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ABSTRACT Hydrogen sulfide is well-known to exhibit anti-inflammatory and cyto-
protective activities, and also has protective effects in the liver. This study aimed to
examine the protective effect of hydrogen sulfide in rats with hepatic encephalopa-
thy, which was induced by mild bile duct ligation. In this rat model, bile ducts were
mildly ligated for 26 days. Rats were treated for the final 5 days with sodium hydro-
sulfide (NaHS). NaHS (25 umol/kg), 0.5% sodium carboxymethyl cellulose, or silyma-
rin (100 mg/kg) was administered intraperitoneally once per day for 5 consecutive
days. Mild bile duct ligation caused hepatotoxicity and inflammation in rats. Intra-
peritoneal NaHS administration reduced levels of aspartate aminotransferase and
alanine aminotransferase, which are indicators of liver disease, compared to levels in
the control mild bile duct ligation group. Levels of ammonia, a major causative fac-
tor of hepatic encephalopathy, were also significantly decreased. Malondialdehyde,
myeloperoxidase, catalase, and tumor necrosis factor-o. levels were measured to con-
firm antioxidative and anti-inflammatory effects. N-Methyl-D-aspartic acid (NMDA)
receptors with neurotoxic activity were assessed for subunit NMDA receptor subtype
2B. Based on these data, NaHS is suggested to exhibit hepatoprotective effects and

guard against neurotoxicity through antioxidant and anti-inflammatory actions.

INTRODUCTION

Hepatic encephalopathy (HE) is caused by acute or chronic
liver disease, or severe portosystemic venous shunting, which
results in severe hepatocellular dysfunction and the production of
various toxic substances that affect brain tissue and cause abnor-
mal neurotransmission [1]. The symptoms of HE include uncon-
sciousness, behavioral and personality changes, and neuropsychi-
atric syndromes that can cause neurological abnormalities. Initial
symptoms may include helplessness, restlessness, and irritability.
In severe cases, unconscious turbidity, ataxia, bradykinesia, and
coma may occur. It is thought that HE occurs through the actions
of nitrogen compounds derived from the intestines, particularly
ammonia, that act as neurotoxic substances; recently, various
compounds have been proposed to act together [2-4].

HE can be classified into three types: A, B, and C [5]. Type A
HE is associated with acute liver failure, hepatic devasculariza-
tion, hepatectomy, galactosamine, and acetaminophen, among
other effects, which can be used to prepare animal models of type
A HE. Type B HE is associated with the portal vein branch in the
absence of hepatic liver disease, and portacaval anastomosis and
grafted portal vein stenosis can be used to prepare animal models
of type B HE. Type C HE is associated with cirrhosis and portal
hypertension or portosystemic shunts; bile duct ligation (BDL)
can be used to prepare animal models of type C HE. Cirrhosis
can be induced in many ways, but BDL is often used to prepare
reproducible models because it is difficult to produce consistent
lesions in each animal [6]. BDL can cause liver failure, jaundice,
cirrhosis, portal hypertension, and hyperammonemia, among
other effects [7-9]. Liver damage models induced by BDL are

This is an Open Access article distributed under the terms
AT of the Creative Commons Attribution Non-Commercial
License, which permits unrestricted non-commercial use, distribution, and

reproduction in any medium, provided the original work is properly cited.
Copyright © Korean J Physiol Pharmacol, pISSN 1226-4512, elSSN 2093-3827

www.kjpp.net

Author contributions: U.D.S. organized and supervised all procedures.
KWK, YN., and TWK. performed data analysis and revised the work proto-
col and manuscript. W.S.C. and G.M.K. participated in research design and
contributed analytic techniques and tools.

Korean J Physiol Pharmacol 2019;23(4):263-270



264

Kwon KW et al

widely used [10], which are also used to induce HE. When the bile
ducts are ligated by BDL, the liver is injured by induction of in-
flammation, causing fibrosis [11]. Blood ammonia levels rise due
to liver damage and liver inflammation, and the resulting hyper-
ammonemia is the cause of hepatic encephalopathy [12].

However, BDL cannot be used as a long-term experimental
animal model because death occurs within 5-6 weeks and causes
unnecessary suffering. However, mild BDL (MBDL) can induce
hepatic coma with fewer effects on rats compared to BDL, as only
3 of 5 biliary ducts are excised [13].

N-Methyl-D-aspartic acid (NMDA) receptors are learning and
memory-related receptors that are primarily found in nerve cells
[14]. Therefore, NMDA receptors are an important index of HE or
brain damage [15]. High ammonia levels in HE activate NMDA
receptors and increase their expression. In acute hyperammone-
mia, excessive activation of the increased NMDA receptors causes
nerve damage and death [16]. In chronic hyperammonemia and
liver failure, however, ammonia levels are not high enough to
cause death, and model animals can use other pathways to adapt
to activation of the NMDA receptor-associated signaling path-
ways, such as the glutamate-nitric oxide (NO)-cGMP pathway.
These adaptive responses help to protect against neurotoxicity
caused by excessive activation of NMDA receptors, but impair the
normal physiology of neurons and contribute to neurological dis-
orders, such as cognitive and memory disorders [17,18]. NMDA
receptors consist of an NR1 subunit and NR2A-D. NR2B plays
an important role in the hippocampus and is related to memory
and learning [19,20].

Hydrogen sulfide (H,S) is a gaseous signaling molecule gener-
ated in mammalian cells. At high concentrations, H,S acts as a
toxic agent by inhibiting cytochrome ¢ oxidase and stopping ATP
production, while at low concentrations, H,S represents a third
most common inorganic gaseous mediator, following NO and
carbon monoxide [21-23]. H,S exerts protective effects by reduc-
ing inflammatory substances, showing antioxidant activities,
and inhibiting cell apoptosis in the liver [24,25]. In addition, H,S
protects the liver from hepatic ischemia/reperfusion (HIR) injury
and increases subunit NR2B expression of NMDA receptors in
HIR-induced cognitive dysfunction [26,27]. However, excessive
activation of NMDA receptors is a problem in HE; if H,S increas-
es NMDA receptor levels, neurotoxic effects may occur.

This study aimed to identify liver-protective effects through
antioxidant and anti-inflammatory activities and to determine
whether the effects of hydrogen sulfide lead to neurotoxic protec-
tive effects in hepatic coma through the NR2B subunit.

METHODS
Animals

Male Sprague-Dawley (SD) rats, weighing 250-300 g, were
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purchased from Samtako (Osan, Korea). Rats were housed at
room temperature (24°C-25°C) and exposed to a 12/12-h light-
dark cycle. Water and food were provided ad libitum. Experi-
ments were approved by performed in accordance with guidelines
of the Institutional Animal Care Use Committee of Chung-Ang
University (IACUC 2017-00076).

Drugs

Sodium hydrosulfide hydrate and silymarin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All solutions were
freshly prepared on the day of the experiment.

MBDL model and experimental design

Rats with hepatic encephalopathy were induced by MBDL [13].
The operation was performed under isoflurane anesthesia. A
midline abdominal incision was made along the linea alba and
ligation was performed at the site where three of the five bili-
ary ducts were joined (Supplementary Fig. 1). The sham group
was treated using the same procedure except for ligation. After
a three-week hepatic encephalopathy induction period, the rats
subjected to MBDL surgery received intraperitoneal administra-
tion of NaHS (25 pmol/kg) for 5 consecutive days. The control,
sham, and MBDL groups received intraperitoneal administration
of an equal volume of 0.5% sodium carboxymethyl cellulose. The
silymarin group, used as a positive control, received intraperito-
neal administration of silymarin (100 mg/kg). At 24 h after the
fifth administration of drug, rats were sacrificed by diethyl ether;
blood, liver, and brain were collected and prepared for further as-
says (n = 6 for all groups).

Preparation and biochemical assay of serum samples

After sacrifice of the rats, whole blood was collected from the
inferior vena cava using a vacutainer (BD Biosciences, San Jose,
CA, USA). Collected blood samples were centrifuged at 10,000 xg
for 20 min at 4°C. Serum was collected and stored at —-80°C until
subsequent use.

Hematoxylin and eosin (H&E) staining

Liver tissues were dissected and fixed in 10% formalin solution.
Liver samples were dehydrated with alcohol, cleared with xylene,
and then infiltrated and embedded with paraffin. Paraffin blocks
were cut to 5 um-thick sections using a microtome and stained
with H&E. Stained tissues were observed with a Leica DMR 6000
microscope (Wetzlar, Germany).

Measurement of serum parameters

Alanine aminotransferase (ALT), aspartate aminotransferase
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(AST), myeloperoxidase (MPO), and catalase (CAT) activities and
the malondialdehyde (MDA) concentration were measured using
an ALT activity assay kit, AST activity assay kit, MPO activity
assay kit, catalase assay kit, and lipid peroxidation (MDA) assay
kit (Biovision, Milpitas, CA, USA). Ammonia concentration was
measured using an ammonia assay kit (Abcam, Cambridge, UK).

Western blotting assay

Each section of brain tissue was lysed in radio immunoprecipi-
tation assay buffer containing phosphatase inhibitor cocktail and
a protease inhibitor mixture. Supernatants were obtained by cen-
trifugation and stored at —-80°C until subsequent use in western
blotting. Next, 25 ug protein in each sample was separated by 7.5%
SDS-PAGE and transferred to a nitrocellulose (NC) membrane.
The NC membrane was blocked with 3% bovine serum albumin
for 1 h at room temperature and washed three times for 10 min
per wash with TBS buffer. The NC membrane was incubated at
4°C for 24 h with polyclonal rabbit anti-NR2B antibody (1:1,000;
Cell Signaling, Danvers, MA, USA), polyclonal mouse anti-tumor
necrosis factor (TNF)-o antibody (1:250; Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), or anti-B-actin antibody (1:5,000; Santa
Cruz Biotechnology), and then washed three times with tris buft-
ered saline with tween buffer for 10 min. The NC membrane was
reacted with goat anti-rabbit secondary antibody (1:5,000; Bethyl
Laboratories, Inc., Montgomery, TX, USA) or goat anti-mouse
secondary antibody (1:5,000; Bethyl Laboratories, Inc.) for 1 h at
room temperature. Bound antibody was detected by electroche-
miluminescence agents. Bands were analyzed using the Chemi-
Doc XRS and quantified using Quantity One software (Bio-Rad,
Hercules, CA, USA).

Statistical analysis

Data are expressed as means * standard error of the mean. Sta-
tistical comparisons between each experimental group of all data
were analyzed by Student’s t-test. Differences were considered
significant at error probabilities of less than 0.05.

RESULTS

Effects of sodium hydrosulfide (NaHS) on liver
dysfunction

ALT and AST are commonly measured biomarkers for liver
dysfunction. In this experiment, liver injury was measured by
biochemical analysis and histopathological experiments. MBDL
surgery significantly increased serum ALT and AST levels com-
pared to those found in the sham control group (Fig. 1A, B).
Additionally, NaHS administration significantly reduced serum
AST and ALT levels to amounts similar to those observed in the
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silymarin group, which served as a positive control.

H&E staining was performed to evaluate histopathological
changes in tissues. The sham operation group showed no his-
topathological changes (Fig. 2A). However, MBDL surgery was
characterized by inflammatory cell infiltration, hemorrhagic
changes, and focal necrosis (Fig. 2B). NaHS and silymarin ad-
ministration attenuated these histopathological changes (Fig. 2C,
D).

Effect of NaHS on ammonia levels in serum

Ammonia is a major factor causing HE, and its concentration is
increased by liver damage. MBDL surgery significantly increased
serum ammonia levels (Fig. 3), while NaHS administration sig-
nificantly reduced serum ammonia levels to values similar to
those observed in the silymarin group.
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Fig. 1. Effect of sodium hydrosulfide (NaHS) on serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST). (A,
B) Mild bile duct ligation (MBDL) surgery increased ALT and AST levels
compared to those in the sham control group. NaHS administration
significantly decreased serum ALT and AST levels, which were reduced
to levels similar to those of the silymarin group. Sham: sham operation
control rats, MBDL: MBDL rats, Silymarin: MBDL rats treated with sily-
marin (100 mg/kg), NaHS: MBDL rats treated with NaHS (25 pmol/kg).
Data are expressed as means * standard error of the mean (n = 6); **p

< 0.01 compared to sham control, “p < 0.01 and *p < 0.001 compared
to MBDL.
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Fig. 3. Effects of sodium hydrosulfide (NaHS) on serum ammonia
levels. Animals that underwent mild bile duct ligation (MBDL) surgery
showed increased ammonia levels compared to those in the sham con-
trol group. NaHS administration significantly decreased ammonia levels
to values similar to those observed in the silymarin group. Sham: sham
operation control rats, MBDL: MBDL rats, silymarin: MBDL rats treated
with silymarin (100 mg/kg), NaHS: MBDL rats treated with NaHS (25
umol/kg). Data are expressed as means + standard error of the mean (n
= 6); ***p < 0.001 compared to sham control, “*p < 0.001 compared to
MBDL.

Effect of NaHS on serum markers of oxidative stress

Oxidative stress was measured by biochemical analysis. The
MDA concentrations and CAT levels were measured in the serum
(Fig. 4A, B). CAT is an antioxidant enzyme that inhibits oxidative
stress and protects against liver damage. MBDL surgery signifi-
cantly increased CAT levels compared to those observed in the
sham control group. NaHS administration significantly reduced
CAT levels to values similar to those observed in the silymarin

group.
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Fig. 2. Photomicrographs of liver sec-
tions stained with H&E. Stained liver
sections from the (A) sham-operation
group, (B) MBDL group, (C) silymarin
(100 mg/kg) treatment group, and (D)
NaHS (25 umol/kg) treatment group.
Representative images of each section
were captured at 20 x 10 magnification.
MBDL, mild bile duct ligation; NaHS, so-
dium hydrosulfide .

MDA is a product of lipid peroxidation. Concentrations of
MDA were significantly increased by MBDL surgery compared
to those measured in the sham control group. Notably, NaHS ad-
ministration significantly decreased the MDA concentrations.

Effect of NaHS on liver inflammation

MPO is a peroxidase enzyme that is abundant in neutrophils
and can be used as an indicator of neutrophil infiltration. MPO
activities were measured in the serum (Fig. 5A). MBDL surgery
significantly increased MPO activity compared to that observed
in the sham control group, whereas NaHS administration signifi-
cantly reduced MPO activity to values similar to those found in
the silymarin group.

The cytokine TNF-q, is a cell signaling protein that is involved
in systemic inflammation. TNF-q levels were measured by
western blotting of liver tissues; for quantification, levels were
normalized to values of B-actin staining (Fig. 5B). We found that
MBDL surgery increased the levels of liver TNF-o.. Administra-
tion of NaHS reduced levels of TNF-q, which had been elevated
by MBDL surgery.

Effect of NaHS on NR2B in the hippocampus

To investigate the effect of MBDL surgery and NaHS on pro-
tein expression levels of NR2B, a subunit of the NMDA receptor,
hippocampus tissues were harvested and western blotting was
performed (Fig. 6). MBDL surgery significantly increased the ex-
pression levels of NR2B protein in the hippocampus compared to
those observed in the sham group. In contrast, administration of
NaHS significantly reduced the expression levels of NR2B protein
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Fig. 4. Effect of sodium hydrosulfide (NaHS) on serum malondial-
dehyde (MDA) and catalase (CAT) levels. (A) Animals that underwent
mild bile duct ligation (MBDL) surgery showed increased MDA levels
compared to those observed in the sham control group. NaHS admin-
istration significantly decreased MDA levels to values similar to those in
the silymarin group. (B) MBDL surgery significantly reduced CAT levels
compared to those observed in the sham control group. NaHS admin-
istration significantly increased CAT levels to those similar to those
found in the silymarin group. Sham: sham operation control rats; MBDL:
MBDL rats, silymarin: MBDL rats treated with silymarin (100 mg/kg),
NaHS: MBDL rats treated with NaHS (25 umol/kg). Data are expressed
as means * standard error of the mean (n = 6); **p < 0.01 compared to
sham control, “p < 0.05, p < 0.01 and *p < 0.001 compared to MBDL.

in the hippocampus.

DISCUSSION

NaHS is known to exert anti-inflammatory and antioxidant
effects at low concentrations and has also been found to exhibit
hepatoprotective effects [24,25]. In this study, the effects of hydro-
gen sulfide on MBDL-induced type 3 HE were investigated.

In addition, H,S showed a protective effect on cognitive dys-
function induced by HIR by increasing the expression level of
the NR2B receptor, which is an important factor in memory and
learning processes [27]. However, in HE, NR2B receptor levels
are high, which causes side effects [28]. In this study, the effects
of H,S on NR2B subunit levels that were increased by HE were
investigated.

www.kjpp.net

Fig. 5. Effects of sodium hydrosulfide (NaHS) on serum myeloper-
oxidase (MPO) and liver tumor necrosis factor (TNF)-o levels. (A)
Mild bile duct ligation (MBDL) surgery significantly increased MPO
activity compared to that observed in the sham control group. NaHS
administration significantly decreased MPO activity. (B) MBDL surgery
also increased TNF-¢, expression compared to that observed in the
sham control group. NaHS administration significantly decreased se-
rum TNF-o. expression to levels similar to those found in the silymarin
group. Sham: sham operation control rats, MBDL: MBDL rats, silymarin:
MBDL rats treated with silymarin (100 mg/kg), NaHS: MBDL rats treated
with NaHS (25 umol/kg). Data are expressed as means + standard error
of the mean (n = 6); **p < 0.01 compared to sham control, ’p < 0.05 and
*p < 0.01 compared to MBDL.

If the bile duct is ligated by BDL, bile acid that has not been
released will cause serious damage to the liver [7-9]. Stagnant
hydrophobic bile acids can damage the mitochondrial electron
transport system and produce ROS in the liver. ROS cause an in-
flammatory response and alter the equilibrium between antioxi-
dant and pro-oxidant activities [29-31]. The damaged liver fails
to metabolize ammonia properly and accumulates ammonia-
induced type 3 HE [6].

In this study, MBDL surgery elevated liver dysfunction indica-
tors, such as ALT and AST. By contrast, administration of NaHS
restored liver dysfunction. Analysis of H&E stained of liver tissue
also supported these findings.

It was well known that silymarin exerts protective effects with
regard to liver damage. It ameliorated liver damage by reducing
lipid peroxidation and free radical activity, protecting hepatocyte
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Fig. 6. Effect of sodium hydrosulfide (NaHS) on hippocampus NR2B
protein levels. MBDL surgery increased the expression of N-Methyl-D-
aspartic acid receptor subtype 2B (NR2B) protein in the hippocampus
compared to that observed in the sham group. Administration of NaHS
significantly reduced the expression of NR2B protein in the hippocam-
pus. Sham: sham operation control rats, MBDL: MBDL rats, NaHS: MBDL
rats treated with NaHS (25 umol/kg). Data are expressed as means +
standard error of the mean (n = 6); *p < 0.05 compared to sham control,
*p < 0.05 compared to MBDL.

membranes, and promoting liver cell regeneration [32]. This
study used silymarin as a positive control for a liver damage in-
dex.

Ammonia is considered to be the most important causative
agent of HE. Ammonia that enters the liver through the portal
vein is normally converted to urea and glutamine through the
urea cycle. When liver disease progresses, urea synthesis in the
liver is reduced, leading to a reduction in the metabolism of am-
monia, resulting in hyperammonemia [33,34].

When blood ammonia levels are elevated as a result of a sys-
temic “short circuit” or hepatic insufficiency, mitochondria
disorder in astrocytes of the brain and changes in glutamate and
glutamine occur, resulting in brain dysfunction [35,36]. Based on
measurements of blood concentrations, MBDL surgery increased
ammonia levels; notably, ammonia is an important factor in HE.
Administration of NaHS restored ammonia levels. These findings
suggest that NaHS may restore both liver function and ammonia
levels.

MDA level, MPO activity, and CAT activity were measured to
examine the antioxidative effects of NaHS. Changes in the proin-
flammatory cytokine TNF-q were also measured. CAT plays an
important role in reducing free radicals and preventing oxidative
stress in stagnant bile acids. In measurements of CAT activity,
MBDL surgery reduced CAT levels, which caused oxidative stress
[37,38]. Restoration of CAT levels by administration of NaHS
indicated that NaHS reduced oxidative stress by MBDL and
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ameliorated liver dysfunction. MDA is the end-product of lipid
peroxidation and is used as an antioxidant index. MBDL surgery
increased MDA concentrations compared to those found in the
sham group, and the effects of MBDL were reduced by NaHS ad-
ministration. MPO is a marker of neutrophil infiltration and an
index of both inflammation and oxidative stress. Administration
of NaHS lowered MPO activity, which was increased by MBDL
surgery. TNF-q plays an important role in liver damage caused
by BDL [39,40]. In this study, administration of NaHS lowered the
levels of TNF-g, that had been increased following MBDL sur-
gery. These findings indicate that NaHS decreased inflammatory
responses. As a result, NaHS increased the activity of antioxidant
enzymes and lessened neutrophil infiltration by reducing the re-
lease of inflammatory cytokines, such as TNF-q.

NR2B is a subunit of the NMDA receptor that is important for
learning and memory in the hippocampus. However, severe liver
damage, such as BDL, rapidly increases levels of NMDA recep-
tors and excessive NMDA receptor activity causes neurological
disorders, such as cognitive and memory disorders [17]. H,S may
increase the production of cAMP and regulate the NMDA recep-
tor [41]. In addition, H,S attenuates NMDA-induced neuronal
injury through its antioxidant effects [42]. When NR2B levels are
decreased in HIR, H,S may increase the expression of NR2B and
recover cognitive dysfunction [27]. Following MBDL surgery, the
amount of NR2B in the hippocampus was increased compared to
that observed in the sham group, indicating that NMDA receptor
levels were increased. The increased amounts of NMDA receptors
induced by MBDL surgery can cause neurotoxicity. The results
of this experiment show that NaHS reduces the amount of NR2B
that is induced by MBDL surgery. This may indicate that NaHS
can reduce MBDL-induced neurotoxicity.

In conclusion, we found that NaHS reduces amounts of inflam-
matory cytokines and increases levels of antioxidants. In addition,
these antioxidant and anti-inflammatory effects led to an ame-
lioration of liver dysfunction. Recovery of liver function resulted
in lower blood ammonia levels, leading to neurotoxic protective
effects. These data support the potential for considering NaHS as
a method for treating HE.
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Ligation

Supplementary Fig. 1. Schematic of mild bile duct ligation in rat. Rat biliary ducts consists of five branch. The middle of the bild duct was ligated
and cutted to ligate only upper three bile ducts (RLL, right lateral lobe; RML, right medial lobe; LML, left medial lobe; LLL, left lateral lobe; CL, caudate
lobe).



