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Abstract. - OBJECTIVE: Hepatic ischemia-reper-
fusion (H I/R) injury arises due to a temporary ob-
struction followed by the re-establishment of
blood supply to the liver. Linalool (LIN), a main vol-
atile constituent of essential oils in numerous ar-
omatic plant species, exhibited various medicinal
and pharmacological actions. This study investi-
gated the protective effect of LIN on the status of
H I/R, with the study of the possible mechanisms.
In addition, linalool’s antagonistic effects were
tested against several metabolic targets using in
silico molecular docking technique.

MATERIALS AND METHODS: Wistar rats
were allocated into five groups. Sham and LIN
+ Sham groups in which animals were adminis-
tered either vehicle (1% CMC) or LIN (200 mg/kg/
day) orally for two weeks. H I/R group in which
rats were administered 1% CMC for two weeks
and then experienced hepatic ischemia for 60 min
followed by 6 hours of reperfusion. LIN100 + HI/R
and LIN 200 + H I/R groups in which rats were pre-
treated with LIN (100, 200 mg/kg/day) respectively
for two weeks, then subjected to H I/R.

RESULTS: H I/R-induced injury resulted in im-
paired liver function and activated Keap1/Nrf2/
HO-1/NQO1 and HMGB1/TLR4/RAGE/NFxB path-
ways with subsequent oxidative stress, inflamma-
tion, and apoptosis. LIN pretreatment alleviated
I/R-induced impairment in liver function, promoted
Keap1/Nrf2/HO-1/NQO1, and mitigated the HMGB1/
TLR4/RAGE/NFxB pathway. LIN pre-administration
deterred adhesion molecule, neutrophils infiltra-
tion, RAGE, IL-1p, IL-6, TNF-a, and apoptosis.

CONCLUSIONS: LIN demonstrated hepato-pro-
tective effects against H I/R via instigation Keap1/
Nrf2/HO-1/NQO1 and mitigating the HWGB1/TLR4/
RAGE/NFxB pathways with subsequent deterring
oxidative stress, inflammation, and apoptosis.
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Introduction

Hepatic ischemia-reperfusion (H I/R) injury
is a syndrome that happens quite often during
several hepatic clinical situations, resulting in li-
ver dysfunction and failure'?. H I/R injury arises
due to a temporary obstruction of blood supply
tailed with the reestablishment of the blood sup-
ply. Extensive damage happens during the blood
reperfusion rather than during ischemia®. Nume-
rous aspects are concomitant in the H I/R-induced
damage, including mitochondrial dysfunction,
oxidative stress, inflammation, calcium overload,
microcirculation disruption, apoptosis, and au-
tophagy, among other aspects®. Reactive oxygen
species (ROS) is the main initiator for different
signaling leading to hepatocyte injury and, sub-
sequently, inflammation and necrosis/apoptosis™.

The Kelch-like ECH-Associated protein 1/ nu-
clear factor erythroid 2 related factor 2/antioxi-
dant response element (Keapl/Nrf2/ARE) has
a vital part in the defense against H I/R induced
damage'#7. Under unstressed conditions, Nrf2
degenerates continually vie the ubiquitin-pro-
teasome pathway when associated with Keapl.
Whereas under stress, Nrf2 degradation termi-
nates as it separates from Keapl to transloca-
te into the nucleus®. Nrf2 translocating triggers
and releases numerous downstream target genes
comprising antioxidant enzymes [such as Heme
Oxygenase-1 (HO-1), peroxidase-1, superoxide
dismutase (SOD), Glutathione (GSH)] and pha-
se II metabolizing enzymes [containing mainly
glutathione-S-transferase, and NAD(P)H quinone
dehydrogenase 1 (NQO1)] to eradicate ROS and
diminish the whole redox reaction’. Triggering the
nuclear Nrf2 pathway regulates both the oxidative
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stress as well as the inflammation process®. Fur-
thermore, Nrf2 is capable of modulating other si-
gnal pathways, for instance, Nuclear Factor kappa
B (NFkB)/Toll-like receptor-4 (TLR-4)'°. NFxB
is another key regulator in the inflammation and
cell death involved in hepatocellular injury. Some
previous studies'! recognized the role of TLR-4/
NF«xB-p65 pathway activation in diverse hepatic
injury models, including liver fibrosis, encephalo-
pathy', and ischemia-reperfusion'®.

High-mobility group box 1 (HMGBI) is a
non-histone nuclear protein that acts as an es-
sential damage-associated molecular pattern
(DAMP) molecule’®. HMGBI1 activates proin-
flammatory signaling by interacting with certain
pattern recognition receptors, such as TLR4, and
the receptor for advanced glycation end-products
(RAGE)'+!"*. HMGBI is an early moderator of da-
mage and inflammation subsequent to I/R of the
liver!, kidney!’, brain'®, and heart®.

Linalool (LIN), a major volatile constituent of
the essential oils in numerous plant species such
as lavender oil, has been reported®** to exhibit
cytotoxic®, antibacterial®!, antinociceptive®?, an-
ti-inflammatory*, and antioxidant** activities.
LIN protected against acetic acid-induced ulcera-
tive colitis®, ovalbumin-associated lung inflam-
mation?, cigarette smoke (CS) prompted acute
pulmonary inflammation®, and cisplatin-induced
nephrotoxicity”’. As for neuroprotective actions,
LIN alleviated A B 42-induced Alzheimer’s disea-
se?, oxygen-glucose deprivation-induced neuronal
injury®, and acrylamide-induced neurotoxicity®.
LIN demonstrated hepatoprotective actions against
carbon tetrachloride CC1,***', and lipopolysaccha-
ride/D-galactosamine®” persuaded liver damage.

However, LIN actions on hepatic ischemia-re-
perfusion have not been studied before. Therefore,
whether the Keap1/Nrf2/HO-1/NQO1 and HMGB1/
TLR4/RAGE/NFxB pathways contribute to the
protection provided by LIN against H I/R-induced
injury remains unclear. Accordingly, the present in-
vestigation investigated the hepatoprotective effect
of LIN against H I/R-induced injury. Moreover,
the study inspected the role of Keapl/Nrf2/HO-1/
NQOI1 and HMGB1/TLR4/RAGE/NFkB signaling
pathways in the LIN effect in H I/R.

Materials and Methods

Animals Acquisition
Wistar male rats were obtained from the Expe-
rimental Animal Research Centre, King Saud

University. The animals were kept with standard
laboratory food and water ad libitum in a venti-
lated cage system (12 h light/dark cycles, 20.3-
23.1°C). After one week of acclimatization, the
rats were used for the current study.

Animals Ethical Statement

The Institutional Animal Care and Use Com-
mittee at King Faisal University (KFU) permitted
the study with the protocol (KFU-REC-2022-
FEB-EA000418). Different experiments were
performed in harmony with the measures and
guidelines of the Ethical Conduct for the Use of
Animals in Research at KFU.

H I/R Model Surgical Procedures

Rats were anesthetized with isoflurane with
oxygen (2%, 0.5 L/h) throughout the whole sur-
gery. Animals’ abdomens were shaved, and a sur-
gical incision (about 3 cm) from the pubic to the
sternum was executed. The portal triad, compri-
sing the hepatic artery, portal vein, and common
bile duct, was clamped using a micro-vascular
clamp for 60 min to prompt ischemia (temporary
obstruction of blood supply, hepatic deoxygena-
tion). Hepatic reperfusion (re-establishment of
the blood supply, reoxygenation) was accompa-
nied by releasing the micro-vascular clamp!®33
and permitted reperfusion for six hours. The sham
animals were subjected to all the techniques that
occurred during H I/R, and deprived of blood flow
blockage.

Investigational Design

LIN was isolated from the essential oil of la-
vender, as stated by Mohamed et al**. LIN was
administered orally by gavage after being su-
spended in 1% carboxymethyl cellulose (CMC).
LIN dose (100 and 200 mg/kg) selection was
based on previous studies’**. Thirty Wistar
rats were haphazardly divided into four groups
(n=6). The sham group was given a vehicle
(1% CMC) orally for two weeks and subjected
to sham steps. LIN + Sham group was admini-
stered LIN (200 mg/kg/day) for two weeks and
then subjected to sham steps. The third group,
the H I/R group, in which rats were administe-
red 1% CMC for two weeks and then hepatic
ischemia for 60 min followed by 6 hours re-
perfusion was implemented. Finally, LIN 100
+ H I/R and LIN 100 + H I/R groups in which
rats were administered LIN (100, 200 mg/kg/
day) respectively for two weeks orally, then
subjected to hepatic I/R surgical procedure.
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Hepatic Tissue and Serum Isolation

Once the reperfusion period was accomplished,
animals’ blood was obtained through the hearts,
centrifuged at 4,000 xg for 15 min at 4°C, and
stored at -20°C to be utilized in the biochemical
estimation of liver function tests, including ALT,
AST, ALP, and LDH. Additionally, hepatic tis-
sues were isolated, washed in cool PBS, and di-
stributed in three portions. The first part was ho-
mogenized with PBS, centrifuged at 10,000 xg for
15 min at 4°C, and consumed to evaluate oxida-
tive stress. Another portion was kept at -20°C for
subsequent western blot analysis and qRT-PCR.
The third amount was used to estimate the histo-
pathological variations as well as the immunobhi-
stochemical manifestation after being fixed with
10% formalin-buffered saline.

Assessment of Hepatic Function
Biomarkers

Rat Alanine Aminotransferase (ALT) ELI-
SA kit (ab285264), Aspartate Aminotransferase
(AST) ELISA kit (ab263883), and Alkaline Pho-
sphatase (ALP) colorimetric assay kit (ab83369),
Lactate Dehydrogenase (LDH) colorimetric assay
kit (ab102526) were attained from Abcam (Bo-
ston, MA, USA).

Assessment of Oxidative Stress

Antioxidant and lipid peroxidation were moni-
tored in the hepatic homogenate. Malondialdehyde
(MDA, ab238537), glutathione (GSH, ab65322),
glutathione-s- transferase (GST, ab65326), nitric
oxide (NO, ab272517) assay kits were purchased
from Abcam Inc. (Cambridge, UK). Superoxi-
de dismutase (SOD; MBS036924) and catalase
(MBS726781) ELISA kits were obtained from
My BioSource (San Diego, CA, USA).

Assessment of Histopathological, Immunohi-
stochemistry and Immunofluorescence Analysis

Part of the ischemic hepatic fraction was fixed
with 10% formalin, embedded in paraffin, cut into
5 um thick paraffin slices, and stained with hema-
toxylin & eosin (H&E). Ischemic hepatic damage
was estimated by two pathologists blinded to the
investigational design under a light microscope
(magnification, x400) using the Suzuki grading
system®. Suzuki grading standard includes five
scores (04) related to hepatocyte cytoplasm va-
cuolization, necrosis, and tissue congestion.

For the immunohistochemistry (IHC) proce-
dure, the expression of NFkB was determined, as
shown formerly?’. Liver sections were blocked,
incubated with NFxB antibody (1:100, Ther-
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mo Fisher Scientific, Cambridge, UK) overnight
at 4°C, followed by goat anti-rabbit-horseradi-
sh peroxidase (HRP) conjugated IgG antibody
(1:1,000; Cat. no. ab6721; Abcam, Eugene, OR,
USA) for 1 hour at 37°C. NIS-Elements software
(Nikon Instruments Inc., Melville, NY, USA) was
used for quantitative analysis. Firstly, the area of
IHC reaction in the picture was selected, and then
the average optical density in the designated area
of each photograph was assessed. Positive cells
were counted under x400 magnification, obser-
ving 10 consecutive non-overlapping fields per
animal in a blinded manner.

For the ROS fluorescent protocol, frozen hepa-
tic sections were used for ROS content determina-
tion by a fluorescent dye dihydroethidium (DHE)
(D11347, Thermo Fisher Scientific, Cambridge,
UK). Firstly, the tissue was marked by a liquid
blocker pen at room temperature. A spontaneous
fluorescence quenching reagent was added for 5
min, then washed with tap water. ROS staining
solution (DHE 10 umol/l) was added to the tissue
area at 37°C for 30 min in the dark. Sections were
washed three times with PBS (pH 7.4), incubated
with DAPI solution (62248, Thermo Fisher Scien-
tific, Cambridge, UK) for 10 min in the dark, and
washed with PBS. Sections were mounted with
an anti-fade mounting medium, and images were
captured using a fluorescence microscope (magni-
fication, x400). ROS-positive cells were labeled
by fluorescein and appeared red.

In Silico Docking Study

The molecular docking of LIN on TLR-4/
MD-2, IkB kinase (IKK)*, Keapl, and RAGE
proteins was performed on MOE software and
visualized by Discovery Studio visualizer (Ac-
celrys, Inc., San Diego, USA). The procedures
started by downloading the 3D crystal structure
of TLR-4/MD-2 (PDB: 3FXI, available at: ht-
tps://www.rcsb.org/structure/3FXI), IKK (PDB:
4KIK, available at: https://www.rcsb.org/structu-
re/4KIK), Keapl (PDB: 5FNU, available at: ht-
tps://www.rcsb.org/structure/SFNU), and RAGE
(PDB: 303U, available at: https://www.rcsb.org/
structure/303U) from the protein data bank, fol-
lowed by preparing the protein structure, adding
protons, removing unnecessary water molecules,
and fixing missing chains. The binding sites were
defined from the co-crystalized ligand position.
A validation step was carried out to ensure the
docking procedures. The 2D structure of LIN was
drawn on ChemDraw Professional 16.0 (Perki-
nElmer Informatics, Inc., Waltham, Massachu-
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setts, USA), followed by ligand preparation and
energy minimization in MOE to be docked inside
the binding sites. The best ten docking poses were
selected and studied to get the best orientation
with the best score compared to the reference li-
gand.

Gene Expression Determination of
Keap 1/Nrf-2/HO-1/NQO-1 and HMGB1/
TLR4/RAGE /NFDB Pathways

Real-time PCR was performed according
to the technique described elsewhere. The pri-
mers used are as follow Nrf2 (NM_031789.2) F:
5’-CATTTGTAGATGACCATGAGTCGC-3,
R:  3’-ATCAGGGGTGGTG AAGACTG-5’;
HO-1 (NM 012580.2) F: 5-GTGCACATC-
CGTGCAGAGAA-3’, R: 3’-GTGCACATCC
GTGCAGAGAA-5’; NQO-1 (NM_008706) F:
5-GTCCATTCCAGCTGACAACCA-3/, R:
3-GTCCATTCCAGCTGACAACCA-5" ; TLR4
(NM_019178) F: 5'-GCTGCCAACATCATC-
CAGGAAGG-3', R: 3-TG ATGCCAGAGCG-
GCTACTCAG-5'; RAGE (NM 053336) F:
5'- CTGCCTCTGAACTCAC AGCCAATG -3/,
R: 3'-GTGCCTCC TGGT CTCCTCCTTC-5';
HMGB-1 (XM 0391002 70) F: 5'- AGGCTGAC
AAGGCTCGTTATG -3', R: 3'- TGTCATCC-
GCAGCAGTGTTG -5'; Bel-2 (NM_016993.1)
F: 5-CCGGGAGATCGTG ATGAAGT-3', R:
3-ATCCCAGCCTCCGTTATCCT-5"; Bax
(NM_017059.2) F: 5-GTGGTTGCCCTCT-
TCTACTTTG-3', R: 3-CACAAAGATG-
GTCACTGTCTGC-5'; B-actin (NM_ 03 144.3)
F: 5-TGACAGGATGCAGAAGGAGA-3', R:
3-TAGAGCCACCAATCCACACA-5'. Expres-
sion of the target gene was assessed and correlated
to the reference gene (B-actin). f-actin expression
was used for sample normalization, where the 2~
AMCT equation was used for relative expression de-
termination.

Protein Expression Experiments of Nrf-2/
HO-1/NQO-1

Western blot analysis was carried out as descri-
bed previously*’. Nrf2 nucleoprotein was measu-
red in the nuclear lysate portion using a nuclear
protein extraction kit (abl113474; Abcam Inc.,
Cambridge, UK). Total protein was extracted
using RIPA lysis buffer. 20 pug protein samples
were separated using 10% SDSPAGE and tran-
sferred to PVDF membranes. Membranes were
blocked with 5% skimmed milk (at room tempe-
rature for one hour), and then incubated with pri-
mary antibodies at 4°C overnight. Nrf2 (cat. no.

ab92946), HO1 (cat. no. ab13248), NQOI1 (cat.
no. ab2346) were purchased from Abcam Inc.,
UK. Membranes were washed with Tris-buffered
saline containing 0.1% (v/v) Tween®20 (TBST)
(Merck KGaA, Darmstadt, Germany) three times
and incubated with horseradishconjugated goa-
tanti-rabbit secondary antibody (1:10,000; cat. no.
SA000012; ProteinTech Group Inc., Chicago, IL,
USA) at room temperature for one hour, then wa-
shed again. Band intensities were measured using
Image J v1.8.0 software (National Institutes of
Health NIH, Bethesda, Maryland, USA).

Enzyme-Linked Immunosorbent Assay
(ELISA)Determination of HMGB1/TLR4/
RAGE Pathway

RAGE (ab202409, Abcam, UK), HMGBI
(OKCDO04073, Aviva Systems Biology, CA,
USA), TLR4 (E15822, Cusabio, Wuhan, China)
ELISA kits were used for the quantitative mea-
surement of HMGB1, TLR4, and RAGE proteins
following the manufactures instructions.

Assessment of Neutrophils Infiltration,
Inflammation Mediators, and Apoptotic
Markers

Inflammation markers including TNF-a
(ab46070), IL-1B (ab100768), IL-6 (ab100772)
and IL-10 (ab133112), intercellular adhesion mo-
lecule-1 (ICAM-1, CD54) (ab100763), and Mye-
loperoxidase (MPO) (ab285308) ELISA kits were
obtained from Abcam Inc., Cambridge, UK. Cle-
aved caspase-3 (KHO1091) was purchased from
Thermo Fisher Scientific Inc. Waltham, MA,
USA, whereas caspase-9 (LS-F4141) was acqui-
red from Biocompare, San Francisco, CA, USA.

Statistical Analysis

Data are demonstrated as mean =+ SD. One-way
ANOVA test, followed by Tukey-Kramer as a
post-hoc test, were executed for multiple compa-
risons between different experimental groups. p
as a level of probability was set lower than 0.05
(p < 0.05), indicating the significance level. All
statistical analyses were performed using Graph
Pad software (version 8.0, CA, USA).

Results
LIN Alleviated Hepatic Function and Histopa-
thological Examination in H I/R-Induced Injury

Liver function was assessed by identifying the
serum ALT, AST, ALP, and LDH levels*. As di-
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splayed in Figure 1, and in comparison, with the
sham, the H I/R animals exhibited elevated ALT,
AST, ALP, and LDH levels. Alternatively, related
to the H I/R group, LIN pretreatment alleviated
ischemia-induced impairment in liver function,
as confirmed by lowered ALT, AST, ALP, and
LDH. LIN (100 and 200 mg/kg) caused a percen-
tage decrease in ALT (22.4% and 40.9%), AST
(20.96% and 39.9%), ALP (25.14% and 41.87%),
and LDH (27.03% and 50.94%), respectively,
when compared to the H I/R (Figure 1a-d).

In regard to the histopathological investigation,
sham-operated groups showed regular histology
architecture, while the H I/R exhibited plentiful
histopathological variations, comprising diffuse
necrosis with disorganized parenchyma and dila-
ted sinusoids. LIN pretreated groups revealed re-e-
stablished liver parenchyma, less necrosis, fewer
congested sinusoids, and portal vasculatures with
minor vacuolation. The histopathological changes
were numerically expressed using Suzuki scores,
where all three features, congestion, vacuolation,
and necrosis, were extensively amplified in the H
I/R (Figure 1f). On the other hand, LIN precon-
ditioned animals demonstrated a considerable re-
duction in hepatic congestion and hepatocellular
vacuolation and necrosis when related to the H
I/R animals. Nevertheless, no significant variance
was detected between the two doses of LIN in Su-
zuki scores, as illustrated in Figure 1f.

In Silico Studies

In order to investigate the mechanism of action
of LIN, the compound’s antagonistic effects were
tested against several metabolic targets using in
silico molecular docking techniques. The pre-
liminary investigation identified four potential
targets to continue the study on TLR4, RAGE,
Keapl, and IKK, giving rise to the inflammatory
HMGB1/TLR4/RAGE/NF«B and the oxidative
stress Keap1/Nrf2/HO-1/NQO-1 pathways.

Molecular Docking in TLR4/MDZ2
Complex (PDB: 3FXI)*%3°

Figure 2 represents the interaction diagrams that
show the insertion of LIN in the hydrophobic region
of the LPS binding site in the TLR4/MD2 complex.
LIN had strong interactions with the key amino acids
Lys109 (H-bonding) and Arg69 (alkyl interaction),
with a docking score of -4.55 Kcal/mol.

Molecular Docking in IKK (PDB: 4KIK)***'

IKK is known to be responsible for NF-Kf
activation and nuclear translocation. Diagrams
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in Figure 3 demonstrated that LIN occupied the
main binding site (docking score -4.80 Kcal/mol)
of the co-crystalized ligand and interacted with
the key amino acids Aspl66 (H-bonding), and
Phe26 (alkyl interaction).

Molecular Docking for Studying Keap1
Inhibition by LIN

As the Keapl/Nrf2 complex is formed in the
cell cytoplasm, the complex will be degraded by
cell proteases, preventing Nrf2 from traveling to
the nucleus and activating oxidative stress me-
chanisms. Therefore, the ability of potential drug
molecules to inhibit the Keapl/Nrf2 complex is
a measure of these drug antioxidant activities.
The hereby molecular docking study was carried
out in the Keapl/Nrf2 binding site** and gave a
binding score of -5.61 Kcal/mol. LIN occupied
the binding site of Nrf2 on Keapl and interacted
with the amino acids ALAS556 (alkyl interaction),
ALA510 (H-bonding), and Gly509 (H-bonding),
as demonstrated in Figure 4.

Molecular Docking for Studying RAGE
Inhibition (PDB: 303U)*

RAGE is one of the components of the inflam-
matory HMGB1/TLR4/RAGE/NF«B pathway.
Figure 5 shows the docking of LIN in the active
site of RAGE. LIN occupied the active site throu-
gh interaction with the amino acids Arg66 (H
bonding), Glu44 (H bonding), and Tyr341 (alkyl
interaction). LIN gave a binding score of -5.43
Kcal/mol.

LIN Triggered Nrf2/HO-1/NQO-1
Signaling in H I/R-Induced Damage

Triggering Nrf2 pathway regulates both the
oxidative stress as well as the inflammation pro-
cess’. The in-silico studies suggested the contri-
bution of the Keapl/Nrf2/HO-1/NQO-1 signa-
ling; therefore, the gene expression of Nrf2, and
its downstream target proteins, including HO-1
and NQO-1, were assessed. As shown in Figure
6, the outcomes indicated that H I/R had induced
the stimulation of Nrf-2/HO-1, as established by
the greater expression of Nrf2, HO-1, and NQO-1
in the H I/R, when related to the sham group. Al-
ternatively, LIN pretreatment even further promo-
ted Nrf-2/HO-1/NQO-1, as displayed by greater
expression of Nrf-2, HO-1, and NQO-1 in compa-
rison to the ischemic group (p < 0.05).

LIN Alleviated the Activation of HMGBI1/
TLR4/RAGE/NFxB Signaling Pathway in H
I/R-Induced Injury
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The next pathway we studied is HMGBI,
TLR4, and RAGE pathway. The H I/R animals
displayed elevated gene and ELISA evaluation of
HMGBI, TLR4, and RAGE proteins (Figure 7),
signifying stimulated HMGB1/TLR4/RAGE pa-
thway because of ischemia reperfusion-induced
injury. Whereas administration of LIN prior to
hepatic ischemia resulted in mitigated HMGB1/
TLR4/RAGE pathway as shown in Figure 7.
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LIN Alleviated Oxidative Stress
in H I/R-Induced Damage

The ischemic animals exhibited elevated MDA,
NO contents and decreased the antioxidant enzy-
mes (SOD, CAT, and GST) and GSH content, as
revealed in Figure 8. Alternatively, pretreatment
with LIN diminished MDA, and NO contents and
augmented the antioxidant enzymes (SOD, CAT,
and GST) and GSH content. These outcomes de-
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monstrated that Keapl/Nrf-2/HO-1/NQO-1 acti-
vation may mitigate the oxidative stress status
arising within the hepatic tissue (Figure 8). In ad-
dition, compared with the Sham and LIN + Sham
groups, H I/R displayed markedly amplified intra-
cellular ROS levels (Figure 8j). At the same time,
management with LIN deterred ROS levels.

LIN Alleviated Neutrophils Infiltration
and Inflammatory Indicators
in H I/R-Induced Damage

Hepatic ischemic animals exhibited prompted
ICAM-1, which contributed to the neutrophil in-
filtration as indicated by amplified MPO levels
(Figure 9a-b). Meanwhile, LIN administration

deterred the H I/R-induced ICAM-1 and MPO
elevations.

H I/R animals experienced an escalation in di-
verse inflammatory mediators, including TNF-a,
IL-6, IL-1B, and NF«B, whereas IL-10 was de-
pressed, as illustrated in Figure 9c-g. These inten-
sifications were deterred significantly (p < 0.05)
in animals pretreated with LIN (100 and 200 mg/
kg), while IL-10 was elevated (p < 0.05).

The IHC analysis (Figure 9h-i) outcomes
exposed that NFkB positive cells were hardly di-
splayed in the sham group. On the other hand, H
I/R sections revealed intense NFxB positive cell.
NF«B positive cells were depressed in the groups
pretreated with LIN when related to the H I/R
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group. Altogether, these outcomes signify that the
hepatoprotective action of LIN might be by the
deterring of HMGB1/TLR4/RAGE/NF«B signa-
ling pathway.

LIN Alleviated Apoptotic Indicators in H
I/R-Induced Damage

Animals experimented with H I/R surgery di-
splayed significantly exacerbated apoptotic ele-
ments, containing caspase 3 and 9 levels and Bax
gene expression, while Bcl-2 gene expression was
lessened, as displayed in Figure 10. Management
with LIN moderated the apoptosis as established
by the depressed caspase 3 and 9 and Bax and am-
plified Bcl2, signifying the anti-apoptotic influen-
ce of LIN.
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Discussion

The main objective was to prove the capability
of LIN to defend the liver cell tissues from the
manifestation and symptoms resulting from the
H I/R status. The study was initiated with the in-
duction of H I/R in experimental animals, priory
administered LIN in different doses. Injury mar-
kers were the first to be determined in order to
identify the protective influence of LIN on ische-
mic liver cells.

H I/R surgery surely induced injury in liver
cells, which was evidenced by the upregulation
of AST, ALT, ALP, and LDH, released from
damaged hepatocytes as hepatic injury markers.
Moreover, H I/R caused severe histopathological
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alterations. These consequences are consistent
with previous reports*’#%. Conversely, LIN pretre-
atment deterred ischemia-induced impairment in
liver function and nearly restored histopathologi-
cal architectures. Previously, LIN demonstrated*?
a defensive outcome against LPS/GalN-promoted
acute liver damage, accompanied by pathological
damage restrictive and ALT and AST levels re-
duction. Furthermore, LIN significantly reduced
AST and ALT in CCl,-induced hepatotoxicity™.
The next step was to suggest the involved me-
chanisms that could be responsible for this pro-
tective effect of LIN. We implemented in-silico
molecular docking approaches to predict the inhi-

bitory effect of LIN on different molecular targets
representing different signaling pathways. LIN
produced promising antagonistic actions with
mainly four targets: TLR4, RAGE, Keapl, and
IKK, suggesting the involvement of the oxidative
stress Keap1/Nrf2/HO-1/NQO-1 and the inflam-
matory HMGB1/TLR4/RAGE/NF«B pathways.
Keapl/Nrf2/HO-1/NQO-1 pathway 1is able
to defend against oxidative stress. Keapl/Nrf2/
HO-1/NQO-1 pathway activation motivates nu-
merous antioxidant and anti-inflammatory factor
expressions. Keapl complex with, and thus de-
stroy Nrf2 in the cytoplasm through the ubiquiti-
nation and proteasome pathway’. With motivated
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Figure 5. The in-silico docking diagrams of LIN in RAGE. a, 2D interaction diagram of LIN in RAGE active site forming an
H-bond with the key amino acid Arg66, Glu44, and an alkyl interaction with Tyr341. b, 3D interaction diagrams.
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by any oxidative stress situation, Nrf2 translocates
into the nucleus to activate and release numerous
downstream target genes comprising antioxidant
enzymes, including HO-1, peroxidase-1, SOD,
GSH, y - glutamylcysteine synthetase, and phase
II metabolizing enzymes. These measures eradi-
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cate ROS, lessen MDA and diminish the whole
redox reaction’. In this investigation, H I/R injury
resulted in amplified the gene expressions of Nrf2,
HO-1, and NQOI1 and lowered Keapl, implying
that H I/R injury promoted the Keap1/Nrf2/HO-1/
NQOL1 signaling to augment the antioxidant capa-
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city of hepatocytes. Similarly, Chen et al* showed
that H I/R activated Nrf2/HO-1. Preconditioning
the animals with LIN resulted in even further pro-
motion of Keap1/Nrf2/HO-1/NQOI activation, as
displayed by greater expression of Nrf2, HO-1,
and NQO-1 and lower expression of Keapl. Prior
studies showed that LIN increased the Nrf2 and
HO-1 expression up-regulation by LPS/GalN-in-
duced liver injury*’. In addition, LIN induced
nuclear translocation of Nrf2 and expression of
HO-1 in LPS-stimulated BV2 microglia cells,
suggesting that LIN reserved LPS prompted in-
flammation in BV2 microglia cells by stimulating
Keap1/Nrf2/HO-1/NQO1signaling®.

H I/R triggers the overproduction of ROS,
which promotes lipid peroxidation and the manu-
facture of exceptionally destructive free radicals®.
These free radicals exceed the hepatocytes’ capa-

bility to eliminate, causing depletion of antioxi-
dant enzymes such as CAT and GSH°. Hence,
in the current study, ischemic animals exhibited
elevated MDA, NO contents and decreased SOD,
CAT, GST, and GSH content. Whereas pretreat-
ment with LIN diminished MDA, NO contents
and augmented SOD, CAT, GST, and GSH con-
tent. Previous reports*** showed that LIN pos-
sesses an influential antioxidant activity. For in-
stance, LIN attenuated oxidative stress facilitated
by glutamate and NMDA toxicity*, benzene-in-
duced oxidative stress in human lymphocytes®,
and doxorubicin-induced kidney injury®. In
another study?’, LIN significantly lowered MDA
and increased GSH levels and catalase activity
in the CCl -induced hepatotoxicity. Besides, LIN
decreased MDA content and MPO activity in
LPS/GalN-induced liver damage™®.
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As suggested by the in-silico studies in literatu-
re, LIN could have an effect on the inflammatory
HMGBI1/TLR4/RAGE/NF«xB pathway, which
was proved in vivo. Growing evidence'®* has
demonstrated that HMGB1/TLR4/RAGE/NF«B
pathway is a key signaling pathway in ischemic

injuries. HMGBI is a promising therapeutic target
in disease’'. A previous study by Chen et al*? has
shown that HMGBI exacerbated CCIl,-induced
acute liver injury and that blocking or knocking
down HMGBI significantly attenuated CCl -in-
duced hepatic injury. HMGBI1 binds to multiple
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receptors, such as TLRs and RAGE, which trig-
gers NF«B signaling pathway. The NFxB stimu-
lates the inflammatory cytokines. Hence, blocking
this pathway may be used to protect against I/R
damage. The H I/R animals, in the hereby study,
displayed elevated gene expression of HMGBI,
TLR4, and RAGE. Indeed, preconditioning the
animals with LIN earlier than the hepatic ische-
mia diminished the HMGBI1/TLR4/RAGE/
NF«B pathway as demonstrated by the depressed
gene expression of HMGBI1, TLR4, and RAGE
and lowered activity of NFxB. LIN limited en-
dotoxin-associated weight loss by mitigating
HMGB-1, TLR4, and RAGE, with subsequent
minimized inflammatory cytokines™.

H I/R animals exhibited prompted ICAM-I1,
which contributed to the neutrophil infiltration as
indicated by amplified MPO levels. Besides, H I/R
animals experienced an intensification in diverse
inflammatory mediators, containing IL-1pB, IL-6,
TNF-a, and NFkB, and depressed IL-10. At the
same time, LIN pre-administration prevented the H
I/R-induced ICAM-1, MPO, IL-1B, IL-6, TNF-q,
and NF«B elevations and elevated IL-10. Numerous
studies in literature have demonstrated the anti-in-
flammatory actions of LIN. For instance, LIN lesse-

10108

ned TNF-a and IL-6 and iNOS and COX-2 expres-
sion, by deterring NFxB in LPS/GalN-associated
hepatic injury®. Likewise, LIN attenuated cigaret-
te smoking-associated pulmonary inflammation,
inhibited inflammatory cell infiltration and MCP-1
production, and suppressed NF«B activation®. Fur-
thermore, LIN inhibited UVB- induced skin dama-
ge by deterring the phosphorylation of ERK1, JNK,
and p38 proteins of the MAPK family, inhibiting
NF«B*. LIN inhibited LPS-prompted TNF-o, IL-
1B, NO, and PGE2 production and NF«B activation
in LPS-stimulated BV2 microglia cells®.

As a result of augmenting Keap1/Nrf2/HO-1/
NQO1 and deterring HMGBI1/TLR4/RAGE/
NF«B signaling pathway, LIN caused apoptosis
moderation as established by the depressed caspa-
se 3 and 9 and Bax and amplified Bcl2. Similarly,
management of LIN amplified Bcl-2 expression
and reserved caspase-3 and caspase-8 in LPS/
GalN-associated liver damage?2.

Conclusions

This study demonstrated the possible effi-
cacy of LIN as a protective compound against
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H I/R-induced liver damage. LIN protected the
hepatocytes against H I/R by activating Keapl/
Nrf2/HO-1/NQO-1 pathway as well as mitigating
the HMGB1/TLR4/RAGE/NF«kB pathway. Sub-
sequently, LIN alleviated liver function enzyme
augmentation and ameliorated oxidative stress
status, mitigated the inflammatory, and apoptotic
markers. This study adds to the scientific pool of
the pharmacological actions of the natural mono-
terpene LIN, showing LIN as a protective agent
in liver ischemic/reperfusion and associated con-
ditions.
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