
Citation: Morsy, M.A.; Ibrahim, Y.F.;

Abdel Hafez, S.M.N.; Zenhom, N.M.;

Nair, A.B.; Venugopala, K.N.; Shinu,

P.; Abdel-Gaber, S.A. Paeonol

Attenuates Hepatic Ischemia/

Reperfusion Injury by Modulating

the Nrf2/HO-1 and TLR4/MYD88/

NF-κB Signaling Pathways.

Antioxidants 2022, 11, 1687. https://

doi.org/10.3390/antiox11091687

Academic Editor: Stanley Omaye

Received: 29 July 2022

Accepted: 22 August 2022

Published: 29 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Article

Paeonol Attenuates Hepatic Ischemia/Reperfusion Injury by
Modulating the Nrf2/HO-1 and TLR4/MYD88/NF-κB
Signaling Pathways
Mohamed A. Morsy 1,2,3,* , Yasmine F. Ibrahim 3, Sara Mohamed Naguib Abdel Hafez 4 , Nagwa M. Zenhom 5,6,
Anroop B. Nair 1 , Katharigatta N. Venugopala 1 , Pottathil Shinu 7 and Seham A. Abdel-Gaber 3

1 Department of Pharmaceutical Sciences, College of Clinical Pharmacy, King Faisal University,
Al-Ahsa 31982, Saudi Arabia

2 Al Bilad Bank Scholarly Chair for Food Security in Saudi Arabia, the Deanship of Scientific Research,
the Vice Presidency for Graduate Studies and Scientific Research, King Faisal University,
Al-Ahsa 31982, Saudi Arabia

3 Department of Pharmacology, Faculty of Medicine, Minia University, El-Minia 61511, Egypt
4 Department of Histology and Cell Biology, Faculty of Medicine, Minia University, El-Minia 61511, Egypt
5 Department of Biochemistry, Faculty of Medicine, Al-Baha University, Albaha 65525, Saudi Arabia
6 Department of Biochemistry, Faculty of Medicine, Minia University, El-Minia 61511, Egypt
7 Department of Biomedical Sciences, College of Clinical Pharmacy, King Faisal University,

Al-Ahsa 31982, Saudi Arabia
* Correspondence: momorsy@kfu.edu.sa; Tel.: +966-5496-72245

Abstract: Hepatic ischemia/reperfusion (HIR) is the most common type of liver injury follow-
ing several clinical situations. Modulating oxidative stress and inflammation by Nrf2/HO-1 and
TLR4/MYD88/NF-κB pathways, respectively, is involved in alleviating HIR injury. Paeonol is a natu-
ral phenolic compound that demonstrates significant antioxidant and anti-inflammatory effects. The
present study explored the possible protective effect of paeonol against HIR injury and investigated its
possible molecular mechanisms in rats. Rats were randomly divided into four groups: sham-operated
control, paeonol-treated sham-operated control, HIR untreated, and HIR paeonol-treated groups.
The results confirmed that hepatic injury was significantly aggravated biochemically by elevated
serum levels of alanine transaminase and aspartate transaminase, as well as by histopathological
alterations, while paeonol reduced the increase in transaminases and alleviated pathological changes
induced by HIR. Additionally, paeonol inhibited the HIR-induced oxidative stress in hepatic tissues
by decreasing the upraised levels of malondialdehyde and nitric oxide and enhancing the suppressed
levels of reduced glutathione and superoxide dismutase activity. Furthermore, paeonol activated the
protective antioxidative Nrf2/HO-1 pathway. The protective effect of paeonol was associated with in-
hibiting the expression of the inflammatory key mediators TLR4, MYD88, NF-κB, and TNF-α. Finally,
paeonol inhibited the increased mRNA levels of the pro-apoptotic marker Bax and enhanced the
reduced mRNA levels of the anti-apoptotic marker Bcl-2. Taken together, our results proved for the
first time that paeonol could protect against HIR injury by inhibiting oxidative stress, inflammation,
and apoptosis.

Keywords: paeonol; hepatic ischemia/reperfusion; Nrf2/HO-1; TLR4/MYD88/NF-κB/TNF-α; Bax/Bcl-2

1. Introduction

Hepatic ischemia/reperfusion (HIR) injury is the most common type of liver injury
following liver resection, hemorrhagic shock, liver transplantation, or trauma, presenting
as a sequence of deterioration phenomena and leading to multiple organ failure and even
patient death [1–3]. It is a complex pathological process that encounters a variety of
mechanisms [4]. The restoration of blood supply following liver ischemia is accompanied
by intensive production of reactive oxygen species (ROS) and the drooping of antioxidant
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defenses [5,6]. Consequently, ROS overproduction causes lipid peroxidation, mitochondrial
dysfunction, and DNA fragmentation, damaging the cell structure and leading to extensive
inflammatory response, necrotic and apoptotic cascade, and ultimately cellular death [7,8].

Using rodent models for HIR induction is essential for better understanding the under-
lying mechanisms for hepatic injury and possible translational applications [9]. A partial
warm HIR model in rats has been widely used in several studies [10–12], whereas warm
ischemia is clinically associated with hypovolemic shock, hepatic surgery, and liver trans-
plantation and affects mostly the hepatocytes more than the non-parenchymal cells [13]. A
cross-clamping is being operated for both the hepatic artery and portal vein for varying
lengths of time, leading to a deprivation of approximately 70% of the liver blood flow. Then,
restoration of blood supply to the ischemic lobes stimulates superoxide production and
changes the liver redox state in favor of a highly oxidative environment. This is followed
by the triggering of redox-sensitive transcription factors and proinflammatory cytokines
that ultimately results in liver injury [9].

The nuclear factor erythroid-2-related factor 2 (Nrf2) was reported to be crucially corre-
lated with antioxidant defense mechanisms and scavenging of ROS under oxidative stress
conditions [14]. Under resting conditions, Nrf2 is bound to Kelch-like ECH-associated pro-
tein 1 (Keap-1) and kept in a suppressed state. Upon oxidative stress, Nrf2 dissociates from
Keap-1 and translocates to the nucleus, where it binds to the antioxidant response elements
(AREs) located in the promoter regions as a battery for detoxifying and antioxidant genes,
including heme-oxygenase-1 (HO-1) and superoxide dismutase (SOD) [15,16]. Recent
studies have pointed to the therapeutic potential of targeting the Nrf2/HO-1 pathway in
HIR injury [17,18].

ROS triggers the stimulation of pivotal signaling molecules, including toll-like recep-
tors (TLRs), which play a key role in regulating inflammatory responses, innate immunity,
cell proliferation, and apoptosis [19–21]. TLR4, one important member of TLRs, has
been reported to play a critical role in the pathogenesis of the brain, kidney, heart, and
liver ischemia-reperfusion (IR) injury [10,22–24]. The classic signaling cascade of TLR4
includes myeloid differentiation primary response gene 88 (MYD88)-dependent and MYD88-
independent pathways, which would cause the stimulation of nuclear factor-kappa B (NF-κB)
and triggers the pro-inflammatory cytokines release and apoptosis stimulation [25,26].

Drugs and ischemic pretreatment approaches are commonly utilized in clinical practice in
an attempt to prevent HIR injury; however, breakthrough management is still an unmet goal.
Several drugs and herbs with antioxidant activities were demonstrated to provide protective
effects against HIR injury [27–29]. Paeonol (2′-hydroxy-4′-methoxyacetophenone) is a natural
phenolic compound that demonstrates significant antioxidant and anti-inflammatory effects
on the liver, colon, heart, and stomach [30–34]. The ameliorating effect of paeonol against
IR injury was well studied in the heart, brain, and testis [35–37]. Therefore, the aim of the
current study is to evaluate the protective effect of the pretreatment of paeonol against
HIR injury. In order to explore the possible underlying molecular mechanism, we assessed
whether the inhibition of key signaling pathway TLR4/MYD88/NF-κB and the reduction
of oxidative stress markers and apoptosis contribute to paeonol’s protective effect.

2. Materials and Methods
2.1. Chemicals and Antibodies

Paeonol was purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Alanine
transaminase (ALT) and aspartate transaminase (AST) kits were procured from Biodiagnos-
tic (Giza, Egypt). Anti-HO-1 (A19062) was purchased as a rabbit monoclonal antibody from
ABclonal (Woburn, MA, USA). Anti-TLR4 (A11226) was purchased as a rabbit polyclonal
antibody from ABclonal. Anti-MYD88 (AF5195) was purchased as a rabbit polyclonal
antibody from Affinity Biosciences (Jiangsu, China). Anti-NF-κB p65 (AF10036917) was
purchased as a rabbit polyclonal antibody from Bioss Antibodies (Woburn, MA, USA).
Anti-tumor necrosis factor-α (TNF-α) (AF10036917) was purchased as a rabbit polyclonal
antibody from ABclonal. Secondary antibody (ab6734) was purchased as rat polyclonal IgG
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antibody from Abcam (Cambridge, UK). Other solvents and chemicals were of the highest
analytical grade available from their commercial sources.

2.2. Animals

The present study was conducted on twenty-eight male Wistar rats. The rats weighed
200–220 g and were purchased from the National Research Center (Giza, Egypt). They
were kept in cages and were allowed to get tap water and a commercial rat chow diet
for one week before inclusion in the experiment in order to acclimatize to the laboratory
environment. The facilities were kept in a 12 h dark:light and maintained at 25 ± 2 ◦C.
The experiment was operated following the ARRIVE ethical guidelines and was approved
(317-4-2022) by the Faculty of Medicine-Research Ethics Committee, Minia University,
Minya, Egypt.

2.3. Experimental Protocol

A total of 28 rats were weighed and divided into four groups (7 rats/group) as follows:
Group 1 (sham-operated control group): received the vehicle (0.5% carboxymethyl cellulose
(CMC)) p.o. once daily for 7 days before the sham operation. Group 2 (paeonol-treated
sham-operated group): received paeonol (100 mg/kg) p.o. once daily for 7 days before
the sham operation. Group 3 (HIR untreated group): received the vehicle (0.5% CMC)
p.o. once daily for 7 days before the HIR induction. Group 4 (paeonol-treated HIR group):
received paeonol (100 mg/kg) p.o. once daily for 7 days before the HIR induction. The dose
of paeonol was determined according to our preliminary experiments and on the basis of
other studies [34].

2.4. Induction of HIR

HIR was performed following methods previously used [11,12]. The rats were anes-
thetized with ketamine (50 mg/kg, i.m.), and a midline incision was made in the abdomen
in order to isolate the major pedicle, which supplies the median and the left-lateral lobes
of the liver that nearly represents 70% of the whole liver volume. Using microvascular
bulldog clamp, warm ischemia was rendered for 30 min for the median and the left-lateral
lobes. Then, the clamp was removed to permit a reperfusion period of 2 h before euthanasia,
while the abdomen was closed by silk sutures. Normal saline was installed at 37 ◦C into
the abdomen every 10 min to avoid tissue dehydration. The rats’ body temperature was
maintained at 37 ◦C using a heating pad. The sham-operated animals, whether paeonol-
treated or not, were subjected to the same surgical procedures without vascular occlusion
to serve as the negative control group.

2.5. Samples Preparation

At the end of the experiment period, blood samples were collected from the neck ves-
sels, then centrifuged for 10 min at 5000 rpm to obtain the sera. The sera were kept at−80 ◦C
for determination of ALT and AST. Furthermore, parts of the liver were homogenized in
20% (weight/volume) ice-cold phosphate buffer (0.01 M, pH 7.4). The liver homogenate
was then centrifuged for 20 min at 3000 rpm, and the clear supernatant was aspirated and
stored at −80 ◦C for measurements of biochemical parameters. Other liver samples were
fixed in 10% formalin for histopathological and immunohistochemical examinations.

2.6. Liver Function Tests

Serum ALT and AST activities were determined using commercially available ALT
and AST assay kits following the manufacturer’s instructions.

2.7. Oxidative Stress Parameters

Liver oxidative stress markers were determined in the liver homogenate. Malondialde-
hyde (MDA), the basic lipid peroxidation product, was detected as MDA-thiobarbituric
acid pink-colored Schiff base adduct. The colored complex was detected at 535 nm using
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spectrophotometry and expressed as nmol/g tissue [38]. Nitric oxide (NO) was evalu-
ated colorimetrically by the determination of the accumulation of its stable oxidation end
products (nitrite and nitrate). The total nitrite level was detected in the hepatic tissues
using the Griess method. The assay is based on the reduction of hepatic nitrate to nitrite
through the use of copperized cadmium granules; then, the color develops with Griess
reagent in an acidic medium. The final total nitrite level was measured at 540 nm us-
ing spectrophotometry, and the results were expressed as nmol/g tissue [39]. Reduced
glutathione (GSH) was measured following Ellman’s method, which is based on the pro-
duction of yellow chromogen, 5-thio-2-nitrobenzoic acid as a result of the reducing effect of
the thiol groups of GSH on Ellman’s reagent. This yellow color was measured by the spec-
trophotometer at 412 nm and expressed as nmol/g tissue [40]. SOD activity in the hepatic
homogenates was measured chemically by the method previously prescribed by Marklund
and Marklund. One unit of SOD represents the amount of the enzyme that inhibits the
pyrogallol autoxidation by 50%. Finally, SOD activity is measured by spectrophotometry at
420 nm [41].

2.8. Real-Time Polymerase Chain Reaction (PCR)

The expression of Nrf2, B-cell lymphoma 2 (Bcl-2), and Bcl-2-associated X protein
(Bax) genes were conducted by real-time PCR according to the manufacturer’s instructions.
Briefly, total RNA was extracted from hepatic tissue by utilizing RiboZol reagent (AM-
RESCO, Solon, OH, USA) following the manufacturer’s instructions. Then, real-time PCR
was conducted with SensiFASTTM SYBR® Hi-ROX One-Step Kit purchased from Meridian
Bioscience Inc./Bioline (Memphis, TN, USA) as a reaction of 50 ng RNA template in 25 µL
reaction volume having 70 nM of specific primers through the Real-Time PCR Detection
System obtained from Kapa Biosystems (Wilmington, MA, USA). The specific sets of the
sequence of the primers utilized for Nrf2 [42], Bax [43], Bcl-2 [44], and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) [45] were indicated in Table 1. The SYBR green
data analysis was based on a relative quantification of GAPDH, which was used as a
reference gene. Calculating the investigated genes’ relative expression level was based on
the comparative cycle threshold method [46]. Control samples were set at a value of 1, and
each gene’s expression was plotted relative to controls.

Table 1. The specific primers for real-time polymerase chain of nuclear factor erythroid-2-related
factor 2 (Nrf2), Bcl-2-associated X protein (Bax), B-cell lymphoma 2 (Bcl-2), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

Gene Forward Primer Reverse Primer

Nrf2 5′-CCCAGCACATCCAGACAGAC-3′ 5′-TATCCAGGGCAAGCGACTC-3′

Bax 5′-AGAGGCAGCGGCAGTGAT-3′ 5′-AGACACAGTCCAAGGCAGCAG-3′

Bcl-2 5′-TATATGGCCCCAGCATGCGA-3′ 5′-GGGCAGGTTTGTCGACCTCA-3′

GAPDH 5′-GTCGGTGTGAACGGATTTG-3′ 5′-CTTGCCGTGGGTAGAGTCAT-3′

2.9. Histopathological Examination and Scoring

Liver parts were fixed in formalin (10%) and embedded in paraffin. Serial liver sections
were prepared of 5-µm thickness and stained with hematoxylin and eosin [47]. The slides
were then blindly examined and photographed using a light microscope (Olympus BX51,
Tokyo, Japan) mounting a high-resolution digital camera. The hepatic injury was evaluated
based on the degree of inflammatory and apoptotic cells, as well as the degenerated area
within the hepatic lobules [48].

2.10. Immunohistochemical Examination and Scoring

Liver sections were deparaffinized, rehydrated, and washed with phosphate-buffered
saline. First, the endogenous peroxidase activity was blocked using 3% H2O2. For antigen
retrieval, the slides were boiled in 10 mL of citrate buffer (pH 6) using the microwave, then
left to be cooled for 20 min at room temperature. Next, the slides were incubated with either
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HO-1 (1:100), TLR4 (1:100), MYD88 (1:100), NF-κB (1:200), or TNF-α (1:100) for 1 h. Then,
detection of the slide sections was conducted using an HRP-conjugated secondary antibody
(1:2000), followed by colorimetric detection using a 3,3-diaminobenzidine tetrahydrochlo-
ride (DAB) kit. Finally, the sections were rinsed with water before being counterstained
with hematoxylin. The mean area fraction of HO-1, TLR4, MYD88, and TNF-α expression
was quantified using the ImageJ software in 6 fields for each rat. In addition, the number
of NF-κB positive cells was calculated in 6 non-overlapping successive fields under light
microscopy, with a high power field equal to 400 [49].

2.11. Statistical Analysis

Statistical analysis of the results was conducted using one-way analysis of variance
(ANOVA) followed by Tukey’s post-analysis test. Statistical calculations were conducted
using GraphPad Prism, version 6.01 for Windows (San Diego, CA, USA). Results were
expressed as mean ± SEM. Differences were considered significant with a p-value < 0.05.

3. Results
3.1. Effect of Paeonol on Serum ALT and AST

HIR significantly augmented serum ALT and AST activities compared to the sham-
operated control group. Conversely, the pretreatment with paeonol significantly reduced
the ALT and AST activities in HIR-induced rats compared to HIR untreated rats. Paeonol
treatment does not affect the serum activity of these hepatic enzymes in sham-control rats
(Figure 1).
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Figure 1. Effect of paeonol (PAE) on liver function tests. Serum activity of (a) alanine transaminase
(ALT) and (b) aspartate transaminase (AST) in hepatic ischemia/reperfusion (HIR) injury in rats.
Each value represents the mean ± SEM (n = 7). a Significant difference from the sham-operated
control group and b significant difference from the HIR group, respectively, at p < 0.05.

3.2. Effect of Paeonol on Hepatic Histopathology

Rat liver sections of sham and paeonol + sham groups revealed the same normal lobu-
lar architecture with normal central veins lined by flatted endothelial cells (Figure 2(Aa,Ab)).
These veins were surrounded by numerous cords of polygonal hepatocytes that appeared
with granular cytoplasm and central, rounded, vesicular nuclei. Some cells appeared
binucleated. The blood sinusoids were lined by Kupffer cells. In contrast, the HIR group
displayed disturbed lobular architecture with dilated both central and portal veins. In
addition, the sections showed dilated portal arteries and portal veins with nearby cellular
infiltrations and hemorrhage. Cells had darkly stained nuclei with deeply stained cyto-
plasm. Wide blood sinusoids were seen between the hepatocytic cells (Figure 2(Ac,Ad)).
Meanwhile, the paeonol + HIR group displayed normal lobular architecture with appar-
ent normal central veins except for focal dilated blood sinusoids. Hepatocytes appeared
polygonal with acidophilic cytoplasm and vesicular nuclei nearly similar to the control. In
addition, hepatic cytoplasmic vacuolations were seen among the sections (Figure 2(Ae)).
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The HIR group displayed a significant increase in the number of inflammatory and apop-
totic cells, as well as the degenerated areas within the hepatic lobules compared to the
sham-operated control group. At the same time, the administration of paeonol significantly
mitigated these alternations compared to the HIR group (Figure 2(Ba–Bc)).
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Figure 2. Effect of paeonol (PAE) on histopathological alternations in rats’ hepatic ischemia/reperfusion
(HIR) injury. (A) Photomicrographs showing sections of rat liver stained with hematoxylin and eosin
(×400). (Aa,Ab) Sham and PAE + sham groups show the same normal lobular architecture with
normal central veins (CV). The central veins appeared lined by flat endothelial cells (blue arrows),
surrounded by cords of polygonal hepatocytes with granular cytoplasm, and central, rounded,
vesicular nuclei (black arrows). Some cells appear binucleated (red arrows). Blood sinusoids (S) are
lined by Kupffer cells (K). (Ac,Ad) The HIR group show disturbed lobular architecture with dilated
central veins (CV). Notice the dilated portal artery (PA) and dilated portal vein (PV) with nearby
cellular infiltrations (circle) and hemorrhage (h). Cells have darkly stained nuclei with deeply stained
cytoplasm (black arrow). Wide blood sinusoids are seen between the hepatocytes (S). (Ae) The
PAE+HIR group shows normal lobular architecture with apparent normal central veins (CV) except
for focal dilated blood sinusoid (S). Hepatocytes appeared polygonal with acidophilic cytoplasm
and vesicular nuclei (black arrow) nearly similar to the control. Notice the hepatic cytoplasmic
vacuolations (V) and darkly stained nucleus with deeply stained cytoplasm (dashed arrow). (B) Semi-
quantitative analysis of (Ba) inflammatory cells, (Bb) apoptotic cells, and (Bc) degenerated area
within the stained sections. Each value represents the mean ± SEM (n = 7). a Significant difference
from the sham-operated control group and b significant difference from the HIR group, respectively,
at p < 0.05.
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3.3. Effect of Paeonol on Oxidative Parameters and Antioxidant Profile
3.3.1. Effect of Paeonol on Hepatic MDA, NO, GSH, and SOD

Next, we evaluated the effect of paeonol on oxidative and antioxidant markers. The
data presented in Figure 3 indicated that HIR significantly augmented MDA and NO
levels (Figure 3a,b) while significantly reducing GSH level and SOD activity compared to
sham-operated control rats (Figure 3c,d). On the other hand, paeonol pretreatment to HIR
rats significantly decreased MDA and NO levels and significantly enhanced GSH level and
SOD activity compared to HIR untreated rats. Paeonol treatment of the sham-operated rats
did not show any effect on any oxidative stress or antioxidant parameter compared to the
sham-operated control rats.
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ischemia/reperfusion (HIR) injury. (a) Malondialdehyde (MDA) level, (b) nitric oxide (NO; total
nitrite) level, (c) reduced glutathione (GSH) level, and (d) superoxide dismutase (SOD) activity. Each
value represents the mean ± SEM (n = 7). a Significant difference from the sham-operated control
group and b significant difference from the HIR group, respectively, at p < 0.05.

3.3.2. Effect of Paeonol on Nrf2/HO-1 Pathway

To investigate the effect of paeonol on crucial antioxidant defense mediators, Nrf2
and HO-1, we further evaluated the mRNA level of Nrf2, and the protein level of HO-1,
in rat hepatic tissues. The data presented in Figure 4 demonstrated that HIR significantly
increased the mRNA expression of Nrf2 compared to sham-operated control rats, while the
pre-administration of paeonol to the HIR rats further significantly enhanced these levels
compared to the HIR untreated rats (Figure 4A). On the other hand, immunohistochemical
staining of HO-1 revealed that sham and paeonol + sham groups showed hepatocytes and
Kupffer cells with cytoplasmic HO-1 expression. Meanwhile, the HIR group exhibited less
cytoplasmic expression in hepatocytes and Kupffer cells. However, the paeonol + HIR
group exhibited more expression in previously mentioned cells than what was detected in
the HIR-induced group (Figure 4B,C).
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Figure 4. Effect of paeonol (PAE) on the nuclear factor erythroid-2-related factor 2 (Nrf2)/heme-
oxygenase-1 (HO-1) pathway in rats’ hepatic ischemia/reperfusion (HIR) injury. (A) Relative expres-
sion level of the hepatic Nrf2 using real-time polymerase chain reaction. (B) Semi-quantification of the
hepatic HO-1 expression. (C) Photomicrographs of rat liver sections immunohistochemically stained
for detection of HO-1 (×400). (Ca,Cb) Sham and PAE + sham groups show strong, widespread
cytoplasmic expression of HO-1 in both hepatocytes (black arrows) and Kupffer cells (green arrows).
(Cc) The HIR group shows hepatocytes (black arrows) and Kupffer cells (green arrows) with minimal
HO-1 cytoplasmic expression. (Cd) The PAE + HIR group shows hepatocytes (black arrows) and
Kupffer cells (green arrow) with moderate HO-1 cytoplasmic expression. Each value represents the
mean ± SEM (n = 7). a Significant difference from the sham-operated control group and b significant
difference from the HIR group, respectively, at p < 0.05.

3.4. Effect of Paeonol on Hepatic Inflammatory Mediators
3.4.1. Effect of Paeonol on Hepatic TLR4 and MYD88

Previous data demonstrated that TLR4/MYD88 signaling plays a critical role in the
occurrence and development of HIR injury [50]. Therefore, we further explored the effects
of paeonol on the immunohistochemical staining of TLR4 and MYD88 in hepatic tissues
in HIR-induced rats. As regards TLR4 expression (Figure 5A,B), examination of sham
and PAE + sham groups showed hepatocytes and Kupffer cells with negative expression
(Figure 5(Aa,Ab)). On the other hand, the HIR group showed extensive cytoplasmic
expression in the previously mentioned cells compared to the sham-operated control
group (Figure 5(Ac)). Meanwhile, the PAE + HIR group displayed less expression in both
hepatocytes and Kupffer cells compared to the HIR untreated sections (Figure 5(Ad)).
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Figure 5. Effect of paeonol (PAE) on toll-like receptor 4 (TLR4) in rats’ hepatic ischemia/reperfusion
(HIR) injury. (A) Photomicrographs of rat liver sections stained for detection of TLR4 (×400). (Aa,Ab)
Sham and PAE + sham groups show negative expression of TLR4 in both hepatocytes (black arrows)
and Kupffer cells (green arrows). (Ac) The HIR group shows hepatocytes (black arrows) and Kupffer
cells (green arrow) with extensive TLR4 cytoplasmic expression. (Ad) The PAE + HIR group shows
hepatocytes (black arrows) and Kupffer cells (green arrow) with minimal TLR4 cytoplasmic expres-
sion. (B) Semi-quantification of the hepatic TLR4 expression. Each value represents the mean ± SEM
(n = 7). a Significant difference from the sham-operated control group and b significant difference
from the HIR group, respectively, at p < 0.05.

Further, in the immunohistochemical study for MYD88 (Figure 6A,B), sham and
PAE + sham groups displayed hepatocytes and Kupffer cells with negative expression
(Figure 6(Aa,Ab)). However, the HIR group showed more cytoplasmic expression in
hepatocytes and Kupffer cells compared to the sham-operated control group (Figure 6(Ac)).
In addition, less expression in both hepatocytes and Kupffer cells was observed in the HIR
group treated with paeonol compared to the HIR untreated group (Figure 6(Ad)).
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of MYD88 (×400). (Aa,Ab) Sham and PAE + sham groups show negative expression of MYD88
in both hepatocytes (black arrows) and Kupffer cells (green arrows). (Ac) The HIR group shows
hepatocytes (black arrows) and Kupffer cells (green arrow) with extensive MYD88 cytoplasmic
expression. (Ad) The PAE + HIR group shows hepatocytes (black arrows) and Kupffer cells (green
arrow) with less MYD88 cytoplasmic expression. (B) Semi-quantification of the hepatic MYD88
expression. Each value represents the mean ± SEM (n = 7). a Significant difference from the sham-
operated control group and b significant difference from the HIR group, respectively, at p < 0.05.

3.4.2. Effect of Paeonol on Hepatic NF-κB and TNF-α

Furthermore, we investigated the protein expression of the inflammatory mediators
NF-κB and TNF-α in hepatic sections. The data depicted in Figure 7A,B for the immunohis-
tochemical study for NF-κB exhibited that in sham and PAE + sham groups, the hepatocytes
and Kupffer cells showed a negative expression (Figure 7(Aa,Ab)). However, the HIR group
showed diffused NF-κB nuclear expression in hepatocytes and Kupffer cells (Figure 7(Ac)).
In contrast, the paeonol-treated HIR group exhibited less NF-κB expression in both hepato-
cytes and Kupffer cells than noticed in the HIR untreated group (Figure 7(Ad)).
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Figure 7. Effect of paeonol (PAE) on nuclear factor-kappa B (NF-κB) in rats’ hepatic ischemia/reperfusion
(HIR) injury. (A) Photomicrographs of rat liver sections stained for detection of NF-κB (×400). (Aa,Ab)
Sham and PAE + sham groups show negative expression of NF-κB in both hepatocytes (black arrows)
and Kupffer cells (green arrows). (Ac) The HIR group shows hepatocytes (black arrows) and Kupffer
cells (green arrow) with diffused NF-κB nuclear expression. (Ad) The PAE + HIR group shows
hepatocytes (black arrows) and Kupffer cells (green arrow) with less NF-κB nuclear expression. (B)
Semi-quantification of the hepatic NF-κB expression. Each value represents the mean ± SEM (n = 7).
a Significant difference from the sham-operated control group and b significant difference from the
HIR group, respectively, at p < 0.05.

The immunohistochemical study for TNF-α (Figure 8A,B) revealed that sham and
PAE + sham groups showed hepatocytes and Kupffer cells with faint TNF-α cytoplasmic
expression (Figure 8(Aa,Ab)). On the contrary, the HIR group showed extensive expression
in the previously mentioned cells compared to sham and PAE + sham sections (Figure 8(Ac)).
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Meanwhile, the PAE + HIR group exhibited less expression in both hepatocytes and Kupffer
cells compared to the HIR group (Figure 8(Ad)).
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Figure 8. Effect of paeonol (PAE) on tumor necrosis factor-α (TNF-α) in rats’ hepatic ischemia/reperfusion
(HIR) injury. (A) Photomicrographs of rat liver sections stained for detection of TNF-α (×400).
(Aa,Ab) Sham and PAE + sham groups show Kupffer cells (K) with TNF-α cytoplasmic expression.
(Ac) The HIR group shows more widespread Kupffer cells (K) with TNF-α cytoplasmic expression
in the dilated central vein. (Ad) The PAE + HIR group shows fewer Kupffer cells (K) with TNF-α
cytoplasmic expression in the central vein. (B) Semi-quantification of the hepatic TNF-α expression.
Each value represents the mean ± SEM (n = 7). a Significant difference from the sham-operated
control group and b significant difference from the HIR group, respectively, at p < 0.05.

3.5. Effect of Paeonol on Apoptosis in HIR Injury in Rats

We evaluated the effect of paeonol on the gene expression of the apoptotic molecule Bax
and the anti-apoptotic mediator Bcl-2. The data indicated in Figure 9 demonstrates that the
relative expression level of Bax was significantly increased in the HIR group compared to
the sham-operated control group. However, paeonol pretreatment significantly decreased
Bax gene expression compared to HIR untreated rats. Alternatively, HIR significantly
decreased the Bcl-2 gene expression compared to the sham-operated control group, and
paeonol pretreatment significantly increased this expression. Paeonol did not show any
impact on the expression of the indicated genes in the paeonol-treated sham rats.
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Figure 9. Effect of paeonol (PAE) on apoptosis (Bcl-2-associated X protein (Bax) and B-cell lymphoma
2 (Bcl-2)) in rats’ hepatic ischemia/reperfusion (HIR) injury. The relative expression level of (a) Bax
and (b) Bcl-2 using real-time polymerase chain reaction. Each value represents the mean ± SEM
(n = 7). a Significant difference from the sham-operated control group and b significant difference
from the HIR group, respectively, at p < 0.05.

4. Discussion

Paeonol is a natural phenolic compound that has demonstrated potent pharmacologi-
cal properties against oxidative stress, inflammation, and apoptosis [30–33,51]. However,
the potential role and the underlying mechanisms of paeonol in HIR injury are still undis-
covered. The results of the present work demonstrated for the first time that paeonol
provided ameliorating effects on HIR injury through suppressing liver oxidative stress, re-
ducing inflammatory reactions, and preventing hepatocellular apoptosis via the activation
of the Nrf2/HO-1, and the inhibition of the TLR4/MYD88/NF-κB, and Bax/Bcl-2 signaling
pathways. These findings may provide paeonol as a possible protective therapeutic against
HIR injury.

For the above goal, we utilized a well-established rat model of HIR injury. Induction of
HIR in the current study resulted in an elevation in the serum liver enzymes ALT and AST,
pointing to early acute hepatic injury and which are in line with previous reports [52,53],
while paeonol pretreatment reduced liver enzyme activities. These data were further
confirmed by the histopathological changes. The disturbed lobular architecture and the
massive inflammatory cellular infiltration and hemorrhage were dramatically reduced with
paeonol administration, indicating that paeonol could mitigate the severity of HIR-induced
liver damage. The present results are in agreement with previous studies, which reported
that paeonol could ameliorate liver injuries in several animal models [30,51,54] and various
experimental I/R injuries [35–37].

Oxidative stress, which results from ROS generation along with depletion of antiox-
idant defense mechanisms, plays a key role in the pathogenesis of HIR injury [5,55,56].
Excess oxygen radicals are produced during the reperfusion of the ischemic hepatocytes,
causing lipid peroxidation of cellular membranes, inflammatory cell infiltration, neu-
trophil stimulation, and hepatic cell damage [57,58]. MDA is a dominant biomarker for
lipid peroxidation [59]. On the other hand, NO is well reported to be enhanced in I/R
due to the overexpression of NO synthase, resulting in the generation of peroxynitrite,
which depletes the antioxidant reserves, induces lipid peroxidation, and causes cellular
apoptosis [60]. GSH acts non-enzymatically against oxidative stress by directly scavenging
the ROS [61], and SOD is an important member of the antioxidant metalloenzymes that
defend against oxidative stress [62]. The results of the current study, in agreement with
previous reports [28,63], demonstrated a significant increase in the hepatic MDA and NO
levels while a remarkable reduction in the hepatic antioxidant GSH level and SOD activ-
ity, proving the contribution of the oxidative stress in the process of HIR injury [28,63].
The pretreatment of paeonol in the rats counterbalanced these alternations, regaining the
antioxidant activities and reducing the elevated oxidative biomarkers. Our results are
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supported by the strong antioxidant efficacy of paeonol which showed hepatoprotective ef-
fects in models of lipopolysaccharide/d-galactosamine-induced acute liver failure [51], and
diethylnitrosamine-induced hepatocellular carcinoma [64]. These results demonstrate that
the prevention of HIR injury by paeonol is partially attributed to its oxidation resistance.

Nrf2 is a crucial endogenous regulator of antioxidant defense mechanism [62]. Under
basal conditions, cytoplasmic Keap-1 binds to Nrf2 and restrains its activity through ubiq-
uitination and proteasome-dependent degradation to maintain the cell homeostasis [65]. In
response to stress, the redox-sensitive Keap-1 uncouples from Nrf2, allowing the newly
synthesized Nrf2 to translocate into the nucleus, where it binds to AREs and forms het-
erodimers, allowing the recruitment of key transcription factors [66]. HO-1 is an inducible
enzyme, and its target gene is regulated by Nrf2. The transcription and expression of HO-1
are mainly considered for the antioxidant defense against oxidative damage [67]. Previous
studies have demonstrated the involvement of Nrf2/HO-1 signaling in the regulation of
HIR injury [17,68]. In the current data, Nrf2 was significantly enhanced in the HIR group;
such enhancement can be explained by the protective, compensatory cellular response
of Nrf2 to combat oxidative stress [69]. Our data has pointed out that the elevated Nrf2
levels were probably insufficient to enhance the antioxidant HO-1 protein levels under
HIR conditions and are in agreement with previous work [70]. Further, we indicated the
ability of paeonol to effectively increase the Nrf2 mRNA, as well as HO-1 protein levels
compared to untreated HIR rats, suggesting the contribution of the Nrf2/HO-1 pathway in
the protective effects of paeonol on HIR injury, as previously reported for paeonol in other
disease models [28,31,71].

Furthermore, HIR injury causes an intricate release of inflammatory mediators and
triggers the stimulation of several inflammatory cascades [72]. TNF-α is a well-reported
mediator during sterile inflammation in HIR injury that significantly contributes to liver
injury [73]. In the present work, paeonol remarkably reduced the number of infiltrating
inflammatory cells, as well as TNF-α expression, following previous reports [30]. In
addition, it has been previously shown that TNF-α also stimulates neutrophils recruitment
via the expression of adhesion molecules and induces chemokines, which further causes
the liberation of more ROS and proteases, creating extra injury [74]. Thus, the current data
indicates that paeonol displayed an effective anti-inflammatory effect.

The TLR4/NF-κB signaling pathway is a basic pathway that mediates inflammation
and plays a crucial role in the ischemic injury of the brain, heart, lung, and liver [22,24,28,75].
Under unstimulated conditions, NF-κB is typically sequestered with IκB in the cytoplasm.
In response to a stressful stimulation, IkBα is phosphorylated and deactivated by IκB kinase-
β (IKKβ), freeing NF-κB to be translocated to the nucleus and guide the transcription of
multiple pro-inflammatory cytokines [76]. TLR4 causes the activation of NF-κB through two
downstream pathways, the MYD88-dependent, and independent pathways. The MYD88-
dependent pathway leads to the release of multiple inflammatory factors, such as TNF-α,
interleukin-1 (IL-1), IL-6, and IL-8, mainly via the stimulation of the NF-κB [77]. In order to
detect whether paeonol exerts its anti-inflammatory effects through the TLR4/MYD88/NF-
κB signaling pathway, we determined the expression of all of TLR4, MYD88, and NF-κB at
the protein level, and the results showed a significant increase in their protein expression in
the HIR group compared to the sham-operated rats, while the pretreatment with paeonol
dramatically reduced their expression level. The current data were in accordance with
the results of Zhai et al., who demonstrated the protective effects of paeonol against the
inflammatory response in rheumatoid arthritis via modulating the TLR4/NF-κB pathway
in mice [78]. Additionally, Al-Taher et al. revealed an attenuating effect for paeonol
in methotrexate-induced cardiac toxicity through inhibiting TLR4/NF-κB/TNF-α/IL-6
inflammatory pathway, as well as reducing the pro-apoptotic marker, caspase 3 [45]. Thus,
our data proved that paeonol was able to decrease the inflammatory response caused by
HIR by inhibiting the TLR4/MYD88/NF-κB signaling pathway.

To determine whether paeonol had an effect on apoptosis stimulated by HIR, we
detected the gene expression of Bcl-2 and Bax. Bcl-2 is one of the key anti-apoptotic genes,



Antioxidants 2022, 11, 1687 14 of 18

while Bax is one of the most critical members of apoptotic genes. The level of expression
of these Bcl-2 family genes is a reflection of the percentage of apoptosis. Therefore, one
possible mechanism by which HIR decreases cell viability is increased ROS level, which
then causes an alternation in the expression levels of Bcl-2 family genes. In the current
study, the expression level of the anti-apoptotic gene (Bcl-2) was remarkably reduced, and
the pro-apoptotic gene (Bax) was significantly elevated in the HIR-induced group, while the
administration of paeonol effectively reversed these changes. Another plausible mechanism
is the regulation of the two genes by TLR4. Our results are in harmony with previous
findings by Li et al. [79]. Moreover, Gong et al. have demonstrated a protective capacity
for paeonol against lipopolysaccharide/d-galactosamine-induced acute liver failure in
mice via inhibiting Bax, caspases 3, 8, 9, and increasing Bcl-2 [51]. Thus, the current
study indicated that paeonol was able to augment mitochondrial activity, suppress ROS
production, and inhibit apoptosis by stimulating Bcl-2 and inhibiting Bax gene expressions,
thereby displaying a protective role in HIR.

5. Conclusions

The present study demonstrated that paeonol was able to significantly reduce the
degree of HIR injury. This hepatoprotective effect was attributable to, at least in part, its
antioxidant properties via the modulation of MDA, NO, GSH, and SOD, and the enhance-
ment in Nrf2/HO-1 protein expression, a decrease in TLR4/MYD88/NF-κB inflammatory
pathway, and its anti-apoptotic effect via suppressing Bax while activating Bcl-2 gene
expressions. The proposed molecular mechanism of action of paeonol and the possible
cross-talk between its effectors are illustrated in Figure 10.
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while the HIR inhibits its full efficiency. (2) HIR stimulates toll-like receptor 4 (TLR4)/myeloid 
differentiation primary response gene 88 (MYD88) signaling pathway, which is a critical activator 
for nuclear factor kappa-B (NF-κB). IκBα, a negative regulator of NF-κB, is phosphorylated and 
ubiquitinated, allowing for its proteasomal degradation. This leads to freeing the NF-κB subunit 
and its translocation to the nucleus, where it hetero-dimerizes at the κB response element (κBRE). 
This further stimulates the transcription of various pro-inflammatory mediators, such as tumor 
necrosis factor-α (TNF-α) and regulates the pro-apoptotic molecule Bcl-2-associated X protein (Bax) 
and the anti-apoptotic molecule B-cell lymphoma 2 (Bcl-2). As indicated, PAE inhibits 
TLR4/MYD88/NF-κB pathways, while HIR enhances their signaling. In addition, PAE inhibits the 
apoptotic cascade by stimulating Bcl-2, while inhibiting Bax ameliorating HIR-induced apoptosis. 
Several cross-talks between the three different molecular signaling pathways are illustrated. 

Figure 10. Schematic diagram illustrating the proposed molecular mechanisms underlying the
protective effects of paeonol (PAE) in hepatic ischemia/reperfusion (HIR) in rats. (1) Under resting
conditions, Kelch-like ECH-associated protein 1 (Keap-1) forms a complex, which leads to the
ubiquitination and degradation of nuclear factor erythroid-2-related factor 2 (Nrf2). HIR triggers the
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increase in reactive oxygen species (ROS), which causes Nrf2 to dissociate from its complex and
translocates into the nucleus, where it forms a complex with small Maf proteins (sMaf) and antioxidant
response elements (AREs). The formed complex guides the transcription of cytoprotective genes,
such as heme-oxygenase-1 (HO-1). PAE augments the Nrf2/HO-1 pathway, while the HIR inhibits
its full efficiency. (2) HIR stimulates toll-like receptor 4 (TLR4)/myeloid differentiation primary
response gene 88 (MYD88) signaling pathway, which is a critical activator for nuclear factor kappa-B
(NF-κB). IκBα, a negative regulator of NF-κB, is phosphorylated and ubiquitinated, allowing for
its proteasomal degradation. This leads to freeing the NF-κB subunit and its translocation to the
nucleus, where it hetero-dimerizes at the κB response element (κBRE). This further stimulates the
transcription of various pro-inflammatory mediators, such as tumor necrosis factor-α (TNF-α) and
regulates the pro-apoptotic molecule Bcl-2-associated X protein (Bax) and the anti-apoptotic molecule
B-cell lymphoma 2 (Bcl-2). As indicated, PAE inhibits TLR4/MYD88/NF-κB pathways, while HIR
enhances their signaling. In addition, PAE inhibits the apoptotic cascade by stimulating Bcl-2, while
inhibiting Bax ameliorating HIR-induced apoptosis. Several cross-talks between the three different
molecular signaling pathways are illustrated.
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