. [CrossRef] [PubMed]

15. Ahmed, N.; El-Rayes, S.M.; Khalil, W.F.; Abdeen, A.; Abdelkader, A.; Youssef, M.; Maher, Z.M.; Ibrahim, A.N.; Abdelrahman, S.M.;
Ibrahim, S.F.; et al. Arabic Gum Could Alleviate the Aflatoxin B1-Provoked Hepatic Injury in Rat: The Involvement of Oxidative
Stress, Inflammatory, and Apoptotic Pathways. Toxins 2022, 14, 605. [CrossRef] [PubMed]

16. Tian, X.Y.; Wong, W.T.; Lau, C.W.; Wang, Y.X.; Cheang, W.S.; Liu, J.; Lu, Y.; Huang, H.; Xia, Y.; Chen, Z.Y.; et al. Melamine Impairs
Renal and Vascular Function in Rats. Sci. Rep. 2016, 6, 28041. [CrossRef]

17. Rao, H.; Chen, M.; Ge, H.; Lu, Z.; Liu, X.; Zou, P.; Wang, X.; He, H.; Zeng, X.; Wang, Y. A Novel Electrochemical Sensor Based on
Au@PANI Composites Film Modified Glassy Carbon Electrode Binding Molecular Imprinting Technique for the Determination of
Melamine. Biosens. Bioelectron. 2017, 87, 1029–1035. [CrossRef]

18. Abdelnaby, A.; Abdel-Aleem, N.; Mansour, A.; Abdelkader, A.; Ibrahim, A.N.; Sorour, S.M.; Elgendy, E.; Bayoumi, H.;
Abdelrahman, S.M.; Ibrahim, S.F.; et al. The Combination of Tamarindus Indica and Coenzyme Q10 Can Be a Potential Therapy
Preference to Attenuate Cadmium-Induced Hepatorenal Injury. Front. Pharmacol. 2022, 13, 954030. [CrossRef]

19. Meeran, M.F.N.; Azimullah, S.; Al Ahbabi, M.M.; Jha, N.K.; Lakshmanan, V.K.; Goyal, S.N.; Ojha, S. Nootkatone, a Dietary
Fragrant Bioactive Compound, Attenuates Dyslipidemia and Intramyocardial Lipid Accumulation and Favorably Alters Lipid
Metabolism in a Rat Model of Myocardial Injury: An In Vivo and In Vitro Study. Molecules 2020, 25, 5656. [CrossRef]

20. Dantas, L.B.R.; Silva, A.L.M.; Da Silva, C.P.; Alcântara, I.S.; De Oliveira, M.R.C.; Martins, A.O.B.P.B.; Ribeiro-Filho, J.;
Coutinho, H.D.M.; Passos, F.R.S.; Quintans, L.J.; et al. Nootkatone Inhibits Acute and Chronic Inflammatory Responses in Mice.
Molecules 2020, 25, 2181. [CrossRef]

21. Khasawneh, M.A.; Xiong, Y.; Peralta-Cruz, J.; Karchesy, J.J. Biologically Important Eremophilane Sesquiterpenes from Alaska
Cedar Heartwood Essential Oil and Their Semi-Synthetic Derivatives. Molecules 2011, 16, 4775–4785. [CrossRef] [PubMed]

22. Meeran, M.F.N.; Azimullah, S.; Adeghate, E.; Ojha, S. Nootkatone Attenuates Myocardial Oxidative Damage, Inflammation, and
Apoptosis in Isoproterenol-Induced Myocardial Infarction in Rats. Phytomedicine 2021, 84, 153405. [CrossRef] [PubMed]

23. Kurdi, A.; Hassan, K.; Venkataraman, B.; Rajesh, M. Nootkatone Confers Hepatoprotective and Anti-Fibrotic Actions in a Murine
Model of Liver Fibrosis by Suppressing Oxidative Stress, Inflammation, and Apoptosis. J. Biochem. Mol. Toxicol. 2018, 32, e22017.
[CrossRef]

24. Dai, C.; Zhang, X.; Lin, J.; Shen, J. Nootkatone Supplementation Ameliorates Carbon Tetrachloride-Induced Acute Liver Injury
via the Inhibition of Oxidative Stress, NF-KB Pathways, and the Activation of Nrf2/HO-1 Pathway. Antioxidants 2023, 12, 194.
[CrossRef]

25. Yao, Z.; Li, J.; Bian, L.; Li, Q.; Wang, X.; Yang, X.; Wei, X.; Wan, G.; Wang, Y.; Shi, J.; et al. Nootkatone Alleviates Rotenone-Induced
Parkinson’s Disease Symptoms through Activation of the PI3K/Akt Signaling Pathway. Phyther. Res. 2022, 36, 4183–4200.
[CrossRef] [PubMed]

26. Yan, T.; Li, F.; Xiong, W.; Wu, B.; Xiao, F.; He, B.; Jia, Y. Nootkatone Improves Anxiety- and Depression-like Behavior by Targeting
g Hyperammonemia-Induced Oxidative Stress in D-Galactosamine Model of Liver Injury. Environ. Toxicol. 2021, 36, 694–706.
[CrossRef] [PubMed]

27. Park, J.E.; Park, J.S.; Leem, Y.H.; Kim, D.Y.; Kim, H.S. NQO1 Mediates the Anti-Inflammatory Effects of Nootkatone in
Lipopolysaccharide-Induced Neuroinflammation by Modulating the AMPK Signaling Pathway. Free Radic. Biol. Med. 2021,
164, 354–368. [CrossRef]

28. Ali, B.H.; Al-Salam, S.; Adham, S.A.; Al Balushi, K.; Al Za’abi, M.; Beegam, S.; Yuvaraju, P.; Manoj, P.; Nemmar, A. Testicular
Toxicity of Water Pipe Smoke Exposure in Mice and the Effect of Treatment with Nootkatone Thereon. Oxid. Med. Cell. Longev.
2019, 2019, 2416935. [CrossRef]

29. Yang, W.; Liang, C.; Zhang, X.; Tian, X.; Ren, C.; Chen, S.; Wang, J.; Zhang, J. Melamine Induced Changes in Histopathology of the
Main Organs and Transcriptional Levels of MAPK Signaling Genes in Kidneys of Female Mice. Environ. Toxicol. 2022, 37, 585–592.
[CrossRef]

30. Qin, Y.; Lv, X.; Li, J.; Qi, G.; Diao, Q.; Liu, G.; Xue, M.; Wang, J.; Tong, J.; Zhang, L.; et al. Assessment of Melamine Contamination
in Crop, Soil and Water in China and Risks of Melamine Accumulation in Animal Tissues and Products. Environ. Int. 2010,
36, 446–452. [CrossRef]

31. Li, Q.; Song, P.; Wen, J. Melamine and Food Safety: A 10-Year Review. Curr. Opin. Food Sci. 2019, 30, 79–84. [CrossRef]
32. Pacini, N.; Dörr, A.J.M.; Elia, A.C.; Scoparo, M.; Abete, M.C.; Prearo, M. Melamine–Cyanurate Complexes and Oxidative Stress

Markers in Trout Kidney Following Melamine and Cyanuric Acid Long-Term Co-Exposure and Withdrawal. Fish Physiol. Biochem.
2014, 40, 1609–1619. [CrossRef]

33. Abdel-Daim, M.M.; Abdeen, A.; Jalouli, M.; Abdelkader, A.; Megahed, A.; Alkahtane, A.; Almeer, R.; Alhoshani, N.M.;
Al-Johani, N.S.; Alkahtani, S.; et al. Fucoidan Supplementation Modulates Hepato-Renal Oxidative Stress and DNA Damage
Induced by Aflatoxin B1 Intoxication in Rats. Sci. Total Environ. 2021, 768, 144781. [CrossRef]

34. Liu, Y.; Lin, X.; Hao, Z.; Yu, M.; Tang, Y.; Teng, X.; Sun, W.; Kang, L. Cadmium Exposure Caused Cardiotoxicity in Common Carps
(Cyprinus carpio L.): MiR-9-5p, Oxidative Stress, Energetic Impairment, Mitochondrial Division/Fusion Imbalance, Inflammation,
and Autophagy. Fish Shellfish. Immunol. 2023, 138, 108853. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ijbiomac.2021.09.156
https://www.ncbi.nlm.nih.gov/pubmed/34597692
https://doi.org/10.3390/toxins14090605
https://www.ncbi.nlm.nih.gov/pubmed/36136543
https://doi.org/10.1038/srep28041
https://doi.org/10.1016/j.bios.2016.09.074
https://doi.org/10.3389/fphar.2022.954030
https://doi.org/10.3390/molecules25235656
https://doi.org/10.3390/molecules25092181
https://doi.org/10.3390/molecules16064775
https://www.ncbi.nlm.nih.gov/pubmed/21654582
https://doi.org/10.1016/j.phymed.2020.153405
https://www.ncbi.nlm.nih.gov/pubmed/33636578
https://doi.org/10.1002/jbt.22017
https://doi.org/10.3390/antiox12010194
https://doi.org/10.1002/ptr.7552
https://www.ncbi.nlm.nih.gov/pubmed/35833337
https://doi.org/10.1002/tox.23073
https://www.ncbi.nlm.nih.gov/pubmed/33270352
https://doi.org/10.1016/j.freeradbiomed.2021.01.015
https://doi.org/10.1155/2019/2416935
https://doi.org/10.1002/tox.23424
https://doi.org/10.1016/j.envint.2010.03.006
https://doi.org/10.1016/j.cofs.2019.05.008
https://doi.org/10.1007/s10695-014-9952-5
https://doi.org/10.1016/j.scitotenv.2020.144781
https://doi.org/10.1016/j.fsi.2023.108853
https://www.ncbi.nlm.nih.gov/pubmed/37245677


Toxics 2023, 11, 784 17 of 17

35. Majid, A. Antioxidant effects of nootkatone on enhancing physical antioxidant effects of nootkatone on enhancing physical
endurance in food we eat. Int. J. Pharm. Sci. Res. 2022, 13, 2081–2088. [CrossRef]

36. Wu, C.F.; Liu, C.C.; Tsai, Y.C.; Chen, C.C.; Wu, M.T.; Hsieh, T.J. Diminishment of Nrf2 Antioxidative Defense Aggravates
Nephrotoxicity of Melamine and Oxalate Coexposure. Antioxidants 2021, 10, 1464. [CrossRef] [PubMed]

37. El Rabey, H.A.; Al-Sieni, A.I.; Majami, A.A. Screening of the Toxic Effects of a High Melamine Dose on the Biochemical
Hematological and Histopathological Investigations in Male Rats. Toxicol. Ind. Health 2014, 30, 950–963. [CrossRef]

38. Early, R.J.; Yu, H.; Mu, X.P.; Xu, H.; Guo, L.; Kong, Q.; Zhou, J.; He, B.; Yang, X.; Huang, H.; et al. Repeat Oral Dose Toxicity
Studies of Melamine in Rats and Monkeys. Arch. Toxicol. 2013, 87, 517–527. [CrossRef]

39. Kuo, F.C.; Tseng, Y.T.; Wu, S.R.; Wu, M.T.; Lo, Y.C. Melamine Activates NFκB/COX-2/PGE2 Pathway and Increases NADPH
Oxidase-Dependent ROS Production in Macrophages and Human Embryonic Kidney Cells. Toxicol. Vitr. 2013, 27, 1603–1611.
[CrossRef]

40. Habotta, O.; Ateya, A.; Saleh, R.M.; El-Ashry, E.S. Thiamethoxam Evoked Neural Oxido-Inflammatory Stress in Male Rats through
Modulation of Nrf2/NF-KB/INOS Signaling and Inflammatory Cytokines: Neuroprotective Effect of Silymarin. Neurotoxicology
2023, 96, 28–36. [CrossRef]

41. Alsharif, K.F.; Albrakati, A.; Al Omairi, N.E.; Almalki, A.S.; Alsanie, W.; Abd Elmageed, Z.Y.; Alharthi, F.; Althagafi, H.A.;
Alghamdi, A.A.A.; Hassan, I.E.; et al. Neuroprotective Efficacy of the Bacterial Metabolite, Prodigiosin, against Alu-
minium Chloride-Induced Neurochemical Alternations Associated with Alzheimer’s Disease Murine Model: Involvement of
Nrf2/HO-1/NF-KB Signaling. Environ. Toxicol. 2023, 38, 266–277. [CrossRef] [PubMed]

42. Kassab, R.B.; Theyab, A.; Al-Ghamdy, A.O.; Algahtani, M.; Mufti, A.H.; Alsharif, K.F.; Abdella, E.M.; Habotta, O.A.;
Omran, M.M.; Lokman, M.S.; et al. Protocatechuic Acid Abrogates Oxidative Insults, Inflammation, and Apoptosis in Liver and
Kidney Associated with Monosodium Glutamate Intoxication in Rats. Environ. Sci. Pollut. Res. 2022, 29, 12208–12221. [CrossRef]
[PubMed]

43. Luo, D.; Zhang, J.; Yin, H.; Li, S.; Xu, S.; Li, S. Ecotoxicology and Environmental Safety Cannabidiol Alleviates Perfluorooctane
Sulfonate-Induced Macrophage Extracellular Trap Mediate Inflammation and Fibrosis in Mice Liver. Ecotoxicol. Environ. Saf. 2023,
263, 115374. [CrossRef] [PubMed]

44. Wang, X.; Xu, T.; Luo, D.; Li, S.; Tang, X.; Ding, J.; Yin, H.; Li, S. Cannabidiol Alleviates Perfluorooctanesulfonic Acid-Induced
Cardiomyocyte Apoptosis by Maintaining Mitochondrial Dynamic Balance and Energy Metabolic Homeostasis. J. Agric. Food
Chem. 2023, 71, 5450–5462. [CrossRef]

45. Wardyn, J.D.; Ponsford, A.H.; Sanderson, C.M. Dissecting Molecular Cross-Talk between Nrf2 and NF-KB Response Pathways.
Biochem. Soc. Trans. 2015, 43, 621–626. [CrossRef]

46. Fan, J.; Liu, Z.; Xu, S.; Yan, X.; Cheng, W.; Yang, R.; Guo, Y. Non-Food Bioactive Product (+)-Nootkatone: Chemistry and Biological
Activities. Ind. Crops Prod. 2022, 177, 114490. [CrossRef]

47. Alkhaibari, I.S.; Raj, K.C.H.; Alnufaie, R.; Gilmore, D.; Alam, M.A. Synthesis of Chimeric Thiazolo-Nootkatone Derivatives as
Potent Antimicrobial Agents. ChemMedChem 2021, 16, 2628–2637. [CrossRef]

48. Gairola, S.; Ram, C.; Syed, A.M.; Doye, P.; Kulhari, U.; Mugale, M.N.; Murty, U.S.; Sahu, B.D. Nootkatone Confers Antifibrotic
Effect by Regulating the TGF-β/Smad Signaling Pathway in Mouse Model of Unilateral Ureteral Obstruction. Eur. J. Pharmacol.
2021, 910, 174479. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.13040/IJPSR.0975-8232.13(5).2081-88
https://doi.org/10.3390/antiox10091464
https://www.ncbi.nlm.nih.gov/pubmed/34573096
https://doi.org/10.1177/0748233713505127
https://doi.org/10.1007/s00204-012-0939-7
https://doi.org/10.1016/j.tiv.2013.04.011
https://doi.org/10.1016/j.neuro.2023.03.004
https://doi.org/10.1002/tox.23718
https://www.ncbi.nlm.nih.gov/pubmed/36447373
https://doi.org/10.1007/s11356-021-16578-4
https://www.ncbi.nlm.nih.gov/pubmed/34562213
https://doi.org/10.1016/j.ecoenv.2023.115374
https://www.ncbi.nlm.nih.gov/pubmed/37591127
https://doi.org/10.1021/acs.jafc.2c08378
https://doi.org/10.1042/BST20150014
https://doi.org/10.1016/j.indcrop.2021.114490
https://doi.org/10.1002/cmdc.202100230
https://doi.org/10.1016/j.ejphar.2021.174479

	Introduction 
	Materials and Methods 
	Chemicals 
	Animals and Ethical Endorsement 
	Experimental Modeling 
	Sampling 
	Estimation of Liver Biomarkers 
	Liver Homogenate Preparation 
	Estimation of the Hepatic Oxidative State 
	Histoarchitecture Analysis 
	Immunohistochemical Examination 
	Molecular Docking 
	Statistical Data 

	Results 
	Effect of ML and/or NK Treatment on Liver Biochemical Parameters 
	Effect of ML and/or NK Treatment on Oxidative Cascade and Lipid Peroxidation 
	Liver Histopathology following ML and/or NK Treatment 
	Nrf2 and NF-B Expression in Hepatic Tissue 
	Hierarchical Clustering Heatmap, PCA, and VIP Scores 
	Molecular Docking 

	Discussion 
	Conclusions 
	References

