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Abstract
This study was planned to assess the potential protective effects of taxifolin against thioacetamide-induced hepatic encepha-
lopathy and subsequently to portray its behavioural results. The experimental model was induced with three doses of (200 mg/
kg i.p.) thioacetamide and taxifolin (50 and 100 mg/kg, p.o.) was administered for fourteen days. Taxifolin effectively attenu-
ated hepatic encephalopathy through decrease in AST, ALT, ALP and LDH concentrations and improvement of hyperam-
monemia, and increase in antioxidant capacity by decreasing MDA, ROS, and increasing CAT and GSH. In addition, the 
expressions of NF-κB, TNF-α, IL-1β, caspase-3 and Bax was down-regulated while IL-10 and Bcl-2 expressions were 
up-regulated with taxifolin treatment. The recovery was confirmed by downregulation of iNOS and 8-OHdG expressions in 
our immunohistochemical analysis. Taxifolin treatment reduced the disrupting role of thioacetamide as seen by corrected 
hyperammonemia as well as preservation of astrocyte and hepatocyte structure. Elevated plus maze and locomotor activity 
tests also proved that taxifolin might repeal the neurobehavioral disabilities. In conclusion, taxifolin has shown hepatoprotec-
tive and neuroprotective roles with antioxidant and anti-inflammatory effects, as well as suppressing the excessive release 
of ammonia, and it eventually reversed neurobehavioral impairments.
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Introduction

Hepatic encephalopathy (HE) is a critical neurologic dys-
function with neuropsychiatric abnormalities including 
cognitive deficits, sensory abnormalities, altered motor 
activity and spatial memory disfunction with character 
flaws (Liu et al. 2018). Many factors pertaining to severe 
hepatic dysfunctions, in particular cirrhosis, participate in 
the progression of the disease (Sun et al. 2020). Although 

the pathogenesis of HE is multifactorial and still needs 
to be clarified, the common current theory is cumulative 
ammonia concentration and diverse neurotoxins in the 
brain due to damaged hepatic functions (Montes-Cortes 
et al. 2018). Hyperammonemia takes part in the patho-
genesis of the disease as it causes neural injury and even-
tual cognitive and motor disorders as a result of its toxic 
effects on the central nervous system (Erceg et al. 2006). 
Moreover, as a powerful oxidant, ammonia implicates the 
production of reactive oxygen species (ROS) in astrocytes 
and induces oxidative stress, which acts in concert with 
neuroinflammation with exaggerated cytokine release 
through various mechanisms (Gow 2017; McMillin et al. 
2014).

Thioacetamide (THA) is a sulphur-containing catalyst 
that causes hepatotoxicity and can induce liver fibrosis, 
activation of macrophages, and the secretion of several 
inflammatory cytokines (Butterworth 2011, Randolph et al. 
2009). In the report of the International Society for Hepatic 
Encephalopathy and Nitrogen Metabolism (ISHEN), THA‐
related hepatotoxicity in rats is a well-defined experimental 
model of HE (Butterworth et al. 2009). In the current study, 
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THA was utilized as a hepatotoxic-agent, considering the 
toxic and oxidizing effects of THA on the liver and the brain.

Taxifol in (dihydroquercet in,  (2R,3R)-2-(3,4-
d i hy d r ox y p h e ny l ) - 3 , 5 , 7 - t r i hy d r ox y- 2 , 3 - d i hy - 
drochromen-4-one) (TX) is a potent flavonoid found in 
many plants like French maritime pine bark and milk 
thistle. TX has been shown to have antioxidative, anti-
inflammatory and anti-apoptotic effects. (Park et al. 2016; 
Sunil and Xu 2019; Topal et al. 2016; Wang et al. 2006). 
In recent years, hepatoprotective effects of TX have 
been reported in studies related to the liver injury and 
fibrosis (Yang et al. 2019; Zhan et al. 2021). In addition 
to its protective effects on the liver, beneficial effects of 
taxifolin in Alzheimer’s disease, cerebral ischemia and 
various neurotoxicity models have also been reported 
(Gunesch et al. 2020; Inoue et al. 2019; Tanaka et al. 
2019; Wang et al. 2006).

Keeping in mind the hepatoprotective and neuroprotective 
effects of TX, the current research was planned to evaluate 
the potential protective role of TX against THA-induced HE 
and subsequently portray its behavioural consequences.

Materials and methods

Chemical and reagents

TX (Cas Number # 480–18-2) and THA (Cas Number # 
62–55-5) were obtained from SigmaAldrich-USA.

Animal experiments

All rats were housed cages with a specific pathogen-free 
environment (12:12 h dark/light cycles) at constant tem-
perature (22.5 ± 1 °C) and given ad libitum access to rodent 
chow and water. Ethical approval was obtained from Ataturk 
University-Ethical Committee (No: E.2100036488). 24 male 
wistar rats were acquired from Ataturk University Experi-
mental Research Center.

All experimental groups were comprised of six rats each.

1. Control group: rats were given saline (0.9%, w/v)
2. THA: rats were given 200 mg/kg bw THA intraperi-

toneally, three times on the  0th,  2nd and  4th days of the 
experiment

3. THA + TX1: After THA-intoxication of rats, 50 mg/kg 
TX was administered for fourteen days by oral-gavage 
(from the  5th to the  18th days of the experiment) (Sun 
et al. 2014; Unver et al. 2019),

4. THA + TX2: After THA-intoxication of rats, 100 mg/kg 
TX was administered for fourteen days by oral-gavage 
(from the  5th to the  18th days of the experiment) (Sun 
et al. 2014).

Lethal hypoglycemia, hypopotassemia and kidney failure 
were prevented by supportive therapy (10% dextrose solu-
tion with 0.5 mL Lactate Ringer every twelve hours fol-
lowing each THA administration. Baraka et al. 2020; Ferah 
Okkay et al. 2021c). The schema of the experiment was 
presented in Fig. 1.

All rats were euthanized with sodium-thiopental (50 mg/
kg, i.p.). The collected blood was stored and hepatic and 
hippocampal tissues were stored at -86 ◦C for biochemical 
analysis and were kept in stabilization reagent for molecular 
analysis. Remaining tissues were stabilized in 10% FBS for 
histopathological and immunohistochemical analysis.

Examination of behavioral alterations

The neurobehavioral analyses were performed in an isolated 
room at constant temperature.

Locomotor activity test (LAT) (Open field test)

The LAT test is widely used to determine the explora-
tory behavior and general activity of the rats and The 
LAT test was also utilized to analyze movement of rats 
and anxiety-like behaviours of rats. This test handles a 

Fig. 1  The schema of the experimental design
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camera (May Act 508) to calculate the rats’ movement in 
the regions of a 42 cm × 42 cm × 42 cm open field box. 
The test was performed in a box that consisted of a black 
square floor with four vertical walls. The rats were posi-
tioned in the OFT box and allowed to move around freely 
for ten minute session (Ghobadi Pour et al. 2020). Time 
spent sedentary and total distance records were noted.

Elevated plus‑maze test (EPM)

EPM is a widespread used neurobehavioral test and has 
been affirmed to assess the anti-anxiety effects of phar-
macological agents (Horii et al. 2018). The EPM platform 
(10 × 10 cm) comprised two enclosed and two open arms. 
The entire device was fixed at 50 cm above the ground. 
The rat was placed in the center of the maze, facing one 
of the closed arms, and was allowed to explore the open or 
closed arm of the maze for 5 min. The rat was considered 
as entering the open arm area when it placed its four paws 
on the open arm area. Increasing of numbers of open-arm 
entries and the duration spent in the open arms indicated 
that the rat had less anxiety. The number of entries into 
open arms were recorded for five minutes by EthoVision XT 
10.0 monitoring software (Noldus Information Technology, 
Netherland).

Biochemical analysis

Serum ammonia, alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), alkaline phosphatase 
(ALP) and lactate dehydrogenase (LDH) concentrations 
were detected by ELISA kits (Elabscience, United States) 
Furthermore, glutathione (GSH), malondialdehyde 
(MDA), catalase (CAT) and ROS concentrations were 
determined in hippocampal and hepatic tissues by ELISA 
kits (Elabscience, United States, LSBio, United states, 
respectively). The ELISA analyses were conducted based 
on manufacturer’s instructions (Ferah Okkay et al. 2021b). 
The absorbance was determined by spectrophotometer at 
480 nm.

Molecular analysis

Total RNA was extracted by RNeasy kit based on manu-
facturer’s instructions and purified mRNA was used for 
cDNA synthesis as stated before (Ferah Okkay et  al. 
2021a). RT-PCR assays were carried out to verify gene 
expression (Okkay et al. 2021a, 2021b). Relative mRNA 
NF-κB, TNF-α, IL-1β, IL-10, caspase-3, Bax and Bcl-2 
expression levels of hepatic and hippocampal tissues were 
determined by Rotor-Gene Q (QIAGEN). β-actin was 
used as a house-keeping gene and relative expressions of 
each protein were normalized to β-actin with the  2−ΔΔCt 
method. All primer sequences were provided in Table 1.

Histological examinations

Histopathological analyses were performed as stated 
before (Ferah Okkay et  al. 2021c). Tissue slides were 
visualized by hematoxylin and eosin (H&E) staining for 
histopathological experiments. Histopathological damage 
scores are presented in Table 2 (Rutherford et al. 2010; 
Yildiz et al. 2013).

Immunostaining analyses

Immunostaining analyses were performed as stated before 
(Ferah Okkay et al. 2021c). Tissue-sections were evaluated 
with light microscope (Leica:DM-1000). The slides were 
incubated with primary antibody at 21 °C for 45 min. Immu-
noreactivity was assessed by a semi-quantitative four-grade 
scale (0: no reaction; 1: weak; 2: moderate; 3: strong immu-
noreactivity) and shown in Table 3 (Granados-Principal 
et al. 2015; Murtas et al. 2010).

Statistical analyses

Obtained data was presented as mean ± standard devia-
tion (SD). ELISA and RT-PCR results were analyzed 
by one-way ANOVA followed by Tukey’s post hoc test 

Table 1  Sequence list of the 
primers used for RT-PCR

Nf-κB: nuclear factor kappa B; Tnf-α, tumor necrosis factor alpha; IL-1β: interleukin 1β; IL-10: interleukin 
10

Genes Forward Sequence (5′-3′) Reverse Sequence (3′-5′)

TNF-α CAC ACG AGA CGC TGA AGT AG AAC AGT CTG GGA AGC TCT GA
IL-1β TGC TGT GTG ATT GCA GAC AA GTA CAG CGT TCC CAG TCA TC
IL-10 TCA GCA TAT TGC CAG CAG TC CAA AGG TTG GGT GTG GCT TA
NF-κB CGA ATG TAG ACA CGA AGC GT CAA CCA GGA AGC ATA GAC CG
Caspase-3 TGG ACA ACA ACG AAA CCT CC CCA GGC ACA GTA TCT CTT GC
Bax AGG GAG AGA GCA CTG TTT CA CTC TTG CCT CAG TCA TCA GC
Bcl-2 GTT TGC GTT GGC ATT ACG AG GCC AAA ATT AAC CAT GGC GG
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(p < 0.05). Immunohistochemical results were subjected 
to Kruskal–Wallis with Mann–Whitney U post hoc test 
(p < 0.05).

Results

LAT results

THA-intoxicated rats had a marked elevation in resting time, 
as well as a marked decline in total travel distance in con-
trast to control group. Inversely, a marked decline in resting 
time and an elevation in travel-distance were noticed in the 
TX-treated rats. The locomotor activity was similar in both 
TX treatment groups. In this study, TX treatment definitely 
enhanced the locomotor activity of rats (Fig. 2.).

EPM results

In the course of examination, less access into the arms is 
thought as anxiety-like manners in rats. THA-intoxicated 

rats had a marked reduction in the entries into the open 
arms in comparison with the control group. According to 
the obtained data, TX-treatment significantly raised the 
open-arms entries as compared with THA-intoxicated rats. 
Similar to LAT test results, behavioral test results of EPM 
test proved that TX-treatment might return behavioural dis-
ability related THA (Fig. 2.).

Biochemical results

THA-induced liver injury, reflecting the hepatotoxicity of 
THA, was demonstrated via significant increases in serum 
ammonia, ALT, AST, ALP and LDH concentrations (Figs. 3 
and 4). Moreover, in hippocampal and hepatic tissues, com-
pared with the control, the results showed that the levels of 
lipid peroxidation products (MDA and ROS) were elevated 
in the THA-intoxicated rats (Figs. 5 and 6).

The serum levels of ammonia, ALT, AST, ALP 
and LDH were markedly decreased in the TX groups 
showing that TX efficiently improved the THA-induced 
elevation in hepatic functions and oxidative stress via 
the decline in these parameters. THA led to a decrease 
in the hippocampus and liver activities of CAT and GSH. 
TX-treatment markedly increased the activity of CAT and 
GSH (Figs. 5 and 6).

Molecular results

TNF-α, NF-κB and IL-1β mRNA expressions in the hip-
pocampal and hepatic tissue were significantly higher in the 
THA-intoxicated rats while mRNA expressions of these pro-
inflammatory cytokines were decreased in the TX-treated 
rats as compared to THA-intoxicated rats (Figs. 7 and 8). 
IL-10 expressions were decreased in THA-intoxicated rats 
while mRNA expressions of IL-10 were increased in TX-
treated rats. The hippocampal and hepatic tissue levels of 
caspase-3 and Bax were also markedly elevated while the 
levels of Bcl-2 were significantly declined in THA-intoxi-
cated rats in contrast to control group. Rats in TX groups, 
exhibited declined mRNA expressions of the caspase-3 and 
Bax (Figs. 9 and 10). Moreover, Bcl-2 expressions were 
markedly increased in Tx-treated rats.

Histopathological results

Histologically, the control group hippocampal sections 
showed a normal histological structure. In the hippocampal 
sections of the THA control group, gliosis with multiple 
focal areas, especially astrogliosis, was observed. Astrocytes 
appeared swollen with vesicular nuclei. In the hippocampal 
sections, there was a significant degenerated neuron reduc-
tion along with enlarged astrocytes in the treatment groups 
in comparison with the THA-intoxicated rats (Fig. 11).

Table 2  Pathological evaluation of brain and liver. (Rutherford et al. 
2010; Yildiz et al. 2013)

Liver pathological necrosis Score Definition

Hepatocellular necrosis around the 
vena centralis

0 None

1 Mild
2 Moderate
3 Severe

Brain pathological necrosis Score Definition
Neuronal necrosis 0 None

1 Mild
2 Moderate
3 Severe

Table 3  Scoring system used for immunohistochemical identification 
of 8-OHdG and iNOS (Granados-Principal et al. 2015; Murtas et al. 
2010)

IHC evaluation of 8-OHdG Score Intensity of staining

8-OHdG staining 0 Negative
1 Weak
2 Moderate
3 Strong

IHC evaluation of iNOS Score Intensity of staining
iNOS staining 0 Negative

1 Weak
2 Moderate
3 Strong

1544 Metabolic Brain Disease (2022) 37:1541–1556
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It was observed that rat liver sections in the control group 
had a typical structure with systematized, intact hepatic 
parenchyma and hepatocytes with regular structure. THA 
caused severe hepatotoxicity, manifested by high hepatocyte 
degeneration in the THA-intoxicated rats. TX-treatment pro-
vided mitigation of inflammatory cell infiltration and liver 
injury (Fig. 12).

Immunohistochemical results

In the hepatic and hippocampal sections, 8-OHdG and 
iNOS immunoreactivity were assessed (Figs. 13, 14, 15 
and 16). THA groups exhibited strong immunoreactivity 
while TX treated rat liver and hippocampal tissue sections 
showed reduced immunoreactivity in comparison to THA-
intoxicated rats. Noticeably, TX-treatment led to a marked 
decline in the 8-OHdG and iNOS expression showing 

Fig. 2  Behavioural altera-
tions of TX-treated rats in 
the LAT and EPM tests. The 
resting time was significantly 
decreased by TX as compared 
with THA-intoxicated rats. TX 
treatment decreased locomotor 
activity deficits. TX-treatment 
significantly raised the open-
arms entries as compared with 
THA-intoxicated rats. (A) 
Resting time in LAT. (B) Total 
distance covered in LAT. (C) 
Open arm entry numbers in 
EPM. (D) LAT record of a rat in 
control group. (E) LAT record 
of a rat in THA group. (F) LAT 
record of a rat in THA + TX1 
group. (G) LAT record of a rat 
in THA + TX2 group. Data are 
expressed as the means ± SD. 
** p < 0.001 vs. control group, 
## p < 0.001 vs. THA group 
(n = 6). THA: Thioacetamide, 
TX: Taxifolin

Fig. 3  Serum ammonia levels. The serum levels of ammonia were 
markedly decreased in the TX groups. Data are expressed as the 
means ± SD. ** p < 0.001 vs. control group, ## p < 0.001 vs. THA 
group (n = 6). THA: Thioacetamide, TX: Taxifolin
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Fig. 4  Serum hepatic injury 
marker levels. The serum levels 
of ALT, AST, ALP and LDH 
were markedly decreased in the 
TX groups. Data are expressed 
as the means ± SD. ** p < 0.001 
vs. control group, ## p < 0.001 
vs. THA group (n = 6). THA: 
Thioacetamide, TX: Taxifolin

Fig. 5  Oxidative stress markers 
in hippocampus. TX markedly 
reversed the THA-related oxida-
tive stress via the decline in 
MDA and ROS and elevation in 
SOD and GSH levels. Data are 
expressed as the means ± SD. 
** p < 0.001 vs. control group, 
## p < 0.001 vs. THA group 
(n = 6). THA: Thioacetamide, 
TX: Taxifolin
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Fig. 6  Oxidative stress markers 
in liver. TX markedly reversed 
the THA-related oxidative stress 
via the decline in MDA and 
ROS and elevation in SOD and 
GSH levels. Data are expressed 
as the means ± SD. ** p < 0.001 
vs. control group, ## p < 0.001 
vs. THA group (n = 6). THA: 
Thioacetamide, TX: Taxifolin

Fig. 7  Inflammatory markers 
in hippocampus. The expres-
sion levels of TNF-α, NF-κB 
and IL-1β were decreased and 
IL-10 expression was increased 
in the TX-treated rats. Data are 
expressed as the means ± SD. 
** p < 0.001 vs. control group, 
## p < 0.001 vs. THA group 
(n = 6). THA: Thioacetamide, 
TX: Taxifolin
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that TX reduced the intensity of the 8-OHdG and iNOS 
immunoreactivity.

Discussion

The current study reported that THA-intoxicated rats 
exhibited significant neuroinflammation, oxidative stress, 
apoptosis and eventual decrease in locomotor activity with 
behavioral deficits, which were evaluated by biochemi-
cal, molecular, histopathological, immunohistochemical, 

LAT and EPM analyses. Our study results showed that TX 
restored liver function and locomotor activity by mitigat-
ing neuro- and hepato-inflammation, apoptosis and oxida-
tive stress induced by THA.

In the pathophysiology of HE, the blood–brain bar-
rier-crossing potential of excessive ammonia is fairly 
high, which disrupts the brain metabolism and astrocyte 
structure and eventually leads to cognitive and motor 
symptoms (Mohammadian et al. 2019). Previous studies 
have shown that neuroinflammation together with hyper-
ammonemia participates in the progression of mental 

Fig. 8  Inflammatory markers in 
liver. The expression levels of 
TNF-α, NF-κB and IL-1β were 
decreased and IL-10 expression 
was increased in the TX-treated 
rats. Data are expressed as the 
means ± SD. ** p < 0.001 vs. 
control group, ## p < 0.001 vs. 
THA group (n = 6). THA: Thio-
acetamide, TX: Taxifolin

Fig. 9  Apoptotic markers in 
hippocampus. The caspase-3 
and Bax expression levels were 
significantly decreased while 
Bcl-2 expression levels were 
increased with TX treatment. 
Data are expressed as the 
means ± SD. ** p < 0.001 vs. 
control group, ## p < 0.001 vs. 
THA group (n = 6). THA: Thio-
acetamide, TX: Taxifolin
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Fig. 10  Apoptotic markers in 
liver. The caspase-3 and Bax 
expression levels were signifi-
cantly decreased while Bcl-2 
expression levels were increased 
with TX treatment. Data are 
expressed as the means ± SD. 
** p < 0.001 vs. control group, 
## p < 0.001 vs. THA group 
(n = 6). THA: Thioacetamide, 
TX: Taxifolin

Fig. 11  Hippocampal histo-
pathology of experimental 
groups (hematoxylin and eosin 
staining (× 400)). Hippocampal 
tissues of control group rats 
demonstrated normal histo-
logical morphology. Necrosis 
and edema were detected in 
the hippocampal tissues of 
the THA-intoxicated rats. TX 
treatment mitigated neuronal 
injury (A) Control group (B) 
THA group (C) TX1 group; (D) 
TX2 group, (E) Necrosis Score 
Arrow: Necrosis, Arrowhead: 
Edema. Data are expressed as 
the means ± SD. ** p < 0.001 
vs. control group, ## p < 0.001 
vs. THA group (n = 6). THA: 
Thioacetamide, TX: Taxifolin
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deficiency common in HE animal models in rats (Hajipour 
et al. 2021; Haussinger and Sies 2013). In our study, in 
rats intoxicated with THA, the impairment of locomotor 
and investigative functions was manifested by decreased 
entries to the maze arms. Consistent with current find-
ings, together with evidence pointing to cognitive deficits 
in patients with HE, behavioural deficits were detected 
in rats with THA-induced HE (Abdel-Rafei et al. 2017; 
Mohammadian et al. 2019). TX treatment diminished the 
degenerating effects of THA on the central nervous system 
as manifested by declined ammonia levels and sheltered 
astroglia morphology in harmony with LAT and EPM data 
showing improved locomotor activity with entries to the 
maze arms. Saito et al. previously reported the neuropro-
tective effects of TX providing cognitive recovery in a 
mouse model of cerebral amyloid angiopathy (Saito et al. 

2017). Another study in a mouse model of AD reported 
that 7-O-esters of TX improved short-term memory 
impairment. In that study, these TX esters demonstrated 
neuro-protective effects against oxytosis, ferroptosis and 
ATP depletion in the murine hippocampal neuron HT22 
cell model (Gunesch et al. 2020).

It has been reported that HE disrupts hepatic enzyme 
levels, which is an important pathological step in the devel-
opment of HE (Ferah Okkay et al. 2021c). THA-induced 
HE was manifested via the marked rise in the ammonia 
concentration concomitant by the elevation in ALT, AST, 
ALP and LDH levels. In rats given THA, hepatic enzymes 
such as AST, ALT, ALP and LDH indicate the severity of 
liver damage and highlight liver damage (Yogalakshmi et al. 
2010). The increased activity of these hepatic enzymes as 
manifested by our results was confirmed by Khodir et al. 

Fig. 12  Liver histopathol-
ogy of experimental groups 
(hematoxylin and eosin staining 
(× 400)). Liver sections of 
control group rats had a normal 
morphological structure with 
intact hepatic parenchyma and 
hepatocytes. Liver tissues of 
THA-intoxicated rats displayed 
highly degenerated hepato-
cytes. TX-treatment provided 
mitigation of inflammatory 
cell infiltration and hepatic 
injury. Arrowhead: Necrosis. *: 
Necrotic area (A) Control group 
(B) THA group (C) TX 1 group; 
(D) TX 2 group, (E) Necrosis 
Score. Data are expressed as 
the means ± SD. ** p < 0.001 
vs. control group, # p < 0.05 
vs. THA group, ## p < 0.001 
vs. THA: Thioacetamide, TX: 
Taxifolin
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(Khodir and Said 2020). As stated in our study, TX treatment 
alleviated hepatic damage and provided a marked reduction 
in these hepatic enzyme activities in line with different hepa-
totoxicity studies (Yang et al. 2019), indicating its protection 
by maintaining the structural integrity of the hepatocellular 
membrane against hepatotoxins.

In reports, disturbed redox balance related to excessive 
ROS generation is closely linked to the mechanism of HE. 
In the current study, oxidative stress with disturbed redox 
balance was demonstrated in THA-intoxicated rats as mani-
fested by a marked increase in ROS and MDA related to 
a marked decrease in GSH and CAT activities. Oxidative 
stress induced by THA via excessive production of ROS 
has been previously demonstrated by many studies (Chen 
et al. 2021; Elnfarawy et al. 2021). TX treatment suppressed 
MDA and strengthened the antioxidant defence mechanism 

by increasing the activity of GSH and CAT. The protective 
effects of TX on the antioxidant mechanism reveal its role in 
cleaning free radicals (Ince et al. 2021). Besides increased 
oxidative stress, a marked increase was noticed in expres-
sions of 8-OHdG in hippocampal/hepatic tissues of HE-
induced rats. Our data have previously indicated that THA 
triggered DNA destruction with a higher expression level of 
8-OHdG (Zargar et al. 2019). This report has demonstrated 
that TX down-regulated the 8-OHdG levels in line with pre-
vious reports (Eken et al. 2019).

Oxidative stress may lead to neuroinflammation by 
aggravating proinflammatory cytokine production, altering 
neurotransmission in the hippocampus and leading to sub-
sequent cognitive deficits (Dadsetan et al. 2016; Lu et al. 
2020). Cognitive and neurological disorders observed in 
HE-models have been associated with increased ammonia 

Fig. 13  Immunohistochemical 
staining of 8-OHdG in experi-
mental groups in hippocampus 
(× 400). 8-OHdG expression 
levels were markedly increased 
in THA- intoxicated rats while 
TX-treated rats showed marked 
decline in 8-OHdG expression. 
Arrowhead: Intensity of the 
immunoreactivity. (A) Control 
group (B) THA group (C) TX 
1 group; (D) TX 2 group, (E) 
Immunohistochemistry score. 
Data are expressed as the 
means ± SD. ** p < 0.001 vs. 
control group, # p < 0.05 vs. 
THA group, ## p < 0.001 vs. 
THA group (n = 6). THA: Thio-
acetamide, TX: Taxifolin
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levels in the liver and brain, oxidative stress, and proin-
flammatory cytokines that exacerbate inflammation (Her-
nandez-Rabaza et al. 2016). Moreover, increased oxidative 
stress has been shown to activate NF-κB and the inflam-
matory signaling pathway, increasing the production of 
inflammatory mediators (Morgan and Liu 2011). In the 
current research, we have proved that NF-κB expres-
sion is triggered by THA-intoxication and that elevated 
NF-κB triggers the proinflammatory cytokine levels like 
TNF-α, IL-1β, and concomitant elevation of inflamma-
tory mediators such as iNOS in the brain and liver. These 
data show that hepatic inflammation is accompanied by 
neuro-inflammation. The studies showing the suppressive 
effects of TX on both hepatic inflammation and neuronal 

inflammation, along with its beneficial effects on oxidative 
damage, inspired us to investigate TX in hepatic encepha-
lopathy (Ding et al. 2021; Inoue et al. 2019). The expres-
sion of TNF-α, IL-1β and iNOS was down-regulated while 
IL-10 was up-regulated in the hepatic and the hippocampal 
tissues with TX treatment, suggesting that TX attenuates 
hepato- and neuro-inflammation with its anti-inflammatory 
effect.

These findings were confirmed by histopathological 
analysis of THA-induced rats as demonstrated by marked 
astrocyte degeneration and swelling in hippocampal tis-
sue and heavy hepatic necrosis, inflammation and fibrosis 
in liver tissues, which are in accordance with previous 
reports (El-Marasy et al. 2019; Ghobadi Pour et al. 2020). 

Fig. 14  Immunohistochemi-
cal staining of 8-OHdG in 
experimental groups in liver 
(× 400). 8-OHdG expression 
levels were markedly increased 
in THA- intoxicated rats while 
TX-treated rats showed marked 
decline in 8-OHdG expression. 
Arrowhead: Intensity of the 
immunoreactivity. (A) Control 
group (B) THA group (C) TX 
1 group; (D) TX 2 group, (E) 
Immunohistochemistry score. 
Data are expressed as the 
means ± SD. ** p < 0.001 vs. 
control group, # p < 0.05 vs. 
THA group, ## p < 0.001 vs. 
THA group (n = 6). THA: Thio-
acetamide, TX: Taxifolin
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TX treatment returned the deleterious alterations in neu-
ronal cells and recovered cell membrane permeability/
integrity, as confirmed by hepatic function tests (Unver 
et al. 2019).

Membrane permeability increased by Bax activation 
induces apoptosis associated with mitochondrial stress, and 
Bax activation inhibits Bcl-2, which has a suppressive effect 
on apoptosis, and consequently promotes apoptosis. In addi-
tion, caspase-3, which acts as a key enzyme in apoptosis, 
triggers apoptosis. In the current study, caspase-3 and Bax 
levels increased while Bcl-2 levels decreased in rats intoxi-
cated with THA (Chen et al. 2021). Considering the studies 
showing that TX suppresses apoptosis, including neuronal 
apoptosis, together with the importance of apoptosis in the 
formation of HE, it can be concluded it is very important to 
investigate TX in the HE model (Kim et al. 2017; Xie et al. 
2017). Noteworthy, TX treatment counteracted apoptosis 

by slowing the overexpression of caspase-3 and Bax and 
increasing the level of Bcl-2.

There is increasing evidence that antioxidants improve 
cognitive functions and motor impairments (Kontush and 
Schekatolina 2004). For example, it has been shown that 
a diet with high antioxidant content is beneficial in order 
to prevent age-related cognitive declines (Andres-Lacueva 
et al. 2005). The importance of the role of proinflamma-
tory cytokines in neurodegenerative diseases is well-known 
(McAfoose and Baune 2009). Increased inflammation is also 
known to worsen cognitive damage and motor impairments, 
similar to the effects of apoptosis (Tiwari and Chopra 2012). 
Considering all these data, the research presented here pro-
vides evidence of the efficacy of TX supplementation in fix-
ing the outcomes of HE by blocking cytokine-associated 
inflammation and Bcl-2, Bax and caspase-3-mediated apop-
tosis and oxidative stress with neurobehavioral disorders.

Fig. 15  Immunohistochemical 
staining of iNOS in experi-
mental groups in hippocampus 
(× 400). iNOS expression levels 
were markedly increased in 
THA- intoxicated rats while 
TX-treated rats showed marked 
decline in 8-OHdG expression. 
Arrowhead: Intensity of the 
immunoreactivity. (A) Control 
group (B) THA group (C) TX 
1 group; (D) TX 2 group, (E) 
Immunohistochemistry score. 
Data are expressed as the 
means ± SD. ** p < 0.001 vs. 
control group, # p < 0.05 vs. 
THA group, ## p < 0.001 vs. 
THA group (n = 6). THA: Thio-
acetamide, TX: Taxifolin
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