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Hydrogen sulfide alleviates cognitive deficiency and hepatic
dysfunction in a mouse model of acute liver failure
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Abstract. Acute liver failure (ALF) is a devastating clinical
syndrome with a high mortality rate if not treated promptly.
Previous studies have demonstrated the beneficial effects of
hydrogen sulfide (H,S) on the brain and liver. The present
study aimed to investigate the potential protective effects
of H,S in ALF. A mouse model of ALF was established
following treatment with thioacetamide (TAA). Mice with
TAA-induced ALF were intraperitoneally injected with
30 or 100 gmol/kg/day sodium hydrosulfide (NaHS; a H,S
donor drug) for two weeks. According to results from novel
object recognition and Y-maze tests, in the present study,
NaHS treatment alleviated cognitive deficiency and preserved
spatial orientation learning ability in TAA-induced ALF mice
compared with those of untreated mice. In addition, NaHS
treatment reduced serum levels of aspartate transaminase
(AST), alanine transaminase (ALT) and the concentration of
ammonia compared with those that received control treatment,
resulting in weight loss prevention. These findings suggested
a beneficial effect of H,S on liver function. In conclusion,
results from the present study suggested that H,S treatment
may alleviate cognitive deficiency and hepatic dysfunction in
mice with ALF, indicating the potential therapeutic benefits of
applying H,S for the treatment of ALF.

Introduction

Acute liver failure (ALF) is a devastating clinical syndrome
that is associated with a high mortality rate if not treated
promptly (1). Originally termed fulminant hepatic failure,
ALF is defined as severe liver injury that is potentially revers-
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ible in nature with the onset of hepatic encephalopathy (HE)
occurring within 8 weeks of the first symptoms in the absence
of any pre-existing liver diseases (2). Patients ALF with HE
present with various neuropsychiatric symptoms, including
cognitive deficiency, motor function impairment and altera-
tions in personality and consciousness (3,4). Although the
most effective therapy for ALF is liver transplantation, due to
the side effects associated with immunosuppressant therapy
and the shortage of donor organs, this procedure is limited
at present (5,6). Therefore, further investigation into novel
approaches for the treatment of ALF is urgently sorted.

Hydrogen sulfide (H,S) was previously known only for its
unpleasant odor; however, an increasing number of studies
have revealed that endogenously produced H,S serves a
protective role in a number of physiological functions (7).
Numerous enzymes, including cystathionine-y-lyase (CSE),
cystathionine-fB-synthase and 3-mercaptopyruvate sulfur-
transferase are responsible for H,S synthesis (8). In the liver,
endogenously produced H,S participates in the regulation of
liver glucose metabolism, lipoprotein synthesis, hepatic circu-
lation, liver bioenergetics and oxidative stress (8). A number
of studies have previously revealed the protective effects of
H,S in multiple models of hepatic diseases, including liver
cirrhosis and fibrosis (9), portal hypertension (10) and hepatic
ischemia-reperfusion (I/R) injury (11). In addition, H,S has
also been demonstrated to be a novel signaling molecule and
neuromodulator in the central nervous system (12). Previous
evidence has indicated that H,S protects neurons from oxida-
tive stress and impairments of learning and memory in models
of Alzheimer's disease (13,14). Therefore, it could be hypoth-
esized that H,S may also exert protective role son mouse
models of ALF, with combined effects on both the brain and
liver.

In the present study, ALF was induced in mice by thioacet-
amide (TAA) treatment, where sodium hydrosulfide (NaHS)
served as the H,S donor. The results of the present study
revealed that H,S treatment alleviated cognitive deficiency and
preserved spatial orientation learning ability as assessed by
novel object recognition (NOR) and Y-maze tests, respectively.
In addition, H,S treatment reduced serum aspartate transami-
nase (AST), alanine transaminase (ALT) and ammonia levels
and prevented weight loss following ALF induction. These
results suggested a protective effect of H,S in ALF-model
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mice, indicating that H,S may serve as a potential therapeutic
agent for ALF.

Materials and methods

Animals. A total of 100 female Institute of Cancer Research
mice (age, 8 weeks; weight, 30+2 g) were provided by the
Hunan SJA Laboratory Animals Co., Ltd. and were housed
individually in a well-ventilated and temperature-controlled
room (temperature, 25°C; humidity, 50%) under a 12-h
light/dark cycle, with free access to food and water. The
mice had 7 days to habituate to their new environment before
they were subjected to experiments. All experiments were
conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (15) and
were approved by the Animal Use and Protection Committee
of the University of South China (Hengyang, China). All
efforts were made to minimize the number of animals used
and their suffering.

Drugs and treatments. NaHS, the H,S donor and TAA were
purchased from Sigma-Aldrich; Merck KGaA. NaHS and
TAA were dissolved in phosphate buffered saline (PBS)
and sterile normal saline solutions, respectively. Following
7 days of adaptation, the mice were randomly divided
into five treatment groups (n=20 per group; Fig. 1): i) The
control group, in which mice were injected intraperitone-
ally with PBS for 14 days; ii) the TAA-alone-treatment
group, in which mice were injected intraperitoneally with
150 mg/kg/day TAA for 3 days; iii) the co-treatment with
TAA and 30 ymol/kg/day NaHS group, in which mice were
pre-treated with 30 gmol/kg/day NaHS for 11 days and subse-
quently co-treated with 150 mg/kg/day TA A for 3 days; iv) the
co-treatment with TAA and 100 gmol/kg/day NaHS group, in
which the mice were pre-treated with 100 gmol/kg/day NaHS
for 11 days and subsequently co-treated with 150 mg/kg/day
TAA for 3 days; and v) the NaHS-alone-treated group,
in which mice were injected intraperitoneally with 100
pmol/kg/day NaHS for 14 days. A well-established model
of TAA-induced ALF was used (16-18). Following TAA
injection for 24 h, all animals, including those in the control
group, were subcutaneously injected with 0.5 ml solution
containing 0.45% NaCl, 5% dextrose and 0.2% KCI to
prevent the development of hypovolemia, hypoglycemia
and hypokalemia, respectively. Hypothermia was prevented
by intermittent exposure to infrared light in a procedure
described previously (19,20).

Survival analysis after TAA challenge. Survival rates in
each group were recorded on the mornings of days 15-18.
Housing was maintained at a temperature of 25°C and rela-
tive humidity of 50% to reduce animal suffering. Baseline
body weight was measured at 8:00 am on the first day of
TAA injection and body weight was subsequently recorded
three times per day (at the beginning of the day and every 6
h between 8:00 am and 8:00 pm). Animals were euthanized
by sodium pentobarbital overdose (100 mg/kg, intravenous
injection) when a reduction of >20% baseline body weight
was observed. All mice were euthanized when all the
measurements were completed.
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NOR test. Mice cognitive function was assessed by using a
novel objection recognition analysis system (BW-NOD405;
Shanghai Biowill Co., Ltd.). NOR test was performed once
per day after the induction of ALF. The NOR test included
three trials. In the habituation phase, all mice were habituated
in a 38x38x38 cm test box for 2 days. All individuals were
allowed to explore the empty arena for 5 min once per day.
On day 3 of the NOR test, the mice were allowed to explore
two identical objects that were placed at opposite corners of
the box for 5 min, in a process known as the familiarization
phase. Following a 1-h retention interval, the mice underwent
a test session in the box with one familiar and one novel object.
Each animal was allowed to explore the objects for 5 min,
where the exploration time spent for each object was recorded.
Ethanol (75% v/v) was used to wipe the objects and the test
apparatus prior to each test to avoid olfactory cue formation.
Sniffing and touching of the objects (distance within 1 cm)
were considered exploratory behaviors, whilst climbing on the
objects or chewing were not. Discrimination index, which was
calculated as the time difference between new and familiar
object exploration/total time, was adopted to evaluate animal
cognitive function (21,22).

Y-maze test. Spatial orientation learning ability was assessed
by using a Y-maze analysis system (BW-MYM103; Shanghai
Biowill Co., Ltd.). The Y-maze test was performed 4 days
following the induction of ALF. The Y-maze was divided
into three arms (A, B and C) with an angle of 120° between
them. The size of each arm was 50x18x35 cm. Each mouse
was habituated in the Y-maze for 10 min prior to the test.
Subsequently, the mice were placed into the first arm and
allowed to move freely for 5 min. Arm entry was recorded
when all four limbs of the mouse completely entered the
arm. The appropriate alternating sequence was defined as
three consecutive entries made into the different arms, whilst
animals that entered the same arm three times consecutively
were considered to have performed an incorrect alternating
sequence. Ethanol (75% v/v) was used to wipe the objects and
the test apparatus prior to each test in order to remove olfac-
tory cues. A spontaneous alternation score was estimated to
measure spatial orientation learning ability (23).

Serum ammonia and liver enzymes. Blood samples (500 ul)
were obtained from each mouse via the orbital vein after Y
maze test under anesthesia with an intraperitoneal injection
of sodium pentobarbital (50 mg/kg). After blood extraction,
all mice were euthanized by sodium pentobarbital overdose
(100 mg/kg, intravenous injection). ALT, AST and ammonia
levels were analyzed in glass tubes, following the Y-maze test.
Serum samples were centrifuged (speed, 1006.2 x g; tempera-
ture, 37°C) for 5 min and analyzed on the day of sampling
using a Hitachi 7600 series Automatic Analyzer (Hitachi,
Ltd.). All serum samples were processed in the same labora-
tory using the same methods and reference values.

Statistical analysis. Statistical analysis was performed
using the SPSS 18.0 software (SPSS, Inc.). The data are
presented as the mean + SEM. One-way ANOVA with the
least-significant difference multiple comparison test (where
there were 3 groups) or Tukey's post hoc test (where there
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Figure 1. Schematic diagram of the experimental schedule. NOR, novel object recognition test; TAA, thioacetamide; NaHS, sodium hydrosulfide.
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Figure 2. Effect of TAA on mouse cognitive function in the NOR and Y-maze tests. The NOR and Y-maze tests were adopted to evaluate cognitive function
before and after TAA administration. (A) The total object exploration time and (B) discrimination index in the test period were recorded for each mouse. The
NOR test results are presented as the mean + SEM. n=8-9. (C) The total number of arm entries and (D) spontaneous alternations were recorded for each mouse.
Y-maze test values are presented as the mean £ SEM. n=9-15. "P<0.05 vs. TAA, before TAA injection. NOR, novel object recognition test; TAA, thioacetamide.
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Figure 3. Effect of NaHS treatment on the survival rates of mice. The
mortality rates in each group were recorded from days 15 to 18 after TAA
treatment. n=20. "P<0.05, TAA vs. TAA + NaHS (100 ymol/kg). NaHS,
sodium hydrogen sulfide; TAA, thioacetamide.

were >4 groups) was performed. Kaplan-Meier survival
analysis was performed using the Cox proportional hazards
regression and the Log-rank test. Weight data was processed

using mixed-design ANOVA and one-way ANOVA, following
which Bonferroni's test was used as the post hoc test for simple
main effects. P<0.05 was considered to indicate a statistically
significant difference.

Results

TAA induces cognitive deficiency as demonstrated by
the NOR and Y-maze tests. NOR and Y-maze tests were
performed to evaluate mouse cognitive function following
and prior to TAA treatment (150 mg/kg, intraperitone-
ally). The NOR test revealed that the discrimination index
in TAA-treated mice was significantly reduced following
TAA injection compared with that in the TAA group prior
to injection (Fig. 2B). However, no significant difference
was observed between the total time spent exploring the
novel object prior to and following TAA injection (Fig. 2A).
In the Y-maze test, the number of spontaneous alternations
made by mice were found to be significantly decreased
following TAA treatment compared with those prior to
TAA treatment (Fig. 2D), whilst no significant differences
were observed in the number of total entries made by the
mice prior to and following TAA injection (Fig. 2C). These
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Figure 4. Effect of H2S on the body weight of each mouse. Weight changes were recorded in the mornings from days 11 to 14 after TAA treatment. (A)
Comparison between control and TAA groups, (B) comparison among TA A-treated-alone goup and co-treatment with TAA and NaHS (30 and 100 gmol/
kg/day, intraperitoneally) groups, and (C) comparison between control and NaHS (100 pmol/kg/day, intraperitoneally) groups. Values are presented as the
mean = SEM. n=9-15. “"P<0.001 vs. control; "P<0.05 vs. TAA. H2S, hydrogen sulfide; TAA, thioacetamide; NaHS, sodium hydrogen sulfide.
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Figure 5. Effect of H,S on the novel object recognition ability of mice following TAA treatment. After treatment with saline or NaHS (30 and 100 pmol/
kg/day, intraperitoneally) for 11 days followed by co-treatment with TAA (150 mg/kg, intraperitoneally) for 3 days, the mice were subjected to novel object
recognition test. (A) The total object exploration time and (B) discrimination index in the test period were recorded for each mouse. Values are presented as
the mean = SEM n=8-9. "P<0.05 vs. control; “P<0.05 vs. TAA. NaHS, sodium hydrogen sulfide; TAA, thioacetamide.

results suggest that TAA treatment resulted in cognitive
deficiency.

H.,S improves the survival rate of TAA-treated mice. The
results of the present study revealed that 6 of the 20 mice
did not survive to day 18 following TAA administration
(150 mg/kg, intraperitoneally), whilst all mice in the control
group were viable. NaHS treatment (100 gmol/kg/day, intra-
peritoneally) significantly reduced the mortality rate in the
co-treatment group, where 1 of the 20 mice did not survive
(P=0.046; Fig. 3). These results demonstrated that H,S treat-
ment improved the survival rates of ALF mice.

H,S prevents weight loss in TAA-treated mice. To assess
weight changes in the mice among the treatment groups over
time, a mixed ANOVA was conducted. The results showed
that the main effect of treatment regimen was not significantly
different (F=0.549; P=0.76) and the subsequent post-hoc test
for the main effects of treatment regimen also did not reveal
any significant differences. However, the main effect of
time (F=34.609; P<0.001) and the interaction between time
and treatment regimen (F=7.987; P<0.001) were found to be
significantly different. For the interaction between time and
treatment regimen, one-way ANOVA measuring the indepen-
dent effects of treatment regimen at a specific time point was

performed. There was no significant difference among the
treatment regimens on days 11-13. However, on day 14, TAA
treatment (150 mg/kg, intraperitoneally) significantly reduced
the body weight of the animals compared with that of control
animals (Fig. 4A), whilst NaHS treatment (100 gmol/kg/day,
intraperitoneally) prevented weight loss in TA A-treated mice
compared with mice in the TAA-treatment alone group
(P=0.017; Fig. 4B). In addition, no significant differences were
noted in the body weight between the mice in the control and
those in the H,S-alone-treated groups (Fig. 4C). These results
suggest that H,S pre-treatment prevented weight loss in ALF
mice.

H.S attenuates cognitive deficiency as determined by the
NOR test. In the present study, the effect of H,S treatment
on TAA-induced cognitive dysfunction was subsequently
investigated. The mice were pre-treated with NaHS for
11 days and co-treated with TAA for an additional 3 days,
following which cognitive function was investigated using
the NOR test. No significant differences were noted in the
time of total object exploration among the five groups of mice
(Fig. 5A). The discrimination index in the TAA-treated mice
were found to be significantly decreased compared with that
noted in the control group (Fig. 5B). However, NaHS treat-
ment (30 or 100 ymol/kg/day, intraperitoneal administration)
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Figure 6. Effect of H,S on the spatial orientation learning ability of mice. After treatment with saline or NaHS (30 and 100 gmol/kg/day, intraperitoneally)
for 11 days followed by co-treatment with TAA (150 mg/kg, intraperitoneally) for 3 days, respectively, the mice were subjected to the Y-maze test. (A) The
total number of arm entries and (B) spontaneous alternations were recorded. Values are presented as the mean = SEM. n=9-15. "P<0.05 vs. control; #P<0.01
vs. TAA. H2S, hydrogen sulfide; TAA, thioacetamide; NaHS, sodium hydrogen sulfide.

3000 s 5000 =
2 b
§ 2500 & 4000
£ =
§ 2000 g _ 3000
3 1500 £3
b = 2000
£ 1000 ' g
£
K 1000
3 500 ‘%
0 0
TAA(mg/kg) O 150 150 150 O TAA(mg/kg) 0 150
NaH$ (p mol/Kg) © 0 30 100 100 NaH$ (u mol/Kg) 0 0

C 2504
£
~ 200
-
£
3 150 Ty
.‘E ##
5 1004
# g 1%
E
< 50
0
150 150 0 TAA(mg/kg) O 150 150 150 0
30 100 100 NaHs (p mol/Kg) 0 0 30 100 100

Figure 7. Effect of H,S on the serum levels of liver enzymes and ammonia in mice. The serum levels of (A) ALT, (B) AST, and (C) ammonia were measured on
the last day of the experiment. Values are presented as the mean + SEM. n=6-9. "P<0.05 vs. control; “P<0.01 vs. control; “P<0.05 vs. TAA; #P<0.01 vs. TAA.
ALT, alanine transaminase; AST, aspartate transaminase; TAA, thioacetamide; NaHS, sodium hydrogen sulfide.

significantly increased the discrimination index compared
with that in the TAA treatment alone group (Fig. 5B). These
results suggested that H,S ameliorated cognitive deficiency
triggered by the TAA injection.

H,S improves spatial orientation learning ability in the
Y-maze test. To investigate further whether H,S treatment
improved the spatial orientation learning ability of mice with
ALF, the animals were subjected to the Y-maze test. No signif-
icant differences were observed in the number of total entries
among the 5 groups of mice (Fig. 6A). Spontaneous alterna-
tions in the TA A-treated mice were revealed to be significantly
decreased compared with those noted in the control group
(Fig. 6B). However, NaHS administration (100 ymol/kg/day,
intraperitoneally) increased the spontaneous alternations in
the TAA-treated mice compared with those treated with TAA
alone. The results suggested that H,S treatment protected mice
from spatial orientation learning ability impairment triggered
by TAA administration.

H.S decreased serum levels of ALT, AST and ammonia after
TAA treatment. AST, ALT and ammonia serum levels were
next measured among the five groups. TAA administration
(150 mg/kg, intraperitoneally) resulted in significant increases
in serum ALT, AST and ammonia levels in comparison with
control treatment (Fig. 7A-C). TAA co-administration in the
presence of NaHS (100 zmol/kg/day, intraperitoneally) caused

significant reductions in the serum levels of ALT, AST and
ammonia compared with TAA alone (Fig. 7A-C). These
results suggested that H,S treatment reduced liver dysfunction
induced by TAA administration.

Discussion

TAA administration induces ALF, leading to cognitive
deficiency and hepatic dysfunction in mice (17,24). Previous
studies have provided evidence that endogenous H,S exerts a
series of protective effects on the brain and liver (25-27). The
aim of the present study was to investigate the role of H,S
treatment in TAA-induced mouse models of ALF where the
potential therapeutic value of H,S in this mouse model was
also evaluated. The main findings were as follows: i) H,S treat-
ment appeared to alleviate cognitive deficiency and preserve
spatial orientation learning ability in mice treated with TAA
according to NOR and Y-maze test data, respectively; and
ii) H,S treatment appeared to reduce serum levels of ALT,
AST and ammonia, in addition to preventing weight loss in
TAA-treated mice. Therefore, H,S treatment is suggested to
exhibit protective effects on both brain and liver function in
ALF mice.

TAA-induced ALF is a well-established rodent ALF
model (28). The Y-maze and NOR tests are widely used as
robust assays for assessing the cognitive function in mice (28).
In the NOR test, NaHS administration led to marked increases



676

in the discrimination index in the TAA-treated mice compared
with mice treated with TAA alone, suggesting a protective
effect of H,S on cognition. The protective action of H,S on
cognition was confirmed further according to data obtained
using the Y maze test. Compared with the control treat-
ment, TAA treatment resulted in a reduction in spontaneous
alternation, an effect that was reversed by H,S treatment.
These findings suggest that H,S alleviated cognitive defi-
ciency induced by TAA. A previous study conducted by our
group (23) indicated that H,S application ameliorated cogni-
tive dysfunction in a chronic restrain stress (CRS)-induced rat
model, where H,S reversed the production of malondialde-
hyde and the reductions in superoxide dismutase activity and
glutathione levels, demonstrating that it could protect against
CRS-induced oxidative stress in the brain. To uncover the
underlying molecular mechanisms of this protective action of
H,S further, additional biochemical experiments are required
in future studies.

The serum levels of ALT and AST are sensitive markers for
measuring liver injury (10,29). To investigate the effect of H,S
on liver function, the serum levels of ALT, AST and ammonia
were measured. H,S significantly reduced the serum levels of
ALT and AST, suggesting that H,S exerted a hepato-protective
effect. However, in a previous study, NaHS administration
(0.15 mmol/kg, intraperitoneally) in rats augmented ALT and
AST serum levels in the TAA-treatment group, suggesting
that H,S treatment aggravated liver injury and manifested
hepatotoxic effects (30). Different NaHS concentrations may
be the cause of the aforementioned discrepancies. A previous
study reported that NaHS administration in mice resulted
in increased liver myeloperoxidase (MPO) activity, which is
a marker of tissue neutrophil infiltration and tumor necrosis
factor-a levels in the plasma (31). These results indicated a
pro-inflammatory effect of H,S. By contrast, administration
of the CSE inhibitor DL-propargylglycine (50 mg/kg; intra-
peritoneally) exhibited marked anti-inflammatory activity
by reducing liver MPO activity and tissue damage (31).
In addition, H,S has been reported to induce a biphasic
concentration-dependent effect (32). In the present study, it
was observed that NaHS treatment (30 or 100 gmol/kg/day,
intraperitoneal administration) manifested neuroprotective
effects on TAA-treated mice, consistent with the previous
study (33). Therefore, low and increased levels of H,S exhib-
ited cytoprotective and cytotoxic effects, respectively (34). HE
is a common complication in patients with ALF, which is asso-
ciated with poor prognosis (35). Hyperammonemia is strongly
implicated in the pathogenesis of hepatic encephalopathy
that can cause brain edema, oxidative stress and inflam-
mation (36). Hyperammonemia can also affect hepatocyte
function (37). The present study indicated that H,S treatment
reversed the increased serum ammonia levels in TAA-treated
mice, suggesting that H,S treatment inhibited the develop-
ment of hepatic encephalopathy by preserving liver function.
Histological analysis in an ALF model will be performed in
future research, to verify the aforementioned conclusions.

The present study did not directly measure H,S levels,
which is considered a limitation and should be assessed in a
future study. Additionally, H,S pretreatment for 11 days can be
considered excessive, where H,S concentration in the body may
have been compensated for before TAA injection. Follow-up
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studies should therefore assess H,S concentrations in the blood
and liver tissues or cerebrospinal fluid, in addition to adjusting
the H,S pretreatment time. In the present study, NaHS was
applied as the donor of H,S. Interestingly, Shirozu et al (6)
reported that sodium thiosulfate, another donor of H,S, also
attenuated liver injury in mouse models of acute liver failure.
Therefore, sodium thiosulfate could have been adopted as an
alternative donor of H,S in a further study.

In conclusion, the present study demonstrated that H,S
treatment alleviated cognitive deficiency and hepatic impair-
ment in an ALF mouse model. The current findings indicate
that H,S treatment exerts combined beneficial effects on the
brain and liver in ALF mice, which may serve as a protec-
tive molecule against ALF. However, the precise mechanisms
underlying the protective effect of H,S in ALF remain elusive.
Future studies should examine the molecular mechanisms
underlying the aforementioned physiological processes. In
addition, clinical studies are required to determine the poten-
tial clinical application of H,S in the therapy of ALF.
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