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ABSTRACT

Background: Liver injury due to ischemia/reperfusion (I/R) is a major challenge
during liver surgery. Effects of paeonol pretreatment on partial hepatic I/R injury were
assessed in this study. Methods: Male Wistar rats were allocated into sham, vehicle-
I/R, and paeonol-1/R groups. Paeonol, 100 mg/kg/day, was administered by gavage.
After 10 days, rats of I/R groups were subjected to partial I/R of the liver. Blood
samples were collected for assessment of alanine and aspartate aminotransferases as
well as gamma glutamyl transferases. Liver samples were taken for detection of tumor
necrosis factor-o (TNF-a) and malondialdhyde (MDA) levels as well as superoxide
dismutase (SOD) activity. The mRNA expression of toll-like receptor-4 (TLR4),
myeloid differentiation factor 88 (MyD88), high mobility group box 1 (HMG-1), and
peroxisome proliferator-activated receptor-y (PPAR-y) were assessed in the liver.
Hematoxylin& eosin stained liver sections were examined. Expressions of nuclear
factor kappa B (NF-xB) and autophagy markers (LC3 Il, P62) were assessed in
immunostained sections. Results: Liver I/R increased serum transferases and tissue
MDA, TNF-a, TLR4, HMGB-1, MyD88, NF-«xB, LC3 I, P62 levels
with hydropic degeneration and cellular infiltration in the liver while
decreased SOD activity and PPAR-y mRNA expression. These
alterations were attenuated by paeonol pretreatment. Conclusions:
Paeonol pretreatment alleviated liver I/R injury through inhibition of
autophagy and TLR4/MyD88/NF-kB pathways.
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INTRODUCTION

Liver injury due to ischemia/reperfusion (I/R)
usually happens during liver surgery or
transplantation with high morbidity and mortality
sequelae [1]. Initially, hypoxia and nutrient
deficiency induce hepatic injury, then reperfusion
causes oxidative stress and inflammation with
release of numerous mediators vyielding more
damage to the liver tissue [2]. Therefore, liver
injury attributed to I/R requires effective preventive

measures to improve liver surgery outcome.
Interplay between numerous sinusoidal,
endothelial, and inflammatory cells takes place
during I/R of the liver [3]. The detrimental
inflammatory response to I/R injury is partially
explained by activation of toll-like receptor type 4
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(TLR4) signaling cascade. The high-mobility group
box protein B1 (HMGBL1) is a TLR4 ligand that
activates TLR4 resulting in myeloid differentiation
factor 88 (MyD88) activation. The latter will
activate the nuclear factor kappa B (NF-xB) with
subsequent increased expression of tumor necrosis
factor-a (TNF-a) [4]. The signaling cascade
involving MyD88/NF-kB activation followed by
enhanced formation and release of TNF-a has an
important role in the inflammatory response to I/R
of the liver [5].

Autophagy is a cellular homeostatic process
by which the damaged proteins and old cell
organelles are processed in the autophagosome
yielding substrates for resynthesis new organelles
[6]. Although it is energy saving process, excessive
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autophagy during stressful conditions, like I/R
injury, results in a terrible degradation of essential
proteins and organelles with subsequent necrosis
and tissue damage [7]. Light chain 3 (LC3), a
microtubule-associated protein, and P62, an
autophagy receptor, are routine autophagy markers.
LC3-Il is a membrane-bound protein formed on the
surface of autophagosome. P62 receptor is activated
by LC3-ll binding leading to engulfment and
processing of the proteins and cell organelles [8].

Paeonol, a phenolic compound, is obtained
from Paeonia lactiflora Pall roots [9]. The curative
effects of paeonol in neuralgia, dermatitis, myositis,
and arthritis have been reported [10]. The
abovementioned clinical conditions were improved
by paeonol treatment due its anti-inflammatory
actions [11]. The antioxidant and anti-inflammatory
effects of paeonol have been reported in many
organs including the lung [12], stomach [13], brain
[14], and heart [15].
This study aimed to evaluate the effect of paeonol
preconditioning on the experimental partial liver I/R
injury and to detect the potential mechanistics
involved.

METHODS

Animals
Male Wistar rats (230-260 g) were obtained from
the Faculty of Veterinary animal farm, Zagazig,
Egypt. Rats were kept in animal house under
standard conditions with free access to food and
water. The protocols of the study were reviewed by
Zagazig University-IACUC committee and attained
its approval (ZU-IACUC Number: 3/F/79/2022&
Date: 27 June 2022).
Drugs
Paeonol, Sigma-Aldrich (St. Louis, MO, US).
Carboxy-methylcellulose: EI Gomhoreya Company,
Egypt. Thiopental sodium 500mg vial, EIPICO,
Tenth of Ramadan City, Egypt.
Partial hepatic I/R model
About 70% of the liver mass was subjected to I/R.
Under thiopental, 50mg/kg [16], anesthesia, midline
abdominal incision was done followed by falciform
ligament cutting to explore the portal triade of the
left and median lobes (70% of the liver) which was
clamped with non-traumatic clamp to induce
ischemia for half an hour followed by clamp release
to allow reperfusion for two hours [17]. Blood
samples were withdrawn from the aorta and serum
was separated for biochemical assays. The left lobe
of the liver was divided into two equal sets; one was
merged in liquid nitrogen then stored at —80 °C to be
processed for biochemical studies while the other
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one was fixed in formalin (10%) solution for
immunohistochemical and histological studies.
Experimental protocol

Three groups, six rats per each, were utilized in the
study. Sham, vehicle-treated I/R (administered
carboxymethylcellulose 0.5% solution 1mL/kg by
gavage once daily), and paeonol-treated I/R groups.
In the last group, paeonol suspended in 0.5%
carboxymethylcellulose solution was administered
100mg/kg/day orally to rats [18]. In all groups,
treatments were continued for 10 days. By the 10"
day, rats of I/R groups underwent partial hepatic
I/R, while rats of sham group were operated like I/R
groups except for portal triade clamping.
Measurement of liver enzymes

Level of alanine aminotransferase (ALT), gamma
glutamyl transferase (GGT) and aspartate
aminotransferase (AST) in serum were determined
by spectrum diagnostic kits [19& 20].
Measurement of hepatic lipid peroxidation
Malondialdhyde (MDA) level in liver homogenate
was measured by thiobarbituric acid reactive
substances assay kit [21].

Measurement of superoxide dismutase (SOD)
activity

Inhibition of pyrogallol auto-oxidation method was
utilized for assessment of SOD activity [22].
Measurement of concentration of tumor necrosis
factor-alpha (TNF-a)

TNF-a level in liver homogenate was detected by
rat TNF-a ELISA kit [23].

Gene expression analysis

Sample preparation and cDNA synthesis
Following instructions in the manufacturer’s
protocol, the total RNA was isolated from liver
tissue utilizing RNA isolation kit. The RNA purity
and integrity were assessed by spectrophotometer at
260/280 nm. The RNA was reverse transcribed by
Reverse  Transcription Kit to obtain the
complementary DNA (cDNA). The latter was stored
at —20°C until analysis.

. Measurement of mRNA expression of TLR4,

HMGBL1, MyD88, and PPAR-y by RT-PCR

StratageneMx3005P-qPCR System was used for
TLR4, HMGB1, MyD88, and PPAR-y mRNA
assessment utilizing the real time polymerase chain
reaction (RT-PCR). Analysis of gene expression
was done by gRT-PCR. The cDNA polymerase
chain reactions were performed in 20 pL of final
volume (containing 50 ng cDNA); 10 pmol/uL of
each primer (1 uL each), 10 uL of SYBR Green 2x
Master Mix Green. The amplification was done by
initial enzyme activation at 95°C for 15 min,
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followed by 40 cycles of 95°C for 15 sec and then
60°C for 1 min and final extension at 72°C for 30
sec. B-actin gene was used as an internal control.
The primers used for real-time PCR were reported
in table (2).
Histological evaluation of  the liver
histoarchitecture changes by H&E stain
The formalin fixed liver tissues were dehydrated
utilizing increasing alcohol grades, and then
paraffin blocks were done. Slices with 5 pm
thickness were stained with H&E. Scoring of
hydropic degeneration were evaluated as 0 for
absent, 1 for less than 25%, 2 for 25-50%, and 3 for
more than 50% of degeneration. Scoring of cellular
infiltration scores were calculated as O for absent, 1
for less than 1/3, 2 for 1/3-2/3, and 3 more than 2/3
of portal tracts infiltrated with inflammatory cells
[24].
Immunohistochemical analysis for assessment of
NF-kB (p65) protein and autophagy markers
(LC3-11& P62)
Liver sections were deparaffinized and rehydrated
in sequences of ascending concentrations of ethanol.
Peroxides were deactivated by 3% H-0, in PBS for
15 min and incubated at 4 "C with rabbit polyclonal
anti-NF-kB  (p65), LC3A/B or SQSTMI/ p62
Rabbit mAb overnight. The secondary antibody
and avidin—biotin complex then added for 30 min.
The color was generated after adding
diaminobenzidine. Image J software plugin,
immunohistochemistry profiler was utilized to
compute positive nuclear expression (brown color).
Histopathological and immunohistochemical studies
were done by two experimenters blind to the
experimental groups
Statistical analysis
The obtained results were statistically analyzed by
SPSS version 16 software package for Windows.
One-way ANOVA followed by post hoc Tukey test
was used for multiple comparisons of the parametric
data, while Dunnett T3 test was utilized for multiple
comparisons of non-parametric data. The statistical
significance was set at p < 0.05.

RESULTS
ALT, AST, and GGT assessment
Liver I/R significantly (p<0.001) increased serum
ALT, AST and GGT levels compared to sham
group. Paeonol pretreatment significantly (p<0.001)
decreased ALT, AST and GGT levels in
comparison to vehicle-treated I/R group while
compared to sham group ALT was significantly
(p<0.05) increased but AST and GGT were
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insignificantly (p= 0.942 and 0.099 respectively)
increased (Table 2).

SOD, MDA and TNF-a Assessment

Liver I/R significantly (p<0.001) decreased SOD
activity compared to sham group. Paeonol
pretreatment significantly (p<0.001) increased SOD
activity compared to vehicle-treated I/R group and
significantly (p<0.05) decreased compared to sham
group.

Liver I/R significantly (p<0.001) increased the
MDA and TNF-a concentrations compared to sham
group. These levels were significantly (p<0.001)
decreased by paeonol pretreatment compared to
vehicle-treated I/R group while were insignificantly
(p=0.179& 0.381 respectively) increased compared
to sham group (Table 2).

Effect of paeonol on alterations of hepatic
HMGB-1, TLR4, MyD88, and PPAR-y mRNA
expression induced by liver I/R

The hepatic MRNA expressions of TLR4, HMGB-
1, and MyD88 were significantly (P<0.001)
increased by I/R while PPAR-y was significantly
(P<0.001) decreased compared to sham group.
Paeonol pretreatment significantly (P<0.001)
decreased TLR4, HMGB-1, and MyD88 m RNA
expressions and significantly (P<0.05) increased
PPAR-y compared to the vehicle-treated I/R group
(Table 3).

Effect of Paeonol on liver I/R induced
histopathological alterations (Table 4)
H&E-stained liver tissue from experimental groups
is illustrated in Fig. 1-3. Sham group sections
showed normal liver architecture without any
pathological changes (Fig. 1). Vehicle-treated I/R
group sections displayed most hepatocytes with
vacuolated cytoplasm and pyknotic nuclei with
hydrobic  degeneration and mono cellular
infiltrations scores significantly (P<0.05) increased
in comparison to sham group, as well as dilated and
congested blood sinusoids with bile duct
proliferation (Fig.2). The paeonol-treated I/R group
sections showed most hepatocytes with acidophilic
cytoplasm and vesicular nuclei, but still displayed
pyknotic nuclei and less vacuolated cytoplasm in
some hepatocytes. The hydrobic degeneration and
cellular infiltrations scores significantly (P<0.05)
decreased in comparison to vehicle-treated I/R
group (Fig. 3).

Effect of Paeonol-on NF-«B (p65)
immunoexpression

As shown in fig. 4, immunohistochemical NF-xB
(p65) protein staining was marked in vehicle-treated
IR group while, sham group showed negative
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staining. In paeonol-treated IR group, few
hepatocytes’ nuclei exhibited positive expression of
NF-kB (p65). The number of NF-kB (p65) immune-
positive nuclei is significantly (P<0.001) increased
in vehicle-treated I/R group compared to sham
group. However, in paeonol-treated I/R group, the
number of NF-kB (p65) positive nuclei was
significantly (P<0.001) decreased in comparison to
vehicle-treated I/R group but still displayed a
significant (P<0.05) increase as compared to sham
group.

Effect of paeonol on autophagy markers
immunoexpression

Volume 29, Issue 4, Jully 2023

The immunoexpressions of autophagy related LC3-
Il and p62 proteins in hepatic tissue (brown staining
of hepatocytes’ cytoplasm) are illustrated as in Fig.
5& 6 respectively. The percentage of LC3-Il and
p62 immunoexpressions are significantly (P<0.001)
increased by I/R compared to sham group. LC3-II
and p62 immunoexpression are significantly
(P<0.001) decreased by paconol pretreatment
compared to vehicle-treated I/R group but compared
sham group; LC3-1l1 was insignificantly (p=0.066)
increased while P62 displayed a significant
(P<0.05) increase.

Table 1: Primer sequences of HMGB-1, TLR4, MyD88, and PPAR-y genes
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TLR4 GCTTTCAGCTTTGCCTTCAT TACACCAACGGCTCTGGATA
HMGB-1 TCAGATACAAGGAAAGCGGAT AAATTGCCAAATTGTTCCCT
MyD88 TGGTGGTTGTTTCTGACGAT GATCAGTCGCTTCTGTTGGA
PPAR-y CATACATAAAGTCCTTCCCGCTG TTGTCTGTTGTCTTTCCTGTCAAGA
B-actin ACTGGCATTGTGATGGACTC CAGCACTGTGTTGGCATAGA

Table 2: Effect of paeonol on alterations of ALT, AST, GGT, SOD, MDA, and TNF-a levels
induced by partial liver I/R in rats

ALT (U/L) 13.661+3.26 58+6.22* 21.66+2.58*" 179.014
AST (U/L) 78.66+2.20 170 + 13.69* 80.50+8.01% 118.242
GGT (U/L) 1.54+0.52 4.25+0.73* 2.28+0.41" 43.108
SOD (U/g) 140+ 12.98 53+ 6.80* 114+9.30** 118.580
MDA (umol/g) 8.29+0.93 19.16+ 1.72% 9.83+ 1.47* 103.695
TNF-a (pg/e) 8.36+0.89 17.35+ 2.26* 9.60+1.17* 58.183

Values represent mean * standard deviation. *Significant from sham group. *Significant from vehicle-
treated IR group. Number= 6 rats per each group. I/R: ischemia/reperfusion, ALT: alanine
aminotransferase, AST: aspartate aminotransferase, GGT: y glutamyl transferase, SOD: superoxide
dismutase, MDA: malondialdhyde. TNF-a: tumor necrosis factor-alpha. F=variation between sample
means / variation within the samples.

Table 3: Effect of paeonol on alterations of hepatic HMGB1, TLR4, myD88, and PPAR-y mMRNA
expression levels induced by liver I/R in rats

TLR4 1.09+0.11 2.31+0.23* 1.35+0.15*" 81.84
HMGB1 1.12+0.07 2.73+0.19* 1.44+0.12%* 230.66
MyD88 1.11+0.14 3.14+0.27* 1.87+0.18*" 141.56
PPAR-y 1.08+0.13 0.56+011* 0.87+0.14*" 23.74

Values represent mean + standard deviation. *Significant from sham group, *significant from vehicle-
treated I/R group. Number= 6 rats per each group. I/R: ischemia/reperfusion, HMGB1: High mobility
group box 1, TLR-4: Toll-like receptor, MyD88: Myeloid differentiation factor88, PPAR-y: Peroxisome
proliferator-activated receptor-gamma. F=variation between sample means / variation within the samples
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Table 4: Hydropic degeneration and cellular infiltration scores in hepatic tissues of sham, vehicle-
treated IR, and paeonol-treated I/R groups
Groups Sham Vehicle-treated IR Paeonol-treated I/R F
Hydropic 0.0£0.0 2.33+£0.81* 0.50+0.54" 28.10
degeneration
score
Cellular 0.0£0.0 1.66+0.51" 0.33+0.51"% 26.25
infiltrations
score
Values represent mean score+ standard deviation. * Significant from sham group, # Significant from
vehicle-treated IR group. Number = 6 rats per each group. I/R: ischemia/reperfusion. F=variation between

sample means / variation within the samples
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Figure 1: (A, B) Photomicrographs of liver tissues stained with H&E from sham group. These sections
show hepatocytes with acidophilic cytoplasm (arrow heads), central vein (CV), the portal vein (PV),
hepatic artery (Ha), bile duct (Bd) and separated by blood sinusoids (s) with Kupffer cells. Scale bar= 50
pm, x400
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photomicrographs of liver tissues sections stained with H&E from
vehicle-treated I/R group. These sections show disrupted architecture with dilated and congested central
(CV) and portal (PV) veins. Most hepatocytes have pyknotic nuclei (short arrow) and vacuolated
cytoplasm (v) and separated by dilated blood sinusoids (S*). Bile duct proliferation (Bd) and mono
cellular infiltrations (IF) can be observed. Scale bar= 50 um, x400
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Figure 3: (A, B) Photomicrographs of H&E-stained liver tissue sections of paeonol-treated I/R group
revealed restoration of the most of normal appearance of hepatocytes with slightly dilated central vein
(CV). Most hepatocytes with acidophilic cytoplasm and rounded vesicular nuclei (arrowhead) and
separated by slightly dilated blood sinusoids (S*), few scattered hepatic cells with pyknotic nuclei (short

arrow) and vacuolated cytoplasm (v) can be noticed around the central vein (CV) and the portal vein
(PV). Bile duct (Bd) can be seen.
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Figure 4: Microscope images represent NF-kB (p65) immunostained sections in the studied group. Sham
group (A) shows no positive immunostained cells while vehicle-treated I/R group (B) shows strong
positive brown staining (nuclear reaction). Paeonol-treated IR group (C) shows marked decrease in
positive brown reaction. The arrowhead points to positive immunostained cells. (D) A bar chart displays
the mean and standard deviation of number of NF-kB (p65) positive cells in the studied groups.

*Significant from sham group, #Significant from vehicle-treated IR group, F= 137.842. I/R:
ischemia/reperfusion
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Figure 5: Representative microscopic images show immunohistochemical staining of autophagy
associated protein LC3-11 among (A) sham, (B) vehicle-treated I/R and (C) paeonol-treated I/R groups.
Arrow refers to the brown staining of the cytoplasm of the hepatocytes that indicates the positive
immunoexpression of LC3. (D) A bar chart represents the mean and standard deviation of the area % of
LC3 immunoexpression among the studied groups. *Significant from sham group, #Significant from
vehicle-treated I/R F=96.707. I/R: ischemia/reperfusion
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Figure 6: Representative microscopic images show immunohistochemical staining of autophagy
associated protein P62 among (A) sham, (B) vehicle-treated I/R, and (C) paeonol-treated I/R groups.
Arrowhead refers to the brown staining of the cytoplasm of the hepatocytes that indicates the positive
immunoexpression of P62. (D) A bar chart represents the mean and standard deviation of the area % of
P62 immunoexpression among the studied groups. * Significant from sham group, # Significant from
vehicle-treated IR group, F= 254.297. I/R: ischemia/reperfusion.
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DISCUSSION

The liver tissue damage following I/R
yields a marked disturbance in the liver functions
[25]. The extent of hepatic damage is usually
correlated with increases in serum
aminotransferases concentrations [26]. In this study,
serum levels of aminotransferases were elevated by
I/R of the liver, while paeonol preconditioning
attenuated these elevations. As ALT, AST and GGT
are intracellular enzymes; increments in their serum
levels after reperfusion indicate necrosis of liver
tissue [27]. The biochemical findings in the current
study were confirmed by the histopathological
findings which showed hepatocyte hydropic
degeneration after I/R.

In this work, the biochemical and
histopathological alterations resulted from I/R
injury were attenuated by paeonol preconditioning.
Indeed, the protective effects of paeonol were
documented in experimental I/R injury in other
organs. In this context, paeonol decreased size of
infarction in rat model of cerebral I/R injury [28]. In
addition, paeonol was reported to alleviate the
myocardial I/R injury in rats [29].

The reperfusion injury generates reactive
oxygen species (ROS) which interact with the
hepatocyte membrane lipids leading to lipid
peroxidation with subsequent necrosis [30]. While,
MDA is a marker of lipid peroxidation, SOD has a
protective effect against ROS-induced damage [31].
In these results, MDA level was increased with
exhausted SOD activity following I/R of the liver.
Interestingly,  paeonol  protected  hepatocyte
membrane from lipid peroxidation; these effects
were documented by MDA decrement and SOD
enhancement. The antioxidant effects of paeonol
were previously documented by increasing SOD
activity and decreasing MDA level in rats with
hepatic carcinoma [32].

In the present findings, I/R injury of liver
induced detrimental inflammatory response. The
latter was attenuated by paeonol pretreatment. In
this context, the level of TNF-a was increased by
I/R injury, while paeonol pretreatment attenuated
this increase. An interplay exists between ROS,
TNF-a and NF-xB pathway during I/R injury of the
liver. This was documented by increased leukocyte
chemotaxis and ROS generation by TNF-a [33],
while NF-kB enhanced gene expression of TNF-a
and IL-1 during I/R of the liver [34]. In addition,
neutralization of TNF-o was reported to decrease
I/R injury of the liver [35]. In parallel with the
present findings, paeonol treatment was found to
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reduce TNF-a in hepatocellular carcinoma rats [32].
Moreover, it ameliorated vascular inflammation via
suppression of NF-kB pathway [36].

As TLR4 activation enhances inflammatory
cytokines production, suppression of TLR4
signaling pathway might be a target in mitigation of
I/R injury [37]. The pathogenesis of I/R injury
resides partially in HMGB-1/TLR4 axis activation
[38]. In this work, TLR4 and HMGB-1 expressions
were increased by liver I/R while, paeonol
pretreatment prevented these increments. Indeed,
Andrassy [39] found that, HMGB-1 neutralization
with or without TLR4 blockade exerted anti-
inflammatory effects with subsequent myocardial
I/R injury attenuation. In addition, it was reported
that, inhibition of TLR4 signaling and the use of
neutralizing antibodies to HMGB-1 protected
against inflammatory injury in the hepatic I/R [40].

As regarding the intracellular adaptor
molecule, MyD88, the present results showed that
hepatic I/R injury increased its expression and
decreased by paeonol pretreatment. MyD88
overexpression was reported to increase the
inflammatory cytokines such TNF-o and IL-1
following experimental intestinal I/R injury [41]. In
addition, TLR4/MyD88/NF-kB pathway inhibition
had hepatoprotective effect against liver I/R injury
in mice [42]. In this work, liver I/R decreased the
hepatic PPAR-y mRNA expression. Interestingly,
paeonol pretreatment counteracted this effect. The
anti-inflammatory effects of PPAR-y activation are
explained by nitric oxide synthase and NF-xB
inhibition as well as controlling phagocyte activity
[43].

The nutritional deficiency during ischemia
and oxidative stress resulted from tissue reperfusion
are considered inducers of autophagy [44].
Although autophagy is a beneficial homeostatic
process, over-activated autophagy is detrimental. In
this study, we found that hepatic I/R injury
increased LC3-1I and P62 proteins expression
denoting over-activation of autophagy. Meanwhile,
paeonol pretreatment decreased their levels
reflecting autophagy suppression. These findings
coped with Tsai et al. [29] who reported that
paeonol attenuated myocardial I/R injury though
inhibition of autophagy.

In this study, the autophagy markers, LC 3-
Il and P62, were minimally expressed in sham
group but overexpressed by I/R while paeonol
pretreatment  prevented its  overexpression.
Excessive autophagy was reported to worsen lung
I/R injury in rats and 3-MA, a standard autophagy
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inhibitor, improved lung function in this preclinical
paradigm [45]. In addition, inhibition of autophagy
had a good impact on renal function after kidney
transplantation  [46]. Moreover, experimental
studies have reported that I/R injury of kidney and
liver enhanced autophagy. In these organs,
inhibition of autophagy successfully reduced I/R
injury [47, 48].

CONCLUSIONS
Liver I/R induced detrimental oxidative,
inflammatory and autophagic injuries of the hepatic
tissue. Paeonol prevented I/R-induced oxidative
injury via SOD enhancement and exerted anti-
inflammatory effects by decreasing TNF-o through
inhibition of TLR4/MyD88/NF-kB pathway with
PPAR-y enhancement. It inhibited excessive
autophagy by decreasing LC3-11 and P62.
Therefore, paeonol pretreatment shows potential as
a preventive measure in liver surgery.
Conflicts of interest: None
Financial disclosure: None
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