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ABSTRACT

Hepatic encephalopathy (HE) is often associated with endogenous serotonin (5-HT) disorders. However, the
reason for elevated brain 5-HT levels due to liver failure remains unclear. This study aimed to investigate the
mechanism by which liver failure increases brain 5-HT levels and the role in behavioral abnormalities in HE.
Using bile duct ligation (BDL) rats as a HE model, we verified the elevated 5-HT levels in the cortex but not in the
hippocampus and striatum, and found that this cortical 5-HT overload may be caused by BDL-mediated inhi-
bition of UDP-glucuronosyltransferase 1A6 (UGT1A6) expression and activity in the cortex. The intraventricular
injection of the UGT1A6 inhibitor diclofenac into rats demonstrated that the inhibition of brain UGT1A6 activity
significantly increased cerebral 5-HT levels and induced HE-like behaviors. Co-immunofluorescence experiments
demonstrated that UGT1A6 is primarily expressed in astrocytes. In vitro studies confirmed that NH4Cl activates
the ROS-ERK pathway to downregulate UGT1A6 activity and expression in U251 cells, which can be reversed by
the oxidative stress antagonist N-acetyl-L-cysteine and the ERK inhibitor U0126. Silencing Hepatocyte Nuclear
Factor 4o (HNF4a) suppressed UGT1A6 expression whilst overexpressing HNF4a increased Ugtla6 promotor
activity. Meanwhile, both NH4Cl and the ERK activator TBHQ downregulated HNF4a and UGT1A6 expression. In
the cortex of hyperammonemic rats, we also found activation of the ROS-ERK pathway, decreases in HNF4« and
UGT1AG6 expression, and increases in brain 5-HT content. These results prove that the ammonia-mediated ROS-
ERK pathway activation inhibits HNF4a expression to downregulate UGT1A6 expression and activity, thereby
increasing cerebral 5-HT content and inducing manic-like HE symptoms. This is the first study to reveal the
mechanism of elevated cortical 5-HT concentration in a state of liver failure and elucidate its association with
manic-like behaviors in HE.

1. Introduction

neurotoxic substances [1-4]. However, the clinical syndromes of most
patients with HE are reversible, and no obvious nerve damage occurs in
the brains of these patients [5], suggesting that other mechanisms
contribute to behavioral abnormalities and cognition impairment in

Acute and chronic liver failure is often associated with behavioral
abnormalities and compromised cognition and is termed hepatic en-
cephalopathy (HE). Approximately 50-70 % of patients with liver fail-
ure exhibit HE syndromes [1,2]. The main hypothesis suggests that HE is
attributable to neurocyte damage caused by the accumulation of

patients with HE.

Abnormal alterations in levels of brain neurotransmitters such as
dopamine (DA) and serotonin (5-HT) contribute to some neurological
and psychiatric disorders [6,7]. HE is often accompanied by disorders of
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Abbreviations
5-HT Serotonin
5-HIAA 5-hydroxyindoleacetic acid

5-HTP  5-Hydroxytryptophan
5-HT-G  5-HT glucuronide conjugate
AhR Aryl Hydrocarbon Receptor

BBB Blood-Brain Barrier

BDL Bile Duct Ligation

CAR Constitutive Androstane Receptor
CNS Central Nervous System

DA Dopamine

DIC Diclofenac Sodium

ERK Extracellular Signal-Regulated Kinase

HA Hyperammonemia
HE Hepatic Encephalopathy
HNF4a  Hepatocyte Nuclear Factor 4o

MAO Monoamine Oxidase

NAC N-acetyl-L-cysteine

Nrf2 NR-E2-related factor 2

PNPG 4-nitrophenyl p-D-glucuronide
PXR Pregnane X Receptor

ROS Reactive Oxygen Species

SERT Serotonin transporter

TPH2 Tryptophan hydroxylase 2

UCB Unconjugated bilirubin

UGT1A6 UDP-glucuronosyltransferase 1A6

the neurotransmitters in the brain. Borg et al. reported that the levels of
DA, histamine, gamma-aminobutyric acid, and 5-HT in the cerebrospi-
nal fluid of patients with HE were significantly higher than those in
controls [8]. Our previous study also reported significantly increased DA
levels in the cortex of bile duct ligation (BDL) rats, partly attributed to
tyrosine hydroxylase upregulation [9]. Furthermore, our preliminary
experiment showed that BDL significantly increased 5-HT levels in the
prefrontal cortex of rats, accompanied by behavioral abnormalities.
Notably, an increased level of brain 5-HT or the excessive activation of
brain 5-HT receptors by drugs can lead to a series of central nervous
system (CNS) symptoms, including akathisia, anxiety, delirium, neuro-
muscular rigidity, and even coma, known as serotonin syndrome [10].
The clinical symptoms of HE are similar to those of the serotonin syn-
drome, indicating that increased levels of brain 5-HT induced by BDL
also contribute to the occurrence of HE.

5-HT is found throughout the body. However, because of the blood-
brain barrier (BBB), the synthesis and metabolism of 5-HT in the CNS
and periphery are relatively independent [11]. Tryptophan hydroxylase
2 (TPH2) is the rate-limiting enzyme in 5-HT biosynthesis [12], and
TPH2 polymorphisms are associated with anxiety phenotypes [13].
Monoamine oxidases (MAO-A and MAO-B) are key enzymes in the
classical 5-HT metabolic pathway, which metabolizes 5-HT to 5-hydrox-
yindoleacetic acid (5-HIAA). We found that BDL time-dependently
altered the expression of MAO-A proteins in the cortices of BDL rats:
the expression of cortex MAO-A in 14-day BDL rats was decreased but
increased in 28-day BDL, whilst the expression of cortex MAO-B protein
was unaffected by BDL [9]. Autopsy reports demonstrated that both
MAO-A and MAO-B activities were significantly increased in brain tissue
from patients with cirrhosis who died of hepatic coma [14]; however,
another report showed that MAO-A activity was increased, but MAO-B
activity was unchanged in the prefrontal cortex and cerebellum of
male patients with cirrhosis and HE [15]. Despite the different conclu-
sions of the above studies, these findings regarding MAO activity
changes cannot explain the elevated brain 5-HT levels due to liver
failure.

5-HT glucuronidation catalyzed by UDP-glucuronosyltransferases
(UGTs), especially UGT1AS®, is also an important catabolic pathway of
this neurotransmitter [16-19]. Normally, UGT1A6 accounts for more
than 50 % of 5-HT metabolism [18], increasing to 70 % when MAO
activity is inhibited [16]. UGT1A6 is also highly expressed in the brain
tissues of humans and rats [20,21] and is accompanied by high levels of
brain 5-HT glucuronide conjugate (5-HT-G) [22,23], demonstrating the
occurrence of 5-HT glucuronidation in the brain.

These results suggest that alterations in the activity and expression of
UGT1AG in the brain affect the regulation of 5-HT concentration in the
brain and may contribute to neurological and psychiatric disorders.
Expression of peripheral UGT1A6 is regulated by many factors such as
hepatocyte nuclear factor 4a (HNF4a), NR-E2-related factor (Nrf2), aryl

hydrocarbon receptor (AhR), and other stress-related factors [24,25].
The Ugtla6 promoter contains a xenobiotic response element domain
responsible for AHR binding and HNF4 sites [26]. The expression of
HNF4a mRNA is moderately correlated with that of UGT1A6 mRNA,
inferring that HNF4a regulates hepatic UGT1A6 mRNA expression [27].
In caco-2 cells, UGT1A6 mRNA levels and glucuronide 5-HT activity
were induced by both the AhR agonist TCDD and
thymoquinone-induced oxidative stress [28]. Nrf2 is a key transcription
factor that mediates oxidative stress responses [29] and its roles in
regulating UGT1A6 have been demonstrated in Nrf2-knockout mice
[30]. However, reports on UGT1A6 regulation have mainly focused on
the periphery, and the regulatory mechanism of UGT1A6 in the brain
remains unclear. The catalytic properties and expression of UGT1A6 in
astrocytes are highly sensitive to redox environments [31,32]. HE is
often associated with the accumulation of ammonia in the brain [33],
and ammonia can affect neurons and astrocytes via oxidative stress [3,
34,35]. This indicates that ammonia-mediated oxidative stress may also
regulate brain UGT1A6 levels during liver failure.

To prove the above deductions and investigate the underlying
mechanism, we used BDL rats as an animal model to simulate human
cholestatic liver failure [36]. The aims of the present study were to: 1)
investigate the associations between increased brain 5-HT concentra-
tions and CNS behavioral abnormalities in BDL rats; 2) investigate
whether BDL-induced liver failure alters UGT1A6 expression and ac-
tivity to increase 5-HT content in the brain; and 3) identify the main
factors affecting brain UGT1A6 expression and activity in the liver
failure state and its mechanism using human astrocytes as an in vitro
model. The results will reveal the mechanism by which BDL elevates
brain 5-HT concentrations and elucidate its association with the
behavioral abnormalities of HE.

2. Materials and methods
2.1. Reagents

All materials, antibodies, and primers used in this study are
commercially available and listed in Tables S1, S2, and S3, respectively.

2.2. Animals

Male Sprague-Dawley (SD) rats were purchased from Sipul-Bicai
Laboratory Animal Co. Ltd (Shanghai, China) and kept in controlled
environmental conditions (12-h-light/dark cycle, temperature, 24 +
2 °C; humidity, 50 % =+ 5 %) with commercial rat chow and tap water
available ad libitum. Animal experiments were conducted following the
Guide for the Care and Use of Laboratory Animals (National Institutes of
Health) and approved by the Ethics Committee of the Animal Care
Committee of China Pharmaceutical University (protocol code No.
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2019-06-016).

2.3. Development of BDL rats

Male SD rats (weighing 200-220 g) were used to establish BDL rats as
previously described [9]. The sham-operated (SHAM) group was treated
in the same manner without ligation of the bile duct. Fourteen days after
surgery, six BDL and six SHAM rats were used for the open-field tests.
Following the behavioral experiments, the rats were killed via femoral
artery phlebotomy under isoflurane anesthesia. The blood and brain
samples were quickly collected and stored at —80 °C until further
analysis. Alanine transaminase (ALT), aspartate transaminase (AST),
alkaline phosphatase (ALP), total bile acid, total bilirubin, and blood
ammonia levels were measured using commercial kits (Table S1). The
levels of 5-HT, DA, 5-hydroxy-i-tryptophan (5-HTP), 5-HIAA, and
5-HT-G in the serum and brain were measured using HPLC chromatog-
raphy or LC-MS methods [9,23]. The MAO activity was measured using
a previously described method [9]. Another six SHAM and six BDL rats
were euthanized for mRNA, protein, and brain microsomal extractions.

2.4. Intracerebral injection of diclofenac sodium to rats

The intracerebroventricular (i.c.v.) injection experiments were con-
ducted according to previous studies [37]. In brief, after 18 h of fasting,
SD rats (weighing 180-200 g) were kept under isoflurane anesthesia and
mounted in a David Kopf stereotaxic frame (Tujunga, CA, USA). A
22-gauge guide cannula (CMA12; CMA Microdialysis, Solna, Sweden)
was implanted bilaterally in the left lateral ventricle of the brain (AP 0.8,
V —3.0 from the dura and L —1.5 from the bregma) and secured to the
skull with anchor screws and acrylic dental cement. After surgery, the
animals were housed individually for four days.

At 5, 6, and 7 days after surgery, the rats were anesthetized as
described above and placed in a stereotaxic apparatus for i.c.v. in-
jections. Diclofenac sodium (4 mmol/L) or vehicle (artificial cerebro-
spinal fluid) were infused (5 pL in 5 min) by a CMA/100 micro infusion
pump through a 28-gauge injection needle that was inserted through the
guide and extended 1.0 mm beyond the tip of guide. The rats were
subjected to open-field tests 4 h after the last diclofenac sodium injection
or vehicle. After the behavioral experiments, the rats were euthanized as
described above, and the left cortices of the rats were quickly collected
for 5-HT and 5-HT-G level determination.

2.5. 5-HTP-treated rats

Twelve SD rats (weighing 180-200 g) were assigned to the 5-HTP
and control (CON) groups. 5-HTP was dissolved in physiological saline
(10 mg/mL) and administered via i.p. injection (100 mg/kg) once every
12 h for 72 h until the behavioral experiments were performed. CON rats
received only physiological saline injections. The rats were subjected to
behavioral experiments and then euthanized 2 h after the last dose.
Brain samples were collected, and 5-HT levels were measured as we
described in Section 2.3.

2.6. Hyperammonemic (HA) rats

HA rats were developed using i.p. NH4Ac, as described in our pre-
vious study [33]. Twelve SD rats (weighing 180-200 g) were intraper-
itoneally administered NH4Ac (3 mmol/kg) once every 12 h for 72 h as
the HA group. The CON rats received only physiological saline injections
(5 mL/kg). Six HA and six CON rats were subjected to behavioral ex-
periments 2 h after the last dose and then euthanized as described above.
The brain regions were collected for parameter determination and
western blot analysis. Another Six HA and six CON rats were euthanized
for cortical microsomal extraction.

Redox Biology 69 (2024) 103019
2.7. Open-field tests

Open-field tests were performed as previously described [9]. Briefly,
an open field was divided into inner and outer circles. Rats were indi-
vidually placed at the center of an open-field apparatus and allowed to
move freely for 5 min. The moving tracks were recorded using an
open-field experimental video analysis system (Zhongshidichuang
Institute, Beijing, China). Any-maze video tracking software was used to
record and process the experimental data.

2.8. Brain microsome extraction

The experimental rats were decapitated, and whole brains or cortices
were isolated for microsome extraction. Fresh brain tissues were ho-
mogenized in 0.05 mol/L tris-hydrochloride buffer (pH = 7.4), con-
taining 0.15 mol/L KCl, 1 mmol/L ethylenediaminetetraacetic acid
(EDTA), 1 mM dithiothreitol, and 0.1 mmol/L phenylmethylsulfonyl
fluoride. Homogenates were centrifuged at 4 °C and 10000 g for 30 min.
Then the supernatants were centrifuged at 100000 xg for 60 min at 4 °C.
Obtained microsomal pellets were suspended in the storage solution,
consisting of 0.1 mol/L sodium phosphate buffer (pH = 7.4), 1 mmol/L
EDTA, 1 mmol/L dithiothreitol, and 30 % (v/v) glycerol, aliquoted, and
stored at —80 °C. The protein levels in the microsomes were measured
using the BCA method.

2.9. Cell culture and drug treatment

U251 cells were purchased from the Chinese Academy of Medical
Sciences (Shanghai, China) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10 % fetal bovine serum. At 40 % conflu-
ence, the cells were incubated with DMEM containing 3 % fetal bovine
serum and test agents for 72 h (the culture medium was replaced every
24 h) to assess the expression of target proteins and genes.

2.10. UGT1A6 activity determination

For UGT1AG6 activity determination, U251 cells were seeded in 100
cm? culture dishes at 30 % density. After incubation with tested agents
for 72 h, the cells were digested by trypsin and then collected and
resuspended in 200 pL phosphate-buffered saline. The cell suspension
was disrupted using ultrasound in an ice water bath and stored at
—80 °C. The protein content was measured using the BCA method.

We chose 4-nitrophenol and 5-HT as substrates to determine
UGT1A6 activity. The reaction was run in substrates, 10 mmol/L MgCl,,
0.1 mol/L Tris-HCI buffer, 80 pg/mL Triton-X 100, 5 mM D-(+)-Dex-
tronic acid -lactone, 5 mM UDPGA, pH 7.4 in the presence of 0.5 mg
protein/mL brain microsomes or cell lysates at 37 °C. After 2 h of in-
cubation, 100 pL ice acetonitrile with 0.2 % formic acid was added to
terminate the reaction. The 4-nitrophenyl $-D-glucuronide (PNPG) and
5-HT-G concentrations in the reaction systems were measured using
high-performance liquid chromatographic methods above described.

2.11. Immunofluorescence assay

All antibodies used in the immunofluorescence assays are listed in
Table S2. Immunofluorescence assays of the brain sections were con-
ducted as we previously described [38]. Briefly, after deparaffinization,
paraffin-embedded sections of rat brains were incubated with normal
goat serum and mixed with primary antibodies against mouse
anti-UGT1A6 and rat anti-GFAP. The sections were then incubated with
anti-rabbit IgG (Alexa Fluor 488-conjugated) and anti-mouse IgG (Alexa
Fluor 594-conjugated) secondary antibodies. Finally, immunofluores-
cence images of brain sections were obtained using confocal laser
scanning microscope (Zeiss LSM700).

The U251 cells were incubated with 5 mM NH4Cl. After 72 h incu-
bation, the cells were fixed with 4 % formaldehyde for 15 min and then
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blocked with 5 % goat serum in PBS at 25 °C. Cells were incubated
overnight with primary antibodies against mouse anti-UGT1A6. After
washing with PBS, the U251 cells were incubated with Alexa Fluor 488-
conjugated anti-rabbit IgG for 1 h at 25 °C. Nuclei were stained with 4',6-
diamidino-2-phenylindole. Immunofluorescence images of U251 cells
were obtained using a Cytation 5 Cell Imaging Multi-Mode Reader
(BioTek, Germany) and processed using Gen 5 software (BioTek,
Germany).

2.12. In vitro transfection

Human HNF4a siRNA (5'-3' sense: CCUAGGCAAUGACUACAUUTT)
was validated in our previous study [39] and synthesized by Gene-
Pharma (Shanghai, China). For HNF4a knockdown, U251 cells were
transfected with 100 nM siRNA using Lipofectamine 3000 according to
the manufacturer’s instructions. The cells were subjected to drug
treatment 12 h after transfection, and the silencing efficiency was
verified by western blotting 72 h post-transfection. Scrambled siRNA
was used as the negative control.

2.13. Dual luciferase assay

The PGL3-H_Ugtla6 promoter-luciferase reporter and pCDNA3.1-
based HNF4a expression plasmid were constructed by Jiangsu Key-
GEN Biotech Co., Ltd. (Nanjing, China). The NIH/3T3 cells were pur-
chased from Cellcook Biotech (Guangzhou, China). NIH/3T3 cells were
transfected with PGL3-H_Ugtla6 promoter luciferase reporter (0.2 mg/
well) and Hnf4a plasmid (0, 50, 100, 200 ng/well) using Lip3000 and
P3000 12 h after seeding in 24-well plates. The NIH/3T3 cells were lysed
48 h post-transfection. The luciferase activity was measured using a
luciferase assay kit (Yeasen, Shanghai, China).

U251 cells were also transfected with PGL3-H_Ugtla6 promoter-
luciferase reporter together with the HNF4a siRNA, HNF4a plasmid, or
treated with 5 mmol/L NH4Cl or 1 pmol/L U0126. The luciferase activity
was measured 72 h after transfecting the U251 cells.

2.14. gPCR

The total mRNA was extracted from tissues and cells and reverse
transcribed into cDNA as previously described [40]. gPCR amplification
was performed using the qPCR SYBR Green Master Mix (Yeasen,
Shanghai) and the corresponding primers (Table S3) on a LightCycler 96
Real-Time PCR System (Roche Applied Science, Indianapolis, IN, USA).
The relative mRNA levels were normalized to those of ACTB using the
comparative Ct method.

2.15. Western blot

The total protein was extracted from tissues and cells and separated
via sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membranes. Following 1.5 h of blocking
at 25 °C, the blots were incubated with corresponding primary anti-
bodies (Table S2) at 4 °C overnight. After washing thrice with TBST, the
blots were incubated with secondary antibodies for 1 h at room tem-
perature. The protein levels were visualized using ECL kits (Jiangsu
keyGEN BioTECH Co., Ltd., Nanjing), followed by a gel imaging system
(Tanon Science & Technology Co. Ltd., Shanghai), and normalized to
p-Actin levels.

2.16. Statistical analysis

Data were analyzed using GraphPad Prism version 8.0.2. P < 0.05
indicated statistical significance. All data in the experiment are pre-
sented as mean + SEM, and comparisons between two groups were
statistically tested using an unpaired two-tailed Student’s T-Test; one- or
two-way ANOVA, followed by Fisher’s LSD multiple comparison tests,
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were used for comparisons among multiple groups.
3. Results

3.1. BDL rats showed behavioral abnormalities and higher brain 5-HT
levels

BDL surgery was performed on rats to induce cholestatic liver failure.
Fourteen days after surgery, we evaluated the physiological and
biochemical parameters of the BDL and SHAM rats (Table S4). The re-
sults demonstrated that BDL rats showed significantly higher levels of
serum ALT, AST, ALP, total bile acids, total bilirubin, blood ammonia,
and increased liver and spleen weights compared with those in SHAM
rats, which proved the successful development of the BDL-induced liver
failure model.

The open-field test was used to examine the behavioral changes in
BDL rats. The results showed that BDL significantly increased both the
total and inside traveled distance and increased the percentage of time
spent in the center and climbing times (Fig. 1A-E). The concentrations of
5-HT and DA in the brain and plasma of rats were measured. The results
demonstrated that BDL significantly increased the levels of DA and 5-HT
in the rat cerebral cortex (but not in the hippocampus) (Fig. 1F and G).
The levels of cortical 5-HT in BDL rats were nearly 2-fold higher than
those in SHAM rats (Fig. 1F), and BDL had little effect on the levels of
plasma DA and 5-HT (Fig. 1H).

3.2. BDL decreased UGT1A6 expression and activity to elevate 5-HT
levels in cortices of rats

The levels of 5-HT in the plasma of the BDL rats were unaltered
(Fig. 1H), indicating that the increased cortical 5-HT levels induced by
BDL were mainly attributed to alterations in the synthesis and meta-
bolism of 5-HT in the brain. BDL had little effect on the mRNA expres-
sion of Tph2 in the hippocampus and cortex, as well as on TPH2 protein
expression in the hippocampus, but significantly reduced the expression
of TPH2 protein in the rat cortex (Fig. 2A and B). The levels of 5-HTP, the
direct product catalyzed by TPH2 and the prodrug 5-HT, were unaltered
in BDL rats (Fig. 2C). Moreover, BDL had little effect on the expression
levels and activities of MAO-A and MAO-B in the rats (Fig. 2D-G),
consistent with the lack of alterations in the levels of 5-HIAA (Fig. 2H).
These results suggest that BDL increases brain 5-HT concentrations
independently of the classical 5-HT synthetic or metabolic pathways.

The glucuronidation of 5-HT catalyzed by UGT1A6 is also an
important catabolic pathway of this neurotransmitter [16-19].
Remarkably decreased cortical 5-HT-G content was detected in BDL rats,
which decreased from 73.09 + 11.52 ng/g in SHAM rats to 34.81 +
5.84 ng/g in BDL rats (Fig. 2I). The ratio of 5-HT-G to 5-HT content also
significantly decreased in the cortex of BDL rats (Fig. 2J), in line with the
downregulation of cortical UGT1A6 mRNA and protein expression in
BDL rats (Fig. 2K and L). The activity of UGT1A6 in the brain micro-
somes was also measured. The formation rate of PNPG from 4-nitrophe-
nol and 5-HT-G from 5-HT in brain microsomes of BDL rats was
significantly decreased (Fig. 2M and N). These results indicate that BDL
elevated 5-HT levels in the cortex of rats due to the downregulation of
cortical UGT1A6 expression and activity.

3.3. Effects of i.c.v. UGT1A6 inhibitor diclofenac on cortical 5-HT levels

To verify whether the downregulation of cerebral UGT1A6 contrib-
uted to the increased levels of 5-HT in the rat cortex, diclofenac sodium
was administered via i.c.v. injection into the experimental rats (DIC rats)
(Fig. 3A). The cortical UGT1A6 activities and 5-HT levels were measured
4 h after the last injection. The results showed that i.c.v. diclofenac
concentration-dependently decreased PNPG formation rate in the brain
microsomes of DIC rats (Fig. 3B). Diclofenac injection also significantly
increased 5-HT levels (Fig. 3C) while decreasing 5-HT-G levels in the
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Fig. 1. BDL rats showed behavioral abnormalities and higher brain 5-HT levels. Track diagram (A), climbing times (B), total distance traveled (C), inside
distance traveled (D), and percentage of time in center (E) of bile duct ligation (BDL) and SHAM rats in open-field test. Concentrations of 5-HT (F) and DA (G) in
cortex and hippocampus of BDL and SHAM rats. Concentrations of 5-HT and DA in the plasma of BDL and SHAM rats (H). Data are expressed as mean + SEM (n = 6),

*P < 0.05, **P < 0.01.

cortex of rats (Fig. 3D). Moreover, similar to the BDL rats, the DIC rats
also showed an increased inside traveled distance in the open-field test
(Fig. 3H), Other parameters such as total traveled distance and climbing
times also increased, but no significant differences were observed due to
individual difference (Fig. 3E-I).

3.4. 5-HTP treatment induced HE-like behaviors

The synthesis of 5-HT from tryptophan proceeds via intermediary 5-
HTP, which easily crosses the BBB. To examine the role of increased
cortical 5-HT levels in the behavioral abnormalities in BDL and DIC rats
further, 5-HTP (100 mg/kg) was intraperitoneally injected into the
experimental rats (Fig. 4A). This is consistent with our expectation that
5-HTP treatment would significantly elevate cerebral 5-HT levels in rats
(Fig. 4B). More importantly, 5-HTP rats showed similar behavioral
changes to BDL and DIC rats, such as an increased total and inside dis-
tance traveled, percentage of time spent in the center and climbing times
in the open field test (Fig. 4C-G). These results proved the contribution
of cortical 5-HT overload to HE-like symptoms.

3.5. BDL-induced ammonia accumulation impaired cortical UGT1A6
activity and expression

The present study demonstrated that UGT1A6 and glial fibrillary
acidic protein (GFAP, a characteristic astrocyte protein) were co-
expressed in the rat cortex (Fig. S1A). In addition, U251 cells (astro-
cytes) had the highest UGT1A6 mRNA expression (Fig. S1B) and activity
(Figs. S1C and D) compared with brain microvascular endothelial cells
(HCMEC/D3) and neurocytes (SH-SY5Y). Thus, U251 cells were chosen

as the in vitro model to investigate the mechanism of the BDL-mediated
decrease in UGT1A6 expression and activity.

Cholestasis is often associated with abnormal increases in bilirubin,
ammonia, bile acids, and inflammatory cytokines levels. We investi-
gated whether these changes reduced UGT1A6 expression in U251 cells.
The results demonstrated that only NH4Cl significantly downregulated
UGT1A6 mRNA expression (Fig. 5A), whilst both 50 pM unconjugated
bilirubin (UCB) and 5 mM NH4Cl decreased UGT1A6 activity, and NH4Cl
inhibited UGT1A6 activity more strongly than UCB (Fig. 5B). Further
studies showed that the inhibitory effects of UCB on UGT1A6 activity
were not concentration-dependent (Fig. 5C) and UCB slightly influenced
UGT1A6 mRNA expression (Fig. 5D). In contrast, NH4Cl concentration-
dependently decreased UGT1A6 activity (Fig. SE), as well as its mRNA
(Fig. 5F), and protein levels (Fig. 5G). Under 5 mM NH4CI treatment,
UGT1A6 protein levels were significantly downregulated to approxi-
mately 50 % of those in the CON group (Fig. 5G-I). These results indi-
cate that the downregulation of UGT1A6 activity and expression is
mainly attributable to brain ammonia accumulation.

3.6. Ammonia-induced oxidative stress decreased expression and activity
of UGT1A6 by activating ROS-ERK pathway

Ammonia can activate signaling pathways such as NF-kB, PI3K-AKT,
and ERK [33,41,42]. To investigate the mechanism of
ammonia-mediated reduction in UGT1A6 expression and activity, U251
cells were incubated with NH4Cl and different signaling pathway
blockers, BAY117082, LY294002, and U0126 (Fig. 6A-C). The results
showed that only U0126, an ERK pathway inhibitor, could reverse the
reduction in UGT1A®6 activity by NH4Cl (Fig. 6C). Activation of the ERK
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pathway is often associated with oxidative stress, which ammonia can
induce in the brain [33]. In line with this, 72 h of NH4Cl treatment
significantly increased reactive oxygen species (ROS) levels (Fig. 6D)
and p-EKR protein expression (Fig. 6E) in U251 cells while reducing
UGT1AS6 protein expression (Fig. 6E).

H,0, showed effects similar to those of NH4Cl (Fig. 6F-H), and the
increase in ROS levels and downregulation of UGT1A6 activity by NH4Cl
or Hy0, was reversible using the antioxidant N-acetyl-L-cysteine (NAC)
(Fig. 6F and H). In addition, the effects of NH4Cl on UGT1A6 and p-ERK
expression could also be reversed by NAC (Fig. 6I) or the ERK pathway
inhibitor U0126 (Fig. 6J). These results demonstrate that ammonia
impairs the expression and activity of UGT1A6 by activating the

oxidative stress-mediated ROS-ERK pathway in U251 cells.

Similar results were observed in the cortex of BDL rats. BDL signifi-
cantly increased ROS levels (Fig. 6K) and reduced SOD activity (Fig. 6L)
in the cortex, accompanied by the induction of ERK phosphorylation and
downregulation of UGT1A6 protein levels (Fig. 6M). Relationship
analysis showed that UGT1A6 protein levels in the cortex of BDL and
SHAM rats were negatively correlated with the ratio of pERK to ERK (R

—0.72, P < 0.01) (Fig. 6N).
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3.7. ROS-ERK pathway activation inhibited HNF4a expression to
decrease UGT1A6 transcription

HNF4a is involved in the inter-individual variability of UGT1A6
mRNA expression in humans [27]. Inhibition of the ERK phosphoryla-
tion increases the expression of HNF4a mRNA and protein [43]. These
results indicated that the downregulation of UGT1A6 via ammonia may
be involved in the inhibition of HNF4a. To test this hypothesis, U251
cells were cultured with NH4Cl or the ERK activator, TBHQ. The results
showed that both NH4Cl and TBHQ significantly downregulated the
expression of HNF4a protein (Fig. 7A), and U0126 remarkably reversed
the downregulation of HNF4a expression by NH4Cl (Fig. 7B), demon-
strating that NH4Cl inhibited HNF4a protein expression via activating
the ERK pathway.

The roles of HNF4« in regulating UGT1A6 expression were further
investigated, and the results demonstrated that both TBHQ treatment
and HNF4q silencing significantly decreased UGT1A6 protein expres-
sion (Fig. 7C and D). To investigate whether HNF4a directly activates
the promotor of Ugtla6, different doses of the Hnf4a plasmid (50, 100,
and 200 ng) and PGL4.10-M_Ugtla6 promoter-luciferase reporter con-
structs were co-transfected into NIH/3T3 cells. The results showed that
the Hnf4a plasmid dose-dependently increased the luciferase activity of
the Ugtla6 promoter (Fig. 7E). U251 cells were also transfected with the
PGL4.10-M_Ugtla6 promoter-luciferase reporter construct. Both NH4Cl
treatment and the silencing of HNF4a significantly suppressed Ugtla6
promoter activity (Fig. 7F). Further studies showed that both the Hnf4a
plasmid and U0126 reversed the decrease in Ugtla6 promoter activity
induced by NH4Cl (Fig. 7F). Significantly decreased expression of
HNF4o was also detected in the cortex of BDL rats (Fig. 7G). These re-
sults indicate that ammonia downregulates UGT1A6 expression by
inhibiting HNF4a expression via activating the ROS-ERK pathway.

3.8. Hyperammonemia increased 5-HT content and lowered UGT1A6
activity and expression in cortices of rats

Hyperammonemia (HA) rats were developed to demonstrate further
the role of ammonia in downregulating UGT1A6 expression and
elevating 5-HT content in rat cortices. The findings were similar to those
in BDL rats that HA significantly lowered the expression and activity of
UGT1A6 protein (Fig. 8A and B) in the cortex of rats, accompanied by
remarkably increased levels of cortex 5-HT (Fig. 8C). The open-field test
also showed that HA rats exhibited increased total travel distance, center
travel distance, and climbing times (Fig. 8D-H).

HA rats also showed significantly elevated cortical ROS levels
(Fig. 8I) and decreased SOD activity (Fig. 8J), demonstrating the
occurrence of oxidative stress in the cortex of HA rats. Consequently,
significantly increased ERK phosphorylation and decreased protein
levels of HNF4a were observed in the cortex of HA rats (Fig. 8K),
resulting in reduced cortical UGT1A6 expression and activity.

4. Discussion

HE is a commonly encountered neurocognitive complication in
chronic and acute liver diseases, and its typical symptoms include
mania, anxiety, depression, and other cognitive and behavioral abnor-
malities. The present study systematically demonstrated that BDL-
induced manic-like behaviors are partly due to cerebral UGT1A6-
expression-and-activity-reduction-mediated CNS 5-HT overload caused
by activating the ammonia-mediated ROS-ERK-HNF4a pathway. To the
best of our knowledge, this is the first report to reveal the mechanism
involving elevated brain 5-HT concentration in rats with BDL-induced
liver failure and its association with cognitive and behavioral abnor-
malities in HE.

Clinical trials and animal experiments have demonstrated that HE is
often associated with the accumulation of neurotransmitters in the
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brain. Significantly increased levels of DA, histamine, gamma-
aminobutyric acid, and 5-HT were detected in the cerebrospinal fluid
of patients with HE [8], and significantly increased levels of 5-HT were
also detected in the cortex of TAA-induced HE rats [44]. Our previous
study revealed that BDL increases cerebral DA levels by upregulating
tyrosine hydroxylase expression [9]. The present study further revealed
that BDL significantly increased both 5-HT and DA levels in the rat
cortex, and the extent of the increase in 5-HT was greater than that of
DA. Dyshomeostasis of brain 5-HT concentration is involved in
numerous CNS diseases [11], with symptoms similar to HE [45]. The
present study demonstrated that BDL rats showed typical manic-like
behaviors in the open-field tests, which is in line with findings in
other research [9]. However, a recent study demonstrated that BDL mice
showed locomotor impairment in open-field tests [46]. These different
findings may come from differences in the degree of liver damage. It is
worth noting that manic-like behaviors were also observed in rats with
cerebral 5-HT overload caused by 5-HTP treatment. 5-HTP has been
widely used to manipulate cerebral 5-HT levels; in rodents, 200-300
mg/kg 5-HTP can induce memory impairment, confusion, and anxiety
[47,48]. These studies suggest that cerebral 5-HT overload may be one
of the causes of behavioral abnormalities in HE.

Besides the cortex and hippocampus, the homeostasis of 5-HT in
other brain regions like the striatum and raphe nucleus also plays an
important role in behavior regulation [49,50]. Decreases in striatal 5-HT
levels are involved in suppressed locomotor activity in mice [50], and
the raphe nucleus constitutes a major serotonergic input to the forebrain
and modulates diverse functions and brain states, including anxiety and
motor functions [49]. Our results showed that BDL-induced liver failure
little influenced striatal 5-HT levels (Fig. S2A) and the mRNA levels of
enzymes (Tph2, Mao-a, Mao-b, and Ugt1a6) related to 5-HT metabolism
and synthesis (Fig. S2B). We also found that BDL unaltered DA levels in

the striatum of BDL rats (Fig. S2C). Similar results were also found both
in patients with HE and TAA-induced HE rats: In TAA rats, DA and 5-HT
levels were significantly increased in the cortex but not in the striatum,
and the extent of these changes in the cortex correlated with the stage of
HE [44]. Increased 5-HT levels were found in the cerebrospinal fluid and
frontal cortex of patients with HE [8,51]. Thus, the present study
focused on the cortex, and the important roles of the striatum-putamen
complex and raphe nucleus in the HE state still need further exploration.

Due to the presence of the BBB, the synthesis and metabolism of 5-HT
in the CNS are relatively independent [11]. Our results demonstrated
that BDL had no significant influence on the expression and activity of
TPH2 and MAO or on their metabolite concentrations in the cortex of
rats, which excludes the roles of the classical 5-HT synthetic or meta-
bolic pathways in BDL-induced cerebral 5-HT overload.
UGT1A6-catalyzed glucuronidation is also important for 5-HT meta-
bolism [16-19]. We verified the existence of UGT1A6 expression and its
activity in the rat brain and found that BDL-induced liver failure
significantly decreased the expression and activity of UGT1A6 and the
levels of 5-HT-G in the cortex of rats. Serotonin transporter (SERT) is
also essential for serotonergic system regulation. However, unlike
serotonin-related metabolic enzymes (TPH2, MAO, and UGT1A6), SERT
tends to regulate the concentration of 5-HT in the synaptic cleft rather
than the total concentration of 5-HT in the brain tissue, and the pre-
dominance of SERT sites in substantia nigra, raphe nucleus, striatum,
and thalamus [52,53]. Ischemia-induced liver injury has been shown to
downregulate SERT activity in the cortex and striatum, and in the frontal
cortex, this loss of SERT function was accompanied by increases of 5-HT
concentrations in extracellular fluid (from 13.2 to 14.1 pg/20 mL) [54].
We also found a slight decrease in Sert mRNA expression (23 % reduc-
tion) in the cortex but not in the hippocampus and striatum of BDL rats
(Fig. S2D), but due to experimental limitations, we did not measure
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5-HT levels in extracellular fluid of BDL rats, which is one of limitation
of the present study. Whether BDL-induced SERT expression changes
could synergize decreased UGT1A6 expression in the cortex to affect rat
behavior is also worthy of further exploration. The main findings of our
study were an increase in the total content of 5-HT and a decrease in
5-HT-G in the rat cortex, and we found that i.c.v. injection of the
UGT1AG6 inhibitor, diclofenac sodium, significantly increased cerebral
5-HT levels, leading to HE-like behaviors in rats. These results indicate
that BDL mainly decreases the expression and activity of UGT1A6 to
elevate 5-HT levels in the rat cortex, contributing to neurological and
psychiatric disorders in HE.

In the mammalian brain, the ability to synthesize and release 5-HT is
a property shared by less than 0.1 % of neurons [55,56], and the specific
activity of UGT1A6 in astrocytes is 10- and 100-fold those of neurons or
total brain [57]. Our results also showed that UGT1A6 is mainly
expressed in brain astrocytes; therefore, U251 cells were used as an in
vitro model for further mechanistic studies. Ammonia could reduce the
expression and activity of UGT1A6 in U251 cells in a
concentration-dependent manner. As BDL-induced liver failure is often
accompanied by hyperammonemia, we were not surprised by these re-
sults. The local ammonia concentration in the brain can reach mMOL
levels in the HE state [58]. Ammonia diffuses rapidly throughout the
brain, but ammonia poisoning mainly occurs in the endothelial cells and
astrocytes of the BBB [59,60]. The distribution and response of astro-
cytes are region-specific in the brain [61], which leads to different

sensitivities to stress among brain regions [62-65]. Ammonia-induced
oxidative stress primarily occurs in the cortex rather than in the stria-
tum [64], which explains why we found that ammonia has the most
significant effect on loss of UGT1A6 expression and increases in 5-HT
concentration in the cortex of BDL rats. It was reported that the cortex
is sensitive to ischemic stress, while the striatum and thalamus are not
[63]. Similarly, cerebral artery ischemia-reperfusion- or iron
overload-induced oxidative stress mainly occurs in the cortex [62,65].
These studies also support our findings.

Ammonia accumulation can activate multiple signaling pathways in
the brain. Our study demonstrated that ammonia-mediated brain
UGT1A6 expression and activity reduction are mainly related to the
activation of the ROS-ERK pathway mediated by oxidative stress. In
U251 cells, we found both NH4Cl and H2O significantly increased ROS
levels and induced ERK phosphorylation while decreasing UGT1A6
expression and activity; these effects of NH4Cl could be reversed by
antioxidant NAC or ERK inhibitor U0126. Recent studies have also
partly confirmed our findings: oxidative stress-induced ERK activation
has been found in a variety of cell types [66-68], hyperammonemia can
show its effect on astrocytes by inducing oxidative stress [34,35,69], and
the catalytic properties and expression of UGT1A6 in astrocytes are
highly sensitive to the redox environment [31,32]; Our previous studies
have also demonstrated that ammonia-induced oxidative stress can
activate the ROS-ERK pathway to regulate breast cancer resistance
protein expression in the brains of rats with acute liver failure [33].
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The expression of UGT1A6 can also be controlled by many envi-
ronmental factors through stress-mediating receptors. Valproic acid
treatment significantly induces UGT1A6 mRNA expression in Caco-2
cells via the AhR and Nrf2 pathways but not the ERK or JNK pathways
[70]. HNF4o, constitutive androstane receptor (CAR), and pregnane X
receptor (PXR) are the main transcription factors associated with
UGT1AG6 expression and activity in the liver [27,71]. However, in U251
cells, ammonia had no significant effect on AHR, PXR, CAR, and Nrf2
mRNA expression (Fig. S3A) and Nrf2 protein expression (Fig. S3B).
Meanwhile, neither omeprazole (AHR agonist), rifampicin (PXR
agonist), nor TCPOBOP (CAR agonist) could reverse the
ammonia-mediated UGT1A6 activity decline (Figs. S3C and D), and
rifampicin even tended to aggravate ammonia damage to UGT1A6 ac-
tivity (Fig. S3C), excluding the roles of the above receptors in brain
UGT1AG6 regulation in astrocytes. The tissue specificity of the regulation
of UGT1A6 expression may be affected by various factors, such as re-
ceptor expression abundance and promoter distribution. The promoter
of UGT1A6 contains three TATA boxes that function in a cell

type-specific manner. All three TATA boxes are active in the human
liver, whilst differential use of these TATA boxes has been reported in
Caco-2 and lung carcinoma A549 cells [72].

Notably, we found that silencing HNF4a significantly reduced
UGT1A6 protein levels and promoter activity in U251 cells, while
overexpressing HNF4a increased Ugt1a6 promoter activity. These results
explain the positive correlation between HNF4a and UGT1A6 expression
levels [27]. We also observed that treatment with the ERK activator
TBHQ significantly decreased HNF4a protein levels in U251 cells. Other
researchers also found similar results: the ERK inhibitor PD98059 in-
creases HNF4a mRNA and protein levels in HepG2 cells [43]. In U251
cells, we further found that NH4Cl treatment downregulated HNF4a and
UGT1A6 expression levels, which could be reversed by ERK pathway
inhibitor U0126, suggesting the essential role of HNF4a in the
ammonia-ROS-ERK-pathway-activation-mediated decreases in UGT1A6
expression and activity. Our previous studies have found that PXR
activation downregulates HNF4a in hepatocytes [39], which explains
why rifampicin failed to reverse the ammonia-mediated decrease in
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Fig. 7. Association of HNF4a with reduction in UGT1A6 expression by ROS-ERK pathway activation. Protein levels of p-ERK, HNF4a (A), and UGT1A6 (C) in
U251 cells under the treatment of NH4Cl and TBHQ. Effects of U0126 (B) on NH,Cl-mediated decrease in HNF4a protein levels in U251 cells. Effects of silencing
HNF4a on UGT1A6 protein expression in U251 cells (D). Hnf4a plasmid dose-dependently activated Ugt1a6 promoter in NIH/3T3 cells (E). Relative Ugtla6 promoter
luciferase reporter activity in U251 cells treated with NH4Cl, U0126, 200 ng Hnf4a plasmid, or silenced HNF4« for 72 h (F). HNF4a protein levels in cortex of BDL
and SHAM rats (G). Data are expressed as mean + SEM (n = 4 for A-F; n = 6 for G). *P<0.05, **P<0.01.

UGT1AG activity, further enhancing it.

To systematically prove the above findings, we generated HA rats
and found they showed manic-like symptoms similar to those observed
in BDL rats. Meanwhile, induced oxidative stress, the activated ROS-ERK
pathway, and decreased HNF4o and UGT1AG6 expression levels were also
found in the cortex of HA rats, corresponding to decreased UGT1A6
activity and increased 5-HT levels. To date, all the evidence has been
linked. BDL-induced HE rats showed typical manic-like behaviors
accompanied by increased cortical 5-HT levels. Intraperitoneal injection
of 5-HTP or i.c.v. injection of UGT1A6 inhibitor significantly increased
5-HT levels in the rat cortex and induced HE-like symptoms. Mechanistic
studies confirmed that ammonia reduced UGT1A6 expression and
function due to the ROS-ERK-pathway-activation-mediated reduction in
HNF4a expression. These results revealed the mechanism of elevated
cerebral 5-HT concentration in BDL rats and elucidated its association
with manic-like behaviors in HE.
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