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Neuroprotective and cognitive 
enhancing effects of herbecetin 
against thioacetamide induced 
hepatic encephalopathy in rats 
via upregulation of AMPK 
and SIRT1 signaling pathways
Ahmed A. Sedik 1, Dalia T. Hussein 2, Khaled Fathy 3 & Noha A. Mowaad 4*

Acute liver injury, there is a risky neurological condition known as hepatic encephalopathy (HE). 
Herbacetin is a glycosylated flavonoid with many pharmacological characteristics. The purpose of 
this study was to assess the ability of herbacetin to protect against the cognitive deficits associated 
with thioacetamide (TAA) rat model and delineate the underlying behavioral and pharmacological 
mechanisms. Rats were pretreated with herbacetin (20 and 40 mg/kg) for 30days. On 30th day, the 
rats were injected with TAA (i.p. 350 mg/kg) in a single dose. In addition to a histpathological studies, 
ultra-structural architecture of the brain, liver functions, oxidative stress biomarkers, and behavioral 
tests were evaluated. Compared to the TAA-intoxicated group, herbacetin improved the locomotor 
and cognitive deficits, serum hepatotoxicity indices and ammonia levels. Herbacetin reduced brain 
levels of malodialdeyde, glutamine synthetase (GS), tumor necrosis factor- alpha (TNF-α), interleukin 
1 B (IL-1β), annexin v, and increased brain GSH, Sirtuin 1 (SIRT1), and AMP-activated kinase (AMPK) 
expression levels. Also, herbacetin improve the histopathological changes and ultra- structure of 
brain tissue via attenuating the number of inflammatory and apoptotic cells. Herbacetin treatment 
significantly reduced the toxicity caused by TAA. These findings suggest that herbacetin might be 
taken into account as a possible neuroprotective and cognitive enhancing agent due to its ability to 
reduce oxidative stress, inflammation and apoptosis associated with TAA.
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HE	� Hepatic encephalopathy
IL-1β	� Interleukin 1 B
MDA	� Malondialdeyde
NOR	� Novel object recognition
ROS	� Reactive oxygen species
SD	� Standared deviation
TNF-α	� Tumor necrosis factor- alpha
SIRT1	� Sirtuin 1
TAA​	� Thioacetamide

Acute liver failure (ALF) is an end result of hepatic injury and is characterized by the rapid advancement of 
hepatocellular damage and hepatic encephalopathy (HE). (HE) is a serious neuropsychiatric dysfunction that is 
clinically characterized by cognitive deficits and impaired or loss of consciousness levels1. Due to its hepatotoxic 
and neurotoxic effects, thioacetamide (TAA) has been used frequently to induce (HE)2.The pathophysiology of 
HE is distinct and complicated, and it is still unclear what causes the insults to the hepatic and neural systems in 
that order However, it is generally accepted that hyper ammonia, oxidative stress and neuro inflammation which 
damages cellular DNA and enzymes are the possible reasons for the clinical, pathological, and neurochemical 
changes in HE3.

Numerous investigations have been conducted to create safe alternative medications especially from natu-
ral sources, hence herbacetin (3,4′,5,7,8-pentahydroxyflavone), a novel bioactive glycosylated flavonoid that is 
frequently distributed in medicinal plants in various families and genera, including Drosera, Potentilla, Oros-
tachys, Melaleuca, Nerium, Zanthoxylum, and Buddleja4. Herbacetin has been reported to exert a wide range of 
pharmacological effects; including; antioxidant, hepato-protective, anti-obesity, anti-hyperglycemic, anti-cancer, 
anti-viral, antibacterial, and anti-inflammatory characteristics5. Additionally, studies have demonstrated that 
herbacetin has potent anti-inflammatory effects by preventing the release of pro inflammatory cytokines includ-
ing tumor necrosis factor alpha (TNF-α) and interlukin- 1beta (IL-1β) and reducing the synthesis of cellular 
nitric oxide (NO)6.

SIRT1, a nicotinamide adenine dinucleotide (NAD +)-dependent deacetylase with crucial regulatory roles 
in numerous physiological processes. It is the mammalian homolog of the yeast Sir2 protein including, seven 
members (SIRT 1–SIRT7). Sirt1 specifically is thought to be a potential target for neurodegenerative diseases due 
to its neuroprotective properties and generally extends the survival and lifespan of mammalian cells. Amplifi-
cation of SIRT1 function has been proposed as a suitable approach to treat these disorders because it has been 
shown to be a contributing factor in liver diseases, particularly non-alcoholic fatty liver disease, inflammation 
and oxidative stress are frequent symptoms of many liver illnesses8.

SIRT1’s catalytic activity is regulated by many molecular pathways9. The level of NAD + detects the activity of 
SIRT1 substrate to control a cell’s energy status. When cells experience a lack of energy, the AMP/ATP ratio rises, 
and AMP-activated kinase (AMPK), is subsequently phosphorylated and activated10,11. AMPK is a serine/threo-
nine protein kinase complex consisting of a catalytic α-subunit (α1 and α2), a scaffolding β-subunit (β1 and β2) 
and a regulatory γ-subunit (γ1, γ2 and γ3). AMPK has been considered to be an important therapeutic target for 
controlling many human diseases. Together, SIRT1 and AMPK stimulate each other in a bi-directional pathway12.

To the best of our knowledge, just a few research projects have been carried out to investigate the biological 
functions of herbacetin. Therefore, the purpose of the current work was to determine whether herbacetin can 
reduce neurocognitive deficits associated with HE in rats.

Materials and methods
Chemicals
Herbacetin was obtained from Merck (CAS NO: 527-95-7), Germany. Thioacetamide (TAA) was purchased from 
Sigma-Aldrich, USA (CAS NO: 62-55-5). Herbacetin and TAA were freshly prepared in saline.

Animals
Adult male Sprague dawly rats weighing 150–175 gm. were obtained from the animal breeding unit, National 
Research Centre (NRC, Giza, Egypt). Rats were acclimatized for one week before carrying out any experiments 
and were kept under standard environmental conditions (temperature, 25 °C, humidity, 50%, light system 12:12 
dark/light system). A commercial diet and water were provided ad libitum. The experimental study was car-
ried out following the relevant guidelines and regulations approved by the Medical Research Ethics Committee 
(MREC) of the National Research Centre (approval number; 01451023). The study was reported in accordance 
with ARRIVE guidelines.

Experimental design
Thirty-two male Sprague dawly rats were randomly allocated into four groups (8 rats each) as followed: Group 
I: Rats were given saline orally as control group for 30 days. Group II: Rats were injected with TAA (350 mg/kg. 
b.w, i.p.) on the 30th day of the experiment, and acted as the model group13, Group III and IV: rats were orally 
pretreated with herbacetin (20 and 40 mg/kg b.w, respectively) for 30 days and were given TAA (350 mg/kg b.w) 
on the 30th day of the experiment14. After TAA injection, supportive therapy (consisted of 10% glucose mixed 
with lactate ringer (1 v:1 v) was given subcutaneously to prevent hypoglycemia and renal failure15.

Behavioral assessments were conducted on 31st to 35th day, between 09:00 a.m. and 15:00 p.m. Twenty-four 
h following the behavioral tests; blood samples were collected from the retro-orbital plexus, left to clot, and 
centrifuged at 4000 rpm for 10 min for serum separation.On 36th day ,, rats were euthanized and brain samples 
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were excised as illustrated in (Fig. 1). Brain samples were stored at − 80 °C for the subsequent gene expression 
and biochemical analyses. Moreover brain specimens were fixed in 10% buffered formalin and 4% glutraldyde 
for histopathological and ultra- structural studies, respectively.

Behavioral tests
Rotarod test
A rotarod device (Model No. 7750; Ugo Basile) was employed to assess the motor coordination of the rats. They 
underwent three training sessions consecutively over three days on the rotarod, set at a constant speed of 4 rota-
tions per minute (rpm), until achieving consistent performance. The initial falling latency time was recorded for 
rats trained on the rotarod, and the subsequent falling latency time was measured post-treatment16.

Novel object recognition test (NOR)
Before conducting the actual test, the rats were given three days, with each session lasting two minutes, to freely 
explore the apparatus. This period of exploration allows the rats to become familiar with their surroundings 
and possibly the tasks they will need to perform during the test. It helps reduce the likelihood of their behavior 
being influenced by novelty or fear of the environment during the actual experiment. On the testing day, two 
trials were conducted: in the first trial (T1), two identical objects (F) were positioned in two opposite corners 
of the apparatus. In the subsequent trial (T2), one of the identical objects from the first trial (T1) was replaced 
with a novel object (N). Rats were then exposed to two distinct objects: the familiar (F) and the novel (N). The 
discrimination index (DI) was computed as the difference in exploration time, expressed as a percentage of the 
total time spent examining both items in T2. The formula used to calculate DI was DI = (N–F)/(N + F)17.

Y maze
The Y-maze test was utilized to evaluate spatial working memory in rats with HE induction. In brief, rats were 
positioned in the center of a wooden Y-maze apparatus, which was labeled A, B, and C, with arms set at 120 
degrees, 40 cm in length, and 35 cm in height, for a duration of 5 min. The number of entries into each arm, 
along with the spontaneous alternation behavior, were examined to gauge motor activity and the rats’ inherent 
propensity to alternate between the three arms, respectively. The spontaneous alternation percentage (SAP) was 
determined using the following formula: SAP = (Total alternations/(Number of entries–2)) × 10018.

Biochemical assessment
Determination of hepatic toxicity indices and ammonia levels
Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase 
(ALP) were assessed using commercially available kits obtained from Bio diagnostics, located in Cairo, Egypt. 
Additionally, ammonia levels were determined using kits obtained from the same source.

Preparation of brain homogenate and estimation of oxidative stress biomarkers and inflammatory mediators
The rats were euthanized by decapitation under light anesthesia immediately after blood sampling, Blood was 
drawn from the eye’s retro-orbital plexus of the rats after being anesthetized with ketamine (100 mg/kg) and 

Figure 1.   The timeline and experimental design. Pretreatment of rats with herbecetin started on the 1st day to 
30th day. (TAA administration on 30th day). Behavioral assessment on 31st to 35th day.
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xylazine (10 mg/kg). And their brain tissues were swiftly excised and stored at – 80 °C for subsequent biochemical 
analysis. The brain tissues were homogenized in ice-cold PBS to create a 20% w/v homogenate for the measure-
ment of brain ammonia levels19. Moreover, brain homogenate was utilized for estimating the brain contents of 
malondialdehyde (MDA), reduced glutathione (GSH), glutamine synthetase (GS), tumor necrosis factor-alpha 
(TNF-α), and interleukin-1beta (IL-1β). MDA levels were determined using the method described by Ref.20. 
GSH levels were measured following the method outlined in reference21. The tissue levels of (GS) were assessed 
via (an enzyme-linked immunosorbant assay) ELISA using a test reagent kit from MyBioSources. The brain level 
of tumor necrosis factor-alpha (TNF-α) was determined using (ELISA) and a test reagent kit from Raybiotech, 
according to the method described by Ref.22. The tissue levels of interleukin-1beta (IL-1β) were also determined 
via ELISA using a test reagent kit from ImmunoBiological Laboratories, in accordance with the method detailed 
in reference23.

Real‑time polymerase chain reaction (PCR) quantification of SIRT1 and AMPK
The mRNA expression levels of SIRT1 and AMPK genes were evaluated using real-time PCR, which was stand-
ardized by co-amplification with the housekeeping GAPDH gene serving as an internal control. RNA extraction 
from brain tissue was conducted using Trizol reagent. The RNA was reverse-transcribed using M-MLV reverse 
transcriptase (Invitrogen, Carlsbad, CA, USA) and then utilized for PCR with specific primers. Quantification 
of SIRT1 and AMPK was performed using SIRT1 and AMPK RT-PCR fluorescence diagnostic kits in accordance 
with the manufacturers’ instructions. For amplification, 40 cycles were run, consisting of 95 °C for 30 s, 56 °C 
for 1 s, and 72 °C for 50 s, followed by 1 min at 60 °C and 1 min at 72 °C.

SIRT1 forward primer 5′—TGC CAT CAT GAA GCC AGA GA-3′, SIRT1 reverse primer 5′—CAT CGC 
AGT CTC CAA GAA GC -3′

AMPK forward primer 5′—CAC​CCT​GAA​AGA​GTA​CCG​T-3′, AMPK reverse primer 5′—CAT​TTT​GCC​TTC​
CGT​ACA​CCT-3′, using Rotor-Gene Q5 plex real-time Rotary analyzer (Corbettlife sciences, USA).

Flow cytometry analysis for apoptosis assessment
The brain levels of annexin V (AnnV) were assessed using propidium iodide (PI) staining and flow cytometry, 
following the provided instructions. This method allows for the determination of the number of necrotic and 
apoptotic cells in the brain tissue24.

Histopathological examination of the hippocampus
The hippocampus was swiftly dissected, fixed in 10% neutral buffered formalin, and subsequently embedded in 
paraffin wax. Sections of 4 μm thickness were prepared and stained with Hematoxylin and Eosin (H&E). These 
stained sections were then examined using a binocular Olympus CX31 microscope25.

Electron microscopic examination of the hippocampus
The hippocampus specimen was prepared for examination using an electron microscope by immersing it in 2.5% 
glutaraldehyde in phosphate buffer. Subsequently, the specimen was washed with phosphate buffer and fixed in 
1% osmium tetroxide. It was then dehydrated using ascending ethanol concentrations (100%, 95%, and 70%) 
and embedded in epoxy resin capsules.

To localize the selected area, the specimen was stained with toluidine blue and examined under a light micro-
scope. Ultrathin sections were then cut using a diamond knife on copper grids and stained with uranyl acetate 
followed by lead citrate staining. Finally, the grids were examined and photographed using a JEOL-JEM-100 
SX electron microscope at 80 kilovolts at the electron microscope unit of the Faculty of Agriculture, Mansoura 
University, Japan26.

Statistical analysis
The results were presented as the mean ± SD (n = 8). Significant differences among groups were assessed using 
One-way ANOVA with LSD post hoc tests, followed by the Duncan test for all comparisons. Before conducting 
ANOVA, all samples were evaluated for normality using the Shapiro–Wilk test. Data analysis was performed 
using GraphPad Prism v. 8.0 (GraphPad Software, Inc., CA, USA). Differences were considered significant when 
the p-value was ≤ 0.05.

Ethics approval
In accordance with the National Regulations for Animal Welfare, experiments were carried out. Following 
the approval of the animal experimental protocol by the "NRC’s Committee on Animal Care and Use’s ethics 
committees" (approval number: MREC-01451023), clearance was given by the Institutional Animal Ethical 
Committee (IAEC).

Results
Impact of herbacetin administration on falling off time in rotarod test, and DI % in rats intoxi-
cated with TAA​
Rats received TAA exhibited a decrease in falling off time in rotarod test about 35% of normal values. Oral 
administration of Herbacetin at 20 and 40 mg/kg to rats intoxicated with TAA could increase it nearly to 1.83 
fold, and 2.5 fold, respectively, as compared with TAA group. Regarding, NOR test, TAA-treated rats showed an 
inability to distinguish between familiar and novel items. The novel item was considerably distinguished from 
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the familiar object in rats pre- treated with Herbacetin at 20 and 40 mg/kg in conjunction with TAA. Herbacetin 
40 mg/kg nearly normalized all the behavioral tests (Fig. 2).

Impact of herbacetin administration on Y maze indices in rats intoxicated with TAA​
TAA-intoxicated rats significantly reduced the alternations when compared to normal rats. Meanwhile, pretreat-
ment with Herbacetin, 20 mg/kg and 40 mg/kg markedly elevated the frequencies of entering the maze arms. 
Interestingly, pretreatment with Herbacetin at a dose of 40 mg/kg markedly elevated the spontaneous alternations 
as compared to TAA-intoxicated group (Fig. 3).

Impact of herbacetin administration on the hepatic and brain ammonia levels in rats intoxi-
cated with TAA​
Administration of TAA revealed a marked elevation in the hepatic and brain ammonia nearly to 3.5 fold and 
twofold, respectively, when compared to normal control rats. Hepatic and brain ammonia levels were significantly 
decreased in (TAA + Herbacetin -20 group) by 66% and 76%, respectively, as compared with TAA group. While 
rats in (TAA + Herbacetin -40 group) restored the normal levels of hepatic and brain ammonia indices (Fig. 4).

Impact of herbacetin administration on ALT, AST, and ALP levels in rats intoxicated with TAA​
Administration of TAA resulted in a prominent elevation in the serum levels of ALT, AST, and ALP nearly to 
2.18 fold, 2.62 fold and 1.89 fold, respectively, when compared to normal rats. ALT, AST, and ALP levels were 
significantly decreased in (TAA + Herbacetin -20 group) by 57%, 32% and 77%, respectively, as compared with 
TAA group. While pretreatment with (TAA + Herbacetin -40) restored the normal levelsof hepatotoxicity indices 
(Fig. 5).

Impact of herbacetin administration on the brain levels of GS, MDA, and GSH in rats intoxi-
cated with TAA​
Rats received TAA (350 mg/kg, i.p.) were associated with a rise in brain GS and MDA levels of about 3.8 fold and 
1.5 fold of normal values, respectively and a decrease in brain GSH levels of about 47% of normal values. While 
rats in group (TAA + Herbacetin -20 were associated with a decrease in brain GS and MDA levels of about 57% 
and 86 fold of TAA values, respectively and an increase in brain GSH levels of about 161% of TAA values. While 
rats in group (TAA + Herbacetin -40) were associated with a normalized values of GS, MDA, and GSH (Fig. 6).
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Figure 2.   Impact of herbacetin administration on (a) motor coordination, and (b) discrimination index (DI 
%) in rats intoxicated with (thioacetamide (TAA)). Rats were pretreated with herbacetin (20 and 40 mg/kg) 
for 29 days and administrated TAA (i.p. 350 mg/kg) in a single dose. Motor coordination and discrimination 
index were evaluated. Results are expressed as mean ± standared deviation (SD) (n = 8). aSignificant difference 
from normal group P < 0.05. bSignificant difference from TAA group P < 0.05. cSignificant difference from 
TAA + Herbacetin (20 mg/kg) group P < 0.05.



6

Vol:.(1234567890)

Scientific Reports |        (2024) 14:11396  | https://doi.org/10.1038/s41598-024-61639-6

www.nature.com/scientificreports/

a) b)

Norm
al 

TAA (3
50

 m
g/kg

)

TAA+ H
erb

ac
eti

n (2
0m

g/kg
)

TAA+ H
erb

ac
eti

n (4
0m

g/kg
)

0

5

10

15

20

25

N
um

be
r o

f a
rm

 e
nt

rie
s

ab

bc

a

Norm
al 

TAA (3
50

 m
g/kg

)

TAA+ H
erb

ac
eti

n (2
0m

g/kg
)

TAA+ H
erb

ac
eti

n (4
0m

g/kg
)

0

20

40

60

80

100

SA
P 

% ab
bc

a

Figure 3.   Impact of herbacetin administration on Y maze (a) number of arm entries, and (b) spontaneous 
alternation percentage (SAP %) in rats intoxicated with TAA. Rats were pretreated with herbacetin (20 and 40 
mg/kg) for 29 days and administrated thioacetamide (TAA) (intraperitoneal (i.p), 350 mg/kg) in a single dose. 
Y maze indices were evaluated. Results are expressed as mean ± standared deviation (SD) (n = 8). aSignificant 
difference from normal group P < 0.05. bSignificant difference from TAA group P < 0.05. cSignificant difference 
from TAA + Herbacetin (20 mg/kg) group P < 0.05.
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Figure 4.   Impact of herbacetin administration onthe hepatic and brain ammonia levelsin rats intoxicated with 
TAA. Rats were pretreated with herbacetin (20 and 40 mg/kg) for 29 days and administrated thioacetamide 
(TAA) (intraperitoneal (i.p), 350 mg/kg) in a single dose. Hepatic and brain ammonia levels were evaluated. 
Results are expressed as mean ± standared deviation (SD) (n = 8). aSignificant difference from normal group 
P < 0.05. bSignificant difference from TAA group P < 0.05. cSignificant difference from TAA + Herbacetin (20 mg/
kg) group P < 0.05.
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Impact of herbacetin administration on the brain levels of TNF‑α, and IL‑1β in rats intoxicated 
with TAA​
Intra-peritoneal injections of TAA at 350 mg/kg was associated with a significant increase in brain TNF-α, 
and IL-1β levels of about 2.6 fold and twofold of normal values, respectively. Levels of TNF-α and IL-1β were 
significantly decreased in TAA-rats pretreated with Herbacetin -20 by 58% and 73%, as compared with TAA 
group. Pretreatment with Herbacetin -20 restored the normal levels of brain TNF-α, and IL-1β levels (Fig. 7).

Impact of herbacetin administration on the relative brain expression of SIRT1 and AMPK in 
rats intoxicated with TAA​
The expression levels of SIRT1 and AMPK genes in brain tissues are shown in Figs. 7, 8. The expression levels 
of SIRT1 and AMPK genes in rats intoxicated with TAA were down regulated significantly by 44%, and 23%, 
respectively, as compared to those in control normal rats. However, the expression levels of SIRT1 and AMPK 
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Figure 5.   Impact of herbacetin administration on (a) ALT, (b) AST, and (c) ALP levels in rats intoxicated 
with TAA. Rats were pretreated with herbacetin (20 and 40 mg/kg) for 29 days and administrated TAA 
(intraperitoneal (i.p), 350 mg/kg) in a single dose. Alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), and alkaline phosphatase (ALP) were evaluated. Results are expressed as mean ± standared deviation 
(SD) (n = 8). aSignificant difference from normal group P < 0.05. bSignificant difference from TAA group P < 0.05. 
cSignificant difference from TAA + Herbacetin (20 mg/kg) group P < 0.05.
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Figure 6.   Impact of herbacetin administration on (a) GS, (b) MDA, and (c) GSH levels in rats intoxicated with 
TAA. Rats were pretreated with herbacetin (20 and 40 mg/kg) for 29 days and administrated thioacetamide 
(TAA) intaperitoneal (i.p), 350 mg/kg) in a single dose. Expression brain levels of glutamine synthetase 
(GS), malondialdeyde (MDA) and reduced glutathione (GSH) were evaluated. Results are expressed as 
mean ± standared deviation (SD) (n = 8). aSignificant difference from normal group P < 0.05. bSignificant 
difference from TAA group P < 0.05. cSignificant difference from TAA + Herbacetin (20 mg/kg) group P < 0.05.
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Figure 7.   Impact of herbacetin administration on (a) TNF-α, and (b) IL-1β levels in rats intoxicated with TAA. 
Rats were pretreated with herbacetin (20 and 40 mg/kg) for 29 days and administrated thioacetamide (TAA) 
intraperitoneal (i.p), (350 mg/kg) in a single dose.Expression brain levels of alpha tumor necrotic factor (TNF-α) 
and (b) interlukin 1 B (IL-1β) were evaluated. Results are expressed as mean ± standared deviation (SD) (n = 8). 
aSignificant difference from normal group P < 0.05. bSignificant difference from TAA group P < 0.05. cSignificant 
difference from TAA + Herbacetin (20 mg/kg) group P < 0.05.
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Figure 8.   Impact of herbacetin administration on the relative brain expression of AMPK in rats intoxicated 
with TAA. Rats were pretreated with herbacetin (20 and 40 mg/kg) for 29 days and administrated thioacetamide 
(TAA) (intraperitoneal (i.p), (350 mg/kg) in a single dose. Expression brain levels of AMP-activated kinase 
(AMPK) were evaluated. Results are expressed as mean ± standared deviation SD (n = 8). aSignificant difference 
from normal control group P < 0.05. bSignificant difference from TAA group P < 0.05. cSignificant difference 
from TAA + Herbacetin (20 mg/kg) group P < 0.05.
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genes in TAA-rats treated with Herbacetin -20 were increased significantly by 1.8 fold and 2.8 fold, respectively, 
compared to those in TAA rats. Moreover, the expression levels of SIRT1 and AMPK genes in TAA-rats treated 
with Herbacetin -40 were elevated significantly by 2.6 fold and, 4.6 fold%, respectively, compared to those in 
TAA rats (Figs. 8, 9).

Impact of herbacetin administration on annexin V expression in brain tissue in rats intoxicated 
with TAA​
The expression levels of annexin V were evaluated by flow cytometry in the brain homogenate from different 
experimental groups. We observed a significant increase (p < 0.05) in annexin V expression to 63.6% in TAA 
group, as compared with the normal group. However, administration of Herbacetin at 20 and 40 mg/kg showed 
a significant decrease (p < 0.05) in annexin V expression to 29.9 and 10.6%, respectively, compared with TAA 
group (Fig. 10).

Impact of herbacetin administration on the histopathological pictures of the hippocampus of 
rats intoxicated with TAA​
Photomicrographs sections from the hippocampus of normal rats exhibited normal architecture. While, rats 
intoxicated with TAA (350mg/kg) group showed significant presence of necrosis and apoptosis in pyramidal 
cells with appearance of few vacuoles in molecular layer and decreased population of granular cells. On the other 
hand, rats received TAA + Herbacetin 20mg/kg group revealed mild histological alterations, evidenced by few 
shrunken neurons with faded nucleus and slight changes in molecular layer. Rats received TAA + Herbacetin 40 
mg/kg exhibited mild vacuolation with normalized appearance of molecular layer (Fig. 11).

Impact of herbacetin administration on the ultra‑ structural pictures of the hippocampus of 
rats intoxicated with TAA​
The hippocampus of normal rats revealed neurocytes with normal nucleus (N) with an intact nuclear membrane. 
Meanwhile, hippocampus of rats that received TAA showed an obvious damage of neuronal nuclei, irregular and 
wide nuclear membrane and neuronal apoptosis. Conversely, the hippocampus of rats that received TAA + Her-
bacetin 20mg/kg group retained its normal shape with small projection of nuclear membrane and slight aggrega-
tion of chromatin and still widen of some mitochondria with small amount vacuoles., rats received TAA + Her-
bacetin 40 mg/kg succeeded to restore the normal ultra- structural picture of the hippocampus (Fig. 12).

Discussion
A severe recurrent illness called hepatic encephalopathy (HE) is brought on by acute liver failure (ALF). HE 
includes wide range of neuropsychiatric disorders , from mild cognitive impairment to significant disorienta-
tion, motor in coordination, confusion, and coma27. TAA has been widely used to induce HE in experimental 

Figure 9.   Impact of herbacetin administration on the relative brain expression of SIRT1 in rats intoxicated with 
TAA. Rats were pretreated with herbacetin (20 and 40 mg/kg) for 29 days and administrated thioacetamide 
(TAA) intaperitoneal (i.p), (350 mg/kg) in a single dose. Expression brain levels of Siritin 1 (SIRT1) were 
evaluated. Results are expressed as mean ± standared deviation (SD) (n = 8). aSignificant difference from normal 
group P < 0.05. bSignificant difference from TAA group P < 0.05. cSignificant difference from TAA + Herbacetin 
(20 mg/kg) group P < 0.05.
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animals. The pathophysiology of HE may be due to oxidative stress, inflammation and hyper-ammonia28. Many 
studies have focused on identifying therapeutic interventions that can serve to decrease the burden of debilitat-
ing neural symptoms in patients with acute liver diseases. Evidence gathered over the last two decades suggests 
that nutritional supplementation with medicinal herbs or their bioactive compounds such as herbacetin may be 
used as a protective element against HE because of their strong anti-inflammatory and antioxidant properties29.

The hepatoprotective and neuroprotective effects of herbacetin against HE were examined in the current 
study. We carried out an in vivo experiment using TAA to induce HE in order to clarify the mechanism of her-
bacetin in alleviating HE. The results of this study show for the first time that herbacetin has neuroprotective 
properties against HE-related brain damage, via activation of the SIRT1/AMPK signalling pathway. Numerous 
studies have demonstrated that herbacetin has a variety of benefits that could be linked to its anti-inflammatory 
and antioxidant properties30.

It was documented that TAA-intoxication could alter neurotransmission and affect motor coordination and 
spatial learning31. In the present study, rats administrated TAA showed decreased motor activity, coordination 
and also decline in learning indices, such as SAP % and novel object recognition which were parallel with similar 
studies32, which showed that experimental rats received TAA shown a decline in motor skill performance, leading 
to motor and learning impairment due to neuro-inflammation coupled with a large increase in ammonia levels33.

Wider researches are needed to determine the precise mechanisms driving HE-induced a decrease in loco-
motor activity. However; earlier study has highlighted the central role of post-hyper-ammonia metabolic altera-
tions, including altered glutamate/glutamine metabolism, elevated neurosteroids, and dysregulated GABAergic 

Figure 10.   Impact of herbacetin administration on annexin V expression in brain tissue in rats intoxicated 
with TAA. Rats were pretreated with herbacetin (20 and 40 mg/kg) for 29 days and administrated thioacetamide 
(TAA) intraperitoneal (i.p), (350 mg/kg) in a single dose. Expression brain levels of annexin V were evaluated. 
Flow cytometry histogram of TAA (350mg/kg) group, showing higher levels of annexin V (63.6%) than 
in normal control (0.3%). While herbacetin (20 and 40 mg/kg) showing lower levels of (29.9% and 10.6%) 
respectively, than in TAA (350mg/kg) group. (a) Normal (b) TAA(350mg/kg) (c) TAA+ Herbacetin(20mg/kg) 
(d) TAA+ Herbacetin(40mg/kg).
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neurotransmission. Increased extracellular glutamate causes the N-methyl d-aspartate (NMDA) type of glutamate 
receptor to become hyperactive, which causes mitochondrial dysfunction, an excess of ROS, and stimulation of 
calcium-dependent enzymes, all of which contribute to neurodegeneration and death34.

The above-mentioned behavioral tests were significantly improved after receiving herbacetin 20, or herbace-
tin-40, compared to the TAA group. It’s interesting to note that compared to herbacetin 20mg/kg, herbacetin 
40mg/kg was better able to repair the cognitive and motor capacities of TAA-intoxicated rats and regain their 
predicted values. These results show that herbacetin dramatically increase locomotor activity, reduced cognitive 
deficit, and restored non-spatial orientation learning capacity. Herbacetin might be a promising protective agent 
for cognitive improvement in HE. Our findings are in line with earlier research which found that Berberine 
improves spatial learning and memory in TAA-induced liver cirrhosis by improving the blood brain function, 
oxidative stress and neuro-inflammation35.

In the present study, HE rats exhibited notable rises in serum liver enzymes (ALT, AST and ALP) commonly 
used markers for liver dysfunction. Significant increase in blood levels of ALT, AST and ALP, which denotes a 
loss of membrane integrity and consequent leakiness in hepatocytes. Another study illustrated elevated levels 
of these markers after TAA administration and HE induction36. Nevertheless, rats treated with herbacetin dem-
onstrated lowered serum levels of ALT, AST, and ALP. Furthermore, herbacetin was found to provide protective 
effects against acute liver failure.

The current study demonstrated significant rise in blood and brain ammonia levels in the TAA group. One of 
the primary contributing elements in the etiology of HE is hyper-ammonia Ammonia is a neurotoxic that causes 
neuro-inflammation, cerebral edema, and oxidative stress37. The liver is primarily responsible for metaboliz-
ing ammonia under physiological conditions. The hepatic clearance of ammonia is inadequate in HE due to a 
decrease in hepatic GS that plays a crucical role in ammonia homeostasis, which raises systemic ammonia levels38. 

Figure 11.   Photomicrographs of H&E staining rat brain (hippocampus) sections of control and different 
experimental groups, (A) Normal group Shows three normal layers of large pyramidal cells in Cornu Ammonis 
region (CA3), also with vesicular nuclei (arrows). Molecular layer (ML) shows many glial cells (*) among 
neuronal processes. (B) thioacetamide (TAA) group showing marked disorganization, marked apoptosis of 
large pyramidal cells (white arrow), appear of few vacuoles (V) in Molecular layer and decreased population 
of granular cells and necrosis. (C) TAA + Herbacetin 20 mg/kg group showing mild histological appearance of 
CA3, few shrunken neurons with faded nucleus (yellow arrow).Molecular layer (ML) mostly shows normal. 
Molecular layer shows normal, Widened capillaries (c). (D) TAA + Herbacetin 40 mg/kg showing preservation 
of small pyramidal cells with no change in their size in CA3 that gaining its layers, with mild neuropil 
vacuolation (v). Molecular layer (ML) mostly shows normal size of cells & fibers. Magnification X: 400.
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GS, which is primarily abundant in astrocytes, then allows ammonia to pass through the blood–brain barrier to 
be detoxified in the brain. As a result, glutamine builds up in the astrocytes, leading to cerebral edema and the 
progression of HE39. These result were in consistent with past researches40,41. Another main factor plays a role 
in pathogenesis of HE is oxidative damage. Additionally, in this study, hepatic encephalopathy (HE) induced by 
TAA notably elevated brain tissue MDA levels and reduced GSH levels in HE rats, potentially due to increased 
oxidative stress. Previous studies have demonstrated that TAA administration can lead to liver failure, with 
potential implications for brain damage. Furthermore, research suggests that using TAA to induce experimental 
HE can trigger the generation of free radicals and oxidative stress2. The present study revealed that herbecetin 
reduces lipid peroxidation (MDA) and increases GSH levels in brain tissues.

Figure 12.   Electron micrographs of rat hippocampus of control and different experimental groups: (A,B) 
of normal group where (A) showing neurocytes with normal nucleus (N) with an intact nuclear membrane 
(Ne) and smooth chromatin (Ch) Normal mitochondria (M), normal endoplasmic reticulum (Epr) and Golgi 
bodies (G) were widely distributed in the cytoplasm.of neurons in the hippocampus, with intact mitochondrial 
structures and obvious mitochondrial cristae. (B) Showing normal myelinated axons exhibited dark ring-shaped 
myelin sheaths (ms) surrounding the axon. (C,D) thioacetamide (TAA group) (350 mg/kg) Severe pathological 
changes characterized by damage of neuronal nuclei losing its round shape, irregular and wide nuclear 
membrane (Ne) and progressive condensation of chromatin (Ch) also fig (D) showing myelin breakdown or 
disruption as disjointed and unravelling myelin layers (yellow arrow) and spreading of vacuoles (V) indicating 
neuronal apoptosis. (E,F) TAA + Herbacetin 20 mg/kg group showing neurnal nuclei retained its normal shape 
with small projection of nuclear membrane and slight aggregation of chromatin (Ch) and still widen of some 
mitochondria (M). Fig (F) showing small amount vacuoles are observed. (G,H) TAA + Herbacetin 40 mg/
kg group showing noticed development neurnocyte comparing with normal group, where nuclei retained its 
normal shape , surrounded by normal distribution of normal mitochondria (M) and fig (H) showing Normal 
axon (A) in cross-section surrounded by thick and tight myelin sheath MS.
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Based on the preceding findings, two pivotal factors for the onset and progression of hepatic encephalopathy 
(HE) are inflammation and oxidative stress. Numerous studies have shown that hepatic inflammation often 
manifests within hours of TAA injection. Hence, it is evident that the correction of oxidative damage and hepatic 
inflammation is integral to mitigating liver damage42. According to certain reports, peripheral inflammation, 
particularly elevated TNF-α and IL-1β expression, might cause neuroinflammation. This encourages the influx 
of blood cells, particularly lymphocytes, into the brain, which causes the cognitive impairments and motor 
incoordination41. In this study, herbecetin notably lowered the levels of TNF-α and IL-1B in rats, suggesting 
that its anti-inflammatory effects could be a potential strategy against TAA-induced hepatic encephalopathy.

Moreover, the key metabolic energy sensor; AMPK regulates metabolic homeostasis by controlling vari-
ous homeostatic mechanisms, such as autophagy and protein degradation, and may detect energy deficit as an 
elevated AMP/ATP ratio43. It has been established that SIRT1 requires AMPK activity. For AMPK phosphoryla-
tion, SIRT1 serves as a direct substrate44. The available studies have demonstrated that TAA is a potent inducer of 
neuronal death. The current work additionally showed that TAA-induced neuronal death was linked to AMPK/
SIRT1 suppression.

Our findings suggested that the protective impact of herbacetin on autophagy in TAA rats is predominantly 
mediated by the AMPK/SIRT1 pathway because it was able to restore SIRT1’s down regulated expression pro-
duced by TAA. In parallel with our study, Dong et al.45 noticed that SIRT1 can reduce oxidative stress in the brains 
of mice. .Moreover, AMPK inhibits the expression of NF-B, IL-1, and TNF- while simultaneously promoting the 
expression of SIRT1. Reference46 and this observation aligns with the outcomes of the current study. SO, herbece-
tin’s has anti-apoptotic, anti-inflammatory, and anti-oxidative effects were most likely caused by its regulation of 
the AMPK/SIRT1 signaling pathway. In parallel to biochemical and neurological assessments, the hepato- and 
neurotoxic efects of TAA were further confirmed by histopathological alterations recorded in the hippocampus 
of the brain. The recorded lesions were showing marked disorganization, marked apoptosis of large pyramidal 
cells, appear of few vacuoles in Molecular layer and decreased population of granular cells and necrosis.

Conclusion
The combined findings offer strong proof that herbacetin has neuroprotective effects against HE. Herbacetin 
preserved liver function and guarded against hyperammonemia-induced neurodegenerative effects, in part via 
activating SIRT1/AMPK signaling, to successfully mitigate the degenerative effects that accompanied TAA-
induced HE. This was demonstrated by the results, which revealed a notable improvement in the cognitive and 
motor deficiencies, as well as biochemical and molecular markers supported by the results of the histopathological 
and electron microscope studies.

Data availability
The datasets generated during and or analysed during the current study are available from corresponding author 
on reasonable request.
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