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A B S T R A C T   

Objective: Morin (MRN), a known natural flavonol, has demonstrated its shielding aptitude against ischemia/ 
reperfusion (I/Re) lesion in various organs. Nonetheless, its potential influence on hepatic I/Re-induced injury 
modulation has not been fully elucidated. Consequently, the current study strived to investigate the mechanistic 
maneuvering of MRN against hepatic I/Re. Furthermore, the effects of MRN on Nrf2, TLR4, and NLRP3 proteins 
were evaluated via molecular docking studies. 
Methods: For fulfilling this aim, Sprague-Dawley rats were allotted into 4 groups; Sham-operated (ShG), hepatic 
I/Re (30 min/24 h), and 10 days orally pre-treated MRN (50 and 100 mg/kg). 
Key findings: MRN mechanistic maneuver disclosed its ability to safeguard the hepatocytes partially due to 
antioxidant aptitude through intensifying the expression/content of Nrf2/HO-1 trajectory accompanied by total 
antioxidant capacity boosting besides MDA lessening. In addition, MRN anti-inflammatory attribute was affirmed 
by downsizing the expression/content of TLR4/NF-κB trajectory accompanied by a sequent lessening of TNF-α, 
IL-1β, IL-6, and ICAM-1 content. Moreover, MRN action entangled NLRP3 inhibitory character with subsequent 
MPO rebating. Furthermore, MRN anti-apoptotic trait verified by diminishing the pro-apoptotic and the 
executioner markers; Bax and caspase-3 levels, respectively. On the other hand, MRN administration proved its 
shielding action by improving the histopathological deterioration and lessening the serum ALT and AST levels. 
Finally, in silico studies exhibited moderate to promising binding affinities of MRN with the selected proteins 
ranging from − 4.23 to − 6.09 kcal mol− 1. 
Conclusion: Higher and lower doses of MRN purveyed plausible defensive mechanisms and abated episodes 
concomitant with hepatic I/Re mischief in part, by modifying oxidative status and inflammation by the impact on 
Nrf2/HO-1, TLR4/ NF-κB, and NLRP3 pathway.   

1. Introduction 

Hepatic ischemia/reperfusion (I/Re) is a prevalent serious disorder 
accompanied by a high mortality rate and involved in the pathogenesis 

of hemorrhagic shock, trauma surgery, hepatic resection, and trans-
plantation [1]. During hepatic I/Re, various outcomes gathered to 
disturb the equivalent status between the defensive and the detrimental 
episodes. 
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On the molecular level, the hepatic I/Re archetype consists of mul-
tiple factors and components that participate in the detrimental se-
quences of liver I/Re such as redox imbalance, pro-inflammatory 
cytokines secretion, neutrophils infiltration, mitochondrial dysfunction, 
and apoptotic cell death [1,2]. 

One of the diverse factors involved in the protection against oxida-
tive stress (OS) injury, alleviating the inflammatory response, and 
involved in diminishing the hepatic I/Re injury is the transcriptional 
factor nuclear factor erythroid-2-related factor (Nrf)2 which is an 
essential governor of the intracellular anti-oxidative processes [3]. After 
I/Re, Nrf2 is shifted into the nucleus leaving its cytoplasmic restraint 
triggering several detoxifying genes such as the inducible isoform heme 
oxygenase (HO)-1. The latter interacts with various stressors and widely 
regarded as a guardian shield against oxidative injury [4,5]. 

One of the detrimental pathways embroiled in inflammation and 
apoptosis is the Toll-like receptor (TLR)4, nuclear factor (NF)-κB, and 
NOD-like receptor protein (NLRP)3 [6]. TLR4 activation can stimulates 
the NF-κB mediated release of different cytokines encompassing tumor 
necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and cellular adhesion 
molecules [7,8]. Moreover, NF-κB activation is essential for the 
expression enhancement of the NLR family and the NLRP3 inflamma-
some [9]. Inflammasomes have been implicated in the liver disease [10] 
and the NLRP3 is one of the vital inflammasomes contributing to the 
hepatic I/Re by reducing inflammation and regulating neutrophils 
infiltration [11]. 

Morin hydrate or Morin (MRN) is a natural flavonol isolated from 
apple, guava, and other members of the Moraceae family [12]. Being a 
member of the flavonoids family, it has shown different pharmacolog-
ical effects including anti-inflammatory, anti-cancer, and neuro-
protective activities [13]. In particular, MRN has also shown its 
hepatoprotective activity in different liver injury models [14–16]. 
Despite the previously reported protective effect exerted by MRN 
against hepatic I/Re [17], elucidation of the detailed mechanism con-
cerning this hepatoprotection appears to be still missing. Therefore, the 
current aim was to reveal the possible shielding effect of MRN through 
modulating the signaling key factors; Nrf2, TLR4, and NLRP3 using in 
vivo and in silico models, as well as other biomarkers to sketch the 
potential protecting mechanisms. 

2. Material and methods 

2.1. MRN isolation and purification 

Isolation of MRN was discussed in our previous report [18]. Briefly, 
powdered Psidium guajava Linn. leaves (3 kg, from a local herbalist in 
Egypt) were extracted with ethanol in soxhlet (70%, 2 × 5 L, 3 h) and 
evaporated (Rotavapor® R-300, BÜCHI, Switzerland). Subsequently, 

dried extract (330 g) was defatted with methylene chloride (5 × 2 L) 
then fractionated with ethyl acetate (10 × 2 L). The dried ethyl acetate 
fraction (16.5 g) was dissolved in methanol and MPLC chromatographed 
with methanol/water (65:35). MRN containing fraction was purified on 
Sephadex column (200 g) using methanol and analyzed by co-spotting 
against the standard. The purity of MRN was checked with validated 
HPLC method (up to 95%, Fig. 1). 

2.2. Animals 

Male Sprague-Dawley rats (200–250 g) were obtained from Research 
Institute of Ophthalmology (Giza, Egypt) and maintained (4 rats per 
cage) at the animal house under suitable conditions (Controlled tem-
perature, ventilation, humidity, light, water, and diet). The current 
study traces National Institute of Health guidelines (Publications No. 
8023, revised 1978) for the use and care of laboratory animals. 

2.3. Experimental design 

Animals (n = 9/group) were arbitrarily allocated into four groups. 
The sham group (ShG) was the first one and the I/Re (30 min/24 h) 
group was the second one. Animals in the previous groups administered 
saline orally daily for 10 days before the operation. The third and the 
fourth groups were administered MRN orally as MRN50 and MRN100 
(50 and 100 mg/kg, respectively) for 10 days, followed by induction of 
I/Re as in the second. MRN doses selection was according to the work of 
Kuzu et al. [19]. 

2.4. Hepatic ischemia/reperfusion (I/Re) induction 

I/Re induction was as described by Gendy et al. [20] where rats were 
anaesthetized (Thiopental; 0.05 g/kg, i.p) and placed supine, after 
which a midline laparotomy was operated. Using a microvascular 
clamp, 70% hepatic ischemia was done for 30 min (assured by the 
clamped lobes pale look). After the pedicular clamping time, the clamp 
was cautiously detached to permit reperfusion for 24 h. 

2.5. Sample preparation 

After the reperfusion period, the blood was harvested under anes-
thesia from the abdominal aorta and the sera was separated by centri-
fugation for the assay of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) using AL 10 31 (45) and AS 10 61 (45) Bio-
diagnostic kits (Cairo, Egypt), respectively. After blood harvesting, an-
imals were euthanized and livers were harvested and separated into four 
parts. The first fraction (for the biochemical and ELISA assay) was 
homogenised in ice-cold saline and stored immediately at − 80 ◦C. For 

Fig. 1. Analytical HPLC-UV chromatogram of MRN using Prontosil ODS C18 (5 µm, 15 cm × 4.5 mm I.D.) column and eluted with 0.5% acetic acid in water: 
acetonitrile (80:20). 
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western blot analysis, the second fraction was homogenized using lysis 
buffer. The third fraction was preserved in 10% formalin for histo-
pathological and immunohistochemical (IHC) assay. For gene expres-
sion assay by using quantitative real-time polymerase chain reaction 
(qRT-PCR), the last fraction was flooded in RNA later solution, and then 
stored at about − 80 ◦C. 

2.6. Biochemical and ELISA assay 

The hepatic content of total antioxidant capacity (TAC) was deter-
mined using a colorimetric kit (TA 25 13, Biodiagnostic, Dokki, Egypt), 
Malondialdehyde (MDA; LIP39-K01) was determined using a colori-
metric kit (Eagle Bioscience, MA, USA), and NLRP3 (OKCD04232-48) 
was determined using ELISA kit (Aviva Systems Biology, CA, USA). HO-1 
(SL0341Ra), IL-1β (SL0402Ra), IL-6 (SL0411Ra), and Caspase-3 
(SL0152Ra) were determined using ELISA kit (Sunlong Biotech Co., 
Zhejiang, China). Intracellular adhesion molecule-1 (ICAM-1; ELR- 
ICAM1-1) was determined using ELISA kit (Ray Biotech, GA, USA), 
and Myeloperoxidase (MPO; E4581-100) was determined using ELISA 
kit (BioVision, CA, USA). All processes were conducted according to the 
guidelines of the manufacturers. 

2.7. Western blot 

The expression of Nrf2 and TLR4 proteins in liver tissues were 
determined using the Western blot procedure [21,22]. In brief, the tis-
sues were homogenized in 5 ml pre-cold lysis buffer [10 mM Tris-Base, 
NaCl, 20 mM EGTA, 25 mM EDTA, containing 1% NP-40, NP-40%, and 
1% Triton X-100 at pH 7.4, and immediately supplemented with 1:750 
protease and phosphatase inhibitors cocktail (Sigma)]. Total proteins 
were determined calorimetrically using the Pierce™ 660 nm Assay 
(Thermo Scientific). Equal amounts (25 µg) of protein were mixed with 
Sodium dodecyl sulfate (SDS)-loading buffer, boiled for 5 min at 95 ◦C, 
allowed to cool on ice for another 5 min, and separated by Cleaver 
SDS-PAGE unit (Cleaver Scientific Ltd, UK), and transferred onto PVDF 
membranes using semi-dry Electroblotter (Biorad). Then, the mem-
branes were blocked with 5% dry milk in Tris-buffered saline-Tween-20, 
washed, and incubated with antibodies against Nrf2 (1:500, 
#E-AB-32280, Elabscience), TLR4 (1:300, #48-2300, Thermo Scienti-
fic), and β-actin (1:2500, # A5060, Sigma) for 18–19 h at 4 ◦C. The 
membranes were washed again, incubated at RT with matched sec-
ondary antibodies (Dako, Denmark) for 1 h, and blots were visualized 
with chemiluminescence Western Lightning ECL (Perkin Elmer, Wal-
tham, MA) for 1 min in Chemi-Doc imager (Biorad, USA), and the band 
intensities were measured and analyzed using Biorad ImageLab soft-
ware, and normalized to their corresponding β-actin band densities, with 
the expression of the detected proteins in the control group is set to ‘1′. 

2.8. qRT‑PCR technique 

Gene expression of hepatic Nrf2, TLR4, and NLRP3 were assessed 
using qRT-PCR analysis. Using SV Total RNA Isolation System (Promega, 
WI, USA), total RNA was extracted and SuperScript II Reverse Tran-
scriptase kit (Invitrogen, CA, USA) was used for reverse transcription 
and SYBR Green PCR Master Mix (Applied Biosystems, CA, USA) was 
used to perform qPCR. Glyceraldehyde-3 phosphate dehydrogenase 
(GAPDH) expression was used for sample normalization where the 2− ΔΔ 

CT equation was used for relative expression determination. The applied 
primer sequences were. 

TLR4 F:GCTGCCAACATCATCCAGGAAGG, R: TGATGCCA-
GAGCGGCTACTCAG; Nrf2 F: ACACAGCATAGCCCATCTCGT, R: 
ACCAACCTGGATGAGCGACAC; NLRP3 F: CAGACCTCCAA-
GACCACGACTG, R: CATCCGCAGCCAATGAACAGAG; GAPDH F: 
TGCTGGTGCTGAGTATGTCG, R: TTGAGAGCAATGCCAGCC. 

2.9. Histopathological examination 

Liver tissue specimens were kept in 10% neutral formalin solution for 
fixation. Tissue samples were then routinely processed in steps for 
washing, dehydration, increasing clearance, and embedding in paraffin 
wax. 5 µm sections were cut and stained with hematoxylin and eosin 
(H&E) and examined using an Olympus BX43 light microscope and 
captured using an Olympus DP27 camera linked to CellSens dimensions 
software (Olympus) [23]. Liver damage was assessed using Suzuki score 
[24] where numerical assessment from 0 to 4 was given to evaluate 
congestion, hepatocellular vacuolization, and necrosis. 

2.10. Immunohistochemistry 

Previously prepared paraffin tissue blocks were cut into 5 µm sec-
tions on positively charged slides to be used as described by El-Emam 
et al. [25]. Briefly, Primary anti- NF-κB p65, anti-TNF-α, and anti-Bax 
(Santa Cruz. Biotech, at a dilution of 1:100) were incubated with the 
tissue slides at 4 ◦C for 12 h in a humid chamber, followed by incubation 
with HRP labelled secondary antibodies and color development using 
DAB-substrate kit (Thermo Fisher, Pierce DAB substrate kit). Control 
negative slides were obtained by escaping the primary antibody step. 
Positive expression was quantified as area percentage in random four to 
six fields using CellSens dimensions Olympus software (Olympus, 
Japan). 

2.11. Molecular docking study 

The protein structure of Nrf2 (PDB ID: 1X2R), TLR4-MD-2 (ID: 2Z64 
and 3FXI), and NLRP3 (ID: 6NPY) were downloaded. Default “Structure 
preparation” employed after removal of unwanted residues and ligands 
on MOE 2016.10. The binding site is recognized with the ‘Site Finder’ 
feature. By redocking of the protein ligands, the docking setup was 
validated for predicting the interactions. The protocol suitability was 
assured by a low binding energy score (S), small RMSD value (Table 1) 
after being protonated and energy minimized. The validated protocol 
was used to predict MRN-receptor interactions. Results were listed based 
on the S-scores. Graphical representations of the phytoligands in-
teractions were then generated and inspected. 

2.12. Statistical analysis 

Figures drawing and statistical analysis were performed by using 
GraphPad Prism (version 5.01, 2007, San Diego, USA). The one-way 

Table 1 
Docked conformations of MRN with proteins.  

Proteins ΔGa 

(kcal mol− 1) 
Interactions at the 
binding interface 

Distance/E 
(kcal/mol) 

NrF2 (PDB:1X2R) -5.17 HOH157 2.71/− 1.5 
Ser555 2.78/− 1.5 
Tyr525 (H-Pi) 3.69/− 0.6 

TLR4- 
MD-2 

(PDB:2Z64) -4.23 His178 2.97/− 2.6 
HOH1605 2.95/− 0.6 

(PDB:3FXI) -5.15 Leu293 2.87/− 2.2 
Lys362 4.22/− 0.7 

NLRP3 (PDB:6NPY) 
Chain A 

-5.831 Arg165 3.12/− 4.2 
Ile232(pi-H) 4.36/− 0.7 
His520(pi-H) 4.07/− 0.8 

(PDB:6NPY) 
Chain B 

-6.092 Tyr379 2.98/− 0.8 
Ile232(pi-H) 4.29/− 0.6  

a The ligand–receptor complex binding free energy. Triangle Matcher place-
ment method and London dG scoring function and MMFF94 force field were 
used for the docking protocol on Molecular Operating Environment (MOE 
2014.0901) software. The X-ray structures of proteins were downloaded from 
the protein data bank (RCSB PDB, Https://www.rcsb.org) then protonated, and 
energy minimized until lowest RMSD gradient (<2 Kcal. mol− 1 Å− 1). 
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analysis of variance (ANOVA) with posttest Tukey’s multiple compari-
son were performed. Values (n = 9) are presented as mean ± standard 
error (Sd.Er) and P < 0.05 was the accepted level of significance. 
Nonparametric data (score) were expressed as median and the Kruskal- 
Wallis test with posttest Mann-Whitney were performed. 

3. Results 

3.1. Impact of MRN on liver function parameters 

As disclosed in Fig. 2, both serum (a) ALT and (b) AST surrogate 
markers of liver injury, were amplified (4.6 and 3 folds, respectively) in 
the I/Re group compared to ShG, while pretreatment with MRN miti-
gated both parameters in a dose-dependent manner. 

3.2. Impact of MRN on the expression/content of the antioxidant genes 

As illustrated in Fig. 3, I/Re mischief induced up-regulation in the 
mRNA and protein expression of Nrf2 as well as HO-1 content as an 
adaptive response. In the MRN pretreatment groups, these up- 
regulations were more lucent, elucidating MRN antioxidant character. 

3.3. Impact of MRN on redox parameters 

Hepatic I/Re induces OS environment shown by enhancement of 
hepatic MDA (385%) and reduction of TAC (35%), compared to ShG. 
Contrariwise, MRN in both doses opposed these alterations (Fig. 4). 

3.4. Impact of MRN on the expression/content of TLR4 and NF-κB p65 

As compared to the ShG (Fig. 5), I/Re mischief has up-regulated the 
(a) mRNA and (b) protein expression of TLR4. Furthermore, the insult 
spiked (c) the IHC protein content of the central transcription factor NF- 
κB p65. Nonetheless, the pre-administration of MRN50 and MRN100 
faced the I/Re outcomes. 

3.5. Impact of MRN on the mRNA expression/content of NLRP3 

As depicted in Fig. 6, the I/Re group showed an increment in the 
expression (4.1 folds) and content (4.2 folds) of NLRP3, as compared to 
ShG. Interestingly, MRN pretreatment was able to modify these changes. 

3.6. Impact of MRN on inflammatory mediators 

Fig. 7 illuminates the upsurge of the TNF-α, IL-1β, and IL-6 by 25, 3.5, 
and 6.3 folds, respectively, as compared to ShG. Furthermore, these 
alterations were halted in MRN50 and MRN100 groups. 

3.7. Impact of MRN on neutrophils infiltration 

The adhesion molecule ICAM-1 was induced in the I/Re group, 
which assists neutrophils infiltration as represented by the enrichment 
of MPO levels (Fig. 8). However pre-MRN administration reverted the I/ 
Re upshot. 

3.8. Impact of MRN on markers of apoptosis 

As revealed in Fig. 9, I/Re triggers hepatocytes death by apoptosis 
signified by the increment in Bax and caspase-3 levels. In the same 
context, MRN anti-apoptotic was signified by lessening these effects. 

3.9. Impact of MRN on hepatic histopathological changes 

Histopathology of liver and Suzuki score were illustrated in Fig. 10. 
Liver tissue from ShG appeared of normal histology while that of the I/ 
Re group exhibited serious histopathological alterations; the hepato-
cytes suffered from diffuse hepatocellular necrosis with disorganized 
hepatic parenchyma. The hepatic sinusoids were dilated and engorged 
with blood with some areas of hemorrhage. Neutrophils and mono-
nuclear inflammatory cells infiltrations were also observed. MRN50 
group showed mild improvement, focal areas of hepatocellular necrosis 
were detected, hepatic sinusoids and portal vasculatures were con-
gested. Liver tissue from the MRN100 group showed apparently normal 
hepatic parenchyma in most examined sections with only mild hepato-
cellular vacuolation in some instances. Regarding liver damage score, 
congestion was significantly increased in the I/Re group compared to all 
the other groups. MRN pretreated groups showed a significant decline in 
liver congestion in dose-dependent manner. Hepatocellular vacuolation 
was prominent in I/Re group. MRN resulted in improved vacuolation, 
but a significant difference was not observed between the tested two 
doses. Concerning necrosis of hepatocytes, MRN treated groups exhibi-
ted a marked decrease in the percentage of necrotic cells in comparison 
to I/Re group. The group that received MRN in a dose of 100 mg ach-
ieved the least score of necrosis. 

3.10. Molecular docking study of MRN on Nrf2, TLR4-MD-2, and 
NLRP3 proteins 

Molecular docking of MRN was performed for the first time on Nrf2, 
TLR4-MD-2, and NLRP3 proteins. MRN was fitted on enzymes with 
varied degrees of interactions and binding affinities. MRN displayed 
moderate to promising binding affinities with selected proteins ranging 
from − 4.23 to − 6.09 kcal mol− 1 (Table 1). 

MRN was fitted on Nrf2 with varying degrees of interactions with 
binding affinities of − 5.17 kcal mol− 1. MRN interacts by two H-bonds, 

Fig. 2. MRN effect on serum (a) ALT and (b) AST in Sprague-Dawley rats exposed to I/Re. MRN50 and MRN100 (50 and 100 mg/kg, respectively) were orally 
administered for 10 days then I/Re was induced (30 min/24 h). Statistics were performed by ANOVA with posttest Tukey’s multiple comparison, P < 0.05. Data are 
presented as mean ± Sd.Er (n = 9). As compared to ShG (κ), I/Re operated group (κλ), and MRN50 group (κλϕ). ALT (alanine aminotransferase), and AST (aspartate 
aminotransferase). 
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one is between the hydroxyl group and HOH157 and the other is be-
tween the carbonyl group and Ser555. Moreover, it also interacts by H– 
pi-bond with Tyr525 (Table 1, Fig. 11). Docking simulations results 
(Table 1) showed that MRN displayed moderate to promising binding 
affinities with TLR4-MD-2 proteins. MRN showed binding affinities 
ranging from − 4.23 to − 5.15 kcal mol− 1. The most hopeful in silico 
activity was recorded by MRN on TLR4-MD-2 (PDB ID: 3FXI) with 
binding affinity − 5.15 kcal mol− 1 and interact with Leu293 and Lys362 
(Fig. 12). Similarly, MRN exhibited these key interactions in TLR4-MD-2 
(PDB ID:2Z64) with binding affinity − 4.23 kcal mol− 1 and binding with 
His178 and HOH1605 (Fig. 12). MRN exhibited interactions in NLRP3- 
chain A (PDB ID: 6NPY) with Arg165, Ile232 and His520, while chain B 
interacts with Tyr379 and Ile232. The binding affinities with NLRP3; 
chain A and B were − 5.831 and − 6.092 kcal mol− 1 respectively 
(Fig. 13). 

4. Discussion 

After verifying different mechanistic aspects, this work elucidates 
MRN defensive effect in modifying hepatic lesions using the I/Re model. 
Largely, the beneficial role of MRN against hepatic insult depends on 
Nrf2 activation, which reduces OS and the inflammatory cascades. 

Furthermore, after administration of the flavonol drug, the perceived 
inhibition of TLR4 and the decisive player transcription factor NF-κB 
were another critical mechanism that clarified its beneficial protective 
effect. These effects were mirrored by the modulation of multiple crucial 
inflammatory cytokines such as TNF-α, IL-6, and IL-1β. Moreover, 
inhibitory NLRP3 outcome by MRN administration was represented by 
regulation of the neutrophils recruitment reflected by MPO downsizing. 
In addition, apoptosis was identified through Bax and caspase-3 exam-
ination as a characteristic event associated with the hepatic I/Re lesion 
and were successfully amended upon MRN use. Finally, histopatholog-
ical results were in the same milieu with the affirmative biochemical 
effects. 

Concerning the Nrf2/HO-1 trajectory, the current results demon-
strated that I/Re has clearly augmented its expression /protein content 
signifying the possible liver adaptation mechanisms against the I/Re 
deleterious insult; these results are in the context of previous works [26, 
27]. Induction of HO-1 expression by Nrf2 is widely defined as a shel-
tering mechanism against inflammation and OS [3–5], facts which 
reinforce our results. MRN proved its antioxidant power by further 
reinforcing Nrf2 and HO-1expression/content, results that have previ-
ously been reported [28,29]. To our knowledge, these results are the 
first direct clue for the MRN protective effect in the hepatic I/Re model 

Fig. 3. MRN effect on (a) mRNA and (b) protein expression of hepatic Nrf2, as well as (c) HO-1 protein content in Sprague-Dawley rats exposed to hepatic I/Re. 
MRN50 and MRN100 (50 and 100 mg/kg, respectively) were orally administered for 10 days then I/Re was induced (30 min/24 h). Statistics were performed by 
ANOVA with posttest Tukey’s multiple comparison, P < 0.05. Data are presented as mean ± Sd.Er (n = 9). As compared to ShG (κ), I/Re operated group (κλ), and 
MRN50 group (κλϕ). Nrf (nuclear factor erythroid 2-related factor) 2, and HO (heamoxygenase)-1. 

Fig. 4. MRN effect on hepatic redox parameters ((a) MDA, and (b) TAC) in Sprague-Dawley rats exposed to hepatic I/Re. MRN50 and MRN100 (50 and 100 mg/kg, 
respectively) were orally administered for 10 days then I/Re was induced (30 min/24 h). Statistics were performed by ANOVA with posttest Tukey’s multiple 
comparison, P < 0.05. Data are presented as mean ± Sd.Er (n = 9). As compared to ShG (κ), I/Re operated group (κλ), and MRN50 group (κλϕ). MDA (malon-
dialdehyde), and TAC (total antioxidant capacity). 
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Fig. 5. MRN effect on hepatic ((a) mRNA and (b) protein) expression of TLR4, as well as (c) photomicrographs of NF-κB p65 IHC in Sprague-Dawley rats exposed to 
hepatic I/Re. MRN50 and MRN100 (50 and 100 mg/kg, respectively) were orally administered for 10 days then I/Re was induced (30 min/24 h). Statistics were 
performed by ANOVA with posttest Tukey’s multiple comparison, P < 0.05. Data are presented as mean ± Sd.Er (n = 9). As compared to ShG (κ), I/Re operated 
group (κλ), and MRN50 group (κλϕ). TLR (Toll like receptor) 4, and NF (Nuclear factor)-κB p65. 

Fig. 6. MRN effect on hepatic (a) NLRP3 expression and (b) its corresponding content in Sprague-Dawley rats exposed to hepatic I/Re. MRN50 and MRN100 (50 and 
100 mg/kg, respectively) were orally administered for 10 days then I/Re was induced (30 min/24 h). Statistics were performed by ANOVA with posttest Tukey’s 
multiple comparison, P < 0.05. Data are presented as mean ± Sd.Er (n = 9). As compared to ShG (κ), I/Re operated group (κλ), and MRN50 group (κλϕ). NLRP 
(NOD-like receptor protein) 3. 
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through the Nrf2/HO-1 antioxidant trajectory. MRN antioxidant apti-
tude was further verified herein by its capacity to combat the 
I/Re-induced raise in the MDA and the decline in the TAC, as stated 
previously [30,31] where Nrf2 augments glutathione production [32]. 
In addition, the antioxidant character of HO-1 which prevents lipid 
peroxidation stems from its capability to ultimately produce bilirubin 
from heme [5]. 

On the other hand, it is clear that TLR4/NF-kB trajectory is impli-
cated in the inflammatory response and the hepatic warm I/Re patho-
genesis and it is largely dependent on the main upstream regulatory 
factor TLR4, which activates the downstream molecule NF-κB [33,34]. 
In the current work, MRN administration downregulated the TLR4 
(mRNA and protein expression), a result that matches previous works 
which attributed to enhancing TAC as reported in the current work, 

Fig. 7. MRN effect on hepatic inflammatory parameters (a) TNF-α (photomicrographs), (b) IL-1β, and (c) IL-6 content in Sprague-Dawley rats exposed to hepatic I/ 
Re. MRN50 and MRN100 (50 and 100 mg/kg, respectively) were orally administered for 10 days then I/Re was induced (30 min/24 h). Statistics were performed by 
ANOVA with posttest Tukey’s multiple comparison, P < 0.05. Data are presented as mean ± Sd.Er (n = 9). As compared to ShG (κ), I/Re operated group (κλ), and 
MRN50 group (κλϕ). TNF (tumor necrosis factor)-α, IL (interleukin)-1β, and IL(interleukin)-6. 

Fig. 8. MRN effect on hepatic adhesion molecule ((a) ICAM-1) and neutrophil infiltration marker ((b) MPO) contents in Sprague-Dawley rats exposed to hepatic I/ 
Re. MRN50 and MRN100 (50 and 100 mg/kg, respectively) were orally administered for 10 days then I/Re was induced (30 min/24 h). Statistics were performed by 
ANOVA with posttest Tukey’s multiple comparison, P < 0.05. Data are presented as mean ± Sd.Er (n = 9). As compared to ShG (κ), I/Re operated group (κλ), and 
MRN50 group (κλϕ). ICAM (intracellular adhesion molecule)-1, and MPO (myeloperoxidase). 

A. Gendy et al.                                                                                                                                                                                                                                  



Biomedicine & Pharmacotherapy 138 (2021) 111539

8

where TLR4 inflammatory response is triggered by different stressors 
including OS [35,36]. Another suggested mechanism of TLR4 inhibition 
was ascribed to HO-1 overexpression by MRN as shown herein where 
HO-1 overexpression ameliorated hepatocellular damage as a result of 

TLR4 suppression [37]. 
NF-κB is a central transcription factor that regulates several media-

tors identified in different inflammatory insults [1]. In the current work, 
amplified NF-κB protein levels were noticed after the hepatic insult and 

Fig. 9. MRN effect on hepatic Bax (photomicrograph) and Caspase-3 content in Sprague-Dawley rats exposed to hepatic I/Re. MRN50 and MRN100 (50 and 100 mg/ 
kg, respectively) were orally administered for 10 days then I/Re was induced (30 min/24 h). Statistics were performed by ANOVA with posttest Tukey’s multiple 
comparison, P < 0.05. Data are presented as mean ± Sd.Er (n = 9). As compared to ShG (κ), I/Re operated group (κλ), and MRN50 group (κλϕ). Bax (Bcl-2-associated 
X protein). 

Fig. 10. Liver histopathology and Suzuki score, ShG showing normal liver parenchyma, I/Re group showing diffuse hepatocellular necrosis with sinusoidal dilatation 
(stars), MRN50 group showing focal necrosis with congestion (arrow), MRN100 group showing mild hepatocellular vacuolation. Data are presented as mean ± Sd.Er, 
P < 0.05. As compared to ShG (κ), I/Re operated group (κλ), and MRN50 group (κλϕ). 
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on the other hand, its levels were significantly downsized with the 
administration of MRN which may be ascribed to the reduction of the 
upstream modulator TLR4 as previously mentioned. Outcomes of the 
foregoing studies were parallel with our results [29,31,36,38]. In addi-
tion to the aforementioned interpretation, MRN inhibition of NF-κB can 
also be ascribed to Nrf2/HO-1 trajectory up-regulation that has previ-
ously been reported to lessen NF-κB inflammatory role and transfer the 
cells conditions to a more reducing one, necessary to put an end for 
NF-κB activation [39]. In addition to inhibiting this transcription factor, 
we have revealed that the pro-inflammatory cytokines TNF-α, IL-6, and 
IL-1β have been successfully reduced by MRN in accordance with pre-
vious findings [30,40,41]. These effects are strongly pointing to the 
anti-inflammatory effects of MRN against hepatic I/Re, taking into ac-
count the crucial part of NF-κB which triggered by TNF-α and conse-
quently its potent capability to provoke IL-1β release [42]. 

Elevated expression of ICAM-1 after hepatic I/Re indicates the 
adherence and leukocytes infiltration to the liver endothelial cells that 
can be justified by the spiked inflammatory cytokines [2]. MRN 
pre-administration lessened the spiked ICAM-1 level after hepatic I/Re 
to be in harmony with previous report pronouncing MRN repressive 
effect on indomethacin-induced inflammatory changes in gastric mu-
cosa [43]. Another reasonable mechanism for MRN anti-inflammatory 
action is its aptitude to hinder neutrophils infiltration proved by less-
ening the MPO level. This goes in line with the outcome of a study that 
showed a neuroprotective effect of MRN against cerebral I/Re [36]. 

The involvement of NLRP3 in hepatic I/Re has enticed our concern to 
investigate its role in the current work. NLRP3 is a well-known complex 
which triggered by multiple stress factors. However, the precise mo-
lecular mechanisms regulating its activation is still a matter of discus-
sion [44]. Pretreatment with MRN in the current study provided 
affirmative relief of the I/Re lesion through NLRP3 suppression which is 
highly defined as an important regulator of neutrophils function in this 
type of insult [11] and this effect was confirmed in our work by the 
observed reduction in MPO levels. The merit of MRN to inhibit NLRP3 
was previously exhibited in various ailments, where MRN improved 
LPS-induced mastitis [45] and depression-like behaviour [35]. Inter-
estingly, Nrf2 activators negatively control NLRP3 activity by inhibiting 

OS-induced NLRP3 priming [46] as depicted herein. Noteworthy, inhi-
bition of either TLR4 or NF-κB disrupts NLRP3 inflammasome activation 
[10]; a fact emphasizes the current outcomes and highlights the multi-
faceted significance of NLRP3 repression as a mechanistic trait of MRN. 
Therefore, it may be reasonable to suppose that following treatment 
with MRN, Nrf2 up-regulation restrained OS-provoked 
TLR4/NF-κB/NLRP3 activation. 

Apoptosis is an eminent cause of hepatocytes injury induced by I/Re 
[1] and was evident in our study by upraised Bax and caspase-3 levels. 
By repressing these apoptotic biomarkers, our test drug has been able to 
shield hepatocytes against this cell death mode, which supports the re-
sults recently informed in the work of Kucukler et al. [41]. The former 
MRN effects can be accounted for its anti-apoptotic action, such as the 
inhibition of NF-κB/TNF-α induced apoptosis [47]. MRN repression of 
OS may result from its capability to stimulate the antioxidant Nrf2 
/HO-1 trajectory that modifies redox status and apoptosis [29,48]. 
Finally, MRN positive effect was verified by the reduction of histological 
alterations and serum liver injury parameters; ALT and AST as reported 
in our study and others [19,28–30]. 

Regarding the in silico study, to the best of our knowledge, MRN 
molecular docking on the mentioned proteins was performed for the first 
time, displaying a promising binding affinity. The ability of MRN to 
interact with amino acids in the binding sites of Nrf2, TLR4-MD-2, and 
NLRP3 proteins may justify its detected activity as designated by the 
good docking pattern. 

5. Conclusions 

To recapitulate, the present study results indicated that the reason-
able defensive effect of MRN administration before the hepatic mischief 
could be attributed to boosting of Nrf2/HO-1/TAC beside reducing 
MDA, Bax, and caspase-3 advocating its anti-oxidative and anti- 
apoptotic activity. Additionally, repressing TLR4, NF-κB, TNF-α, IL-6, 
IL-1β, ICAM-1, and MPO and most importantly NLRP3 inhibition des-
ignates its anti-inflammatory effect which in turn prohibits the conse-
quences following the hepatic insult. The negative binding energy of 
MRN interactions with the inflammatory proteins may justify the 

Fig. 11. (A) Crystal structure of Nrf2 complex (PDB ID: 1X2R), (B) 2D, and (C) 3D diagrams showed the binding mode of MRN in the binding pocket. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 12. (A) Crystal structure of mouse TLR4-MD-2 complex (PDB ID: 2Z64), (B) 2D, and (C) 3D. (D) Crystal structure of human TLR4-MD-2 complex (PDB ID: 3FXI), 
(E) 2D, and (F) 3D diagrams showed the binding mode of MRN in the binding pocket. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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