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Abstract OBJECTIVE: Research has shown that hydrogen sulfide (H,S) plays a protective
role in many diseases of the nervous system. The aim of this study is to investigate
the effect of hypoxia on endogenous H,S concentration in the cerebral cortex

of Alzheimer's disease (AD) transgenic mice and its mechanism.

METHODS: AD transgenic mice were raised in closed boxes and pure nitrogen was
introduced to reduce the oxygen concentration to 8%-10%, establishing an animal
model of hypoxia. Oxygen partial pressure was measured with an oxygen meter.
The expression of cystathionine-B-synthase (CBS) in cerebral cortex tissue was
determined by Western blot, and H,S concentration was measured by a modified

methylene blue method.

RESULTS: (1) Hypoxia down-regul ated CBS expression in cerebral cortex tissue
of AD transgenic mice (p < 0.05). (2) The concentration of H,S in the cerebral
cortex tissue of the hypoxic transgenic group was significantly lower than that of the
Control group (p < 0.01). (3) Overexpression of CBS reversed the hypoxia-induced
decrease of H,S concentration in the cerebral cortex tissue of AD transgenic mice

(p < 0.01).

CONCLUSIONS: Hypoxia decreased the concentration of endogenous H,S in the
cerebral cortex tissue of AD transgenic mice by down-regulating the expression

of CBS.
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INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative
disorder characterized by diffuse cerebral cortical
atrophy, neurofibrillary tangles (NFT), and a substan-
tial number of senile plaques (SP) between neurons
(Ordonez-Gutiérrez et al. 2021). Clinical symptoms
of AD typically include a progressive decline in cogni-
tive and memory function (Cass, 2017). As life expec-
tancy continues to increase, the incidence of AD is rising
rapidly. Since the pathogenesis of AD is still unclear and
effective treatments are lacking, it is particularly impor-
tant to study the pathogenesis of AD.

Hypoxia is a common pathological process that plays
an important role in the pathogenesis of AD. Cerebral
ischemia and stroke have been shown to significantly
increase the incidence rate of AD (Alexander et al
2022; Kazim et al. 2022). However, the pathogen-
esis of hypoxia-induced AD is far from being fully
understood.

Hydrogen sulfide (H,S) is considered a new gas
signal molecule and plays a key role in the body (Rose
et al. 2017). Studies have shown that H,S can inhibit
AD-like pathological changes. Cystathionide y-lyase
and cystathionide B-synthetase (CBS) in the body
catalyze sulfur-containing amino acids to produce H,S
(Wang et al. 2022). Previous research from our research
group has shown that H,S inhibits neuronal apoptosis
induced by hypoxia or OGD/R (Luo et al. 2013). Data
also suggest that endogenous H,S concentration, CBS
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Fig. 1. The effect of hypoxia on CBS expression in cerebral cortex
tissues of transgenic AD mice. Mice were maintained in a closed
feeding box at 8%-10% oxygen partial pressure for 1 month
and then euthanized by cervical dislocation. The cerebral cortex
was taken out and protein was extracted. Protein concentration
was measured by BCA method, and CBS protein expression was
detected by Western blot analysis. Statistical analysis revealed
significantly decreased CBS expression in the hypoxia-treated
group compared to the Control group. #: p < 0.01, vs Control,
n=4.

activity (the main enzyme for H,S synthesis), and
S-adenosylmethionine (an agonist of CBS) content are
decreased in AD patients (Dan et al. 2020; McCarty
et al. 2019). Furthermore, Lan et al. demonstrated that
hypoxia decreased the expression of CBS in cell experi-
ments (Lan et al. 2011). However, it is still unclear
whether hypoxia can reduce the concentration of H,S
in brain tissue by inhibiting the expression of CBS.
This study aims to explore the effect of hypoxia on the
concentration of H,S in brain tissue and its underlying
mechanism by replicating the hypoxia model in AD
transgenic mice.

MATERIALS AND METHODS

Main equipment and reagents

Protein electrophoresis and transfer system (Mini
protein tetra and Mini tans-blot), Spectrophotometer
(Beijing Purkinje General, TU-1810), Microplate reader
(Bio-Rad, imark), Na2S (Shanghai Macklin, S888711,
AR), Zn(CH;COO), (Shanghai Aladdin, Z110779,
AR), C,HCI;0, (Shanghai Macklin, T818878, ACS),
NH,Fe(SO,), (Shanghai Aladdin, A112898, AR), NaOH
(Shanghai Macklin, S817968, AR), N,N-Dimethyl-p-
phenylenediamine (Shanghai Macklin, N835824, AR).

Animals and materials

AD transgenic mice (male, 10 months old) were
acquired from Nanjing Biomedical Research Institute
of Nanjing University and raised in the Clean
Experimental Animal Research Center of Jinggangshan
University. Anti-CBS and anti-GAPDH antibodies
were obtained from ABCAM Company. HRP labeled
secondary antibody, BCA protein quantitative kit,
and ECL chemiluminescence kit were obtained from
Shanghai Beyotime Biotechnology Co., Ltd. Chloral
hydrate was purchased from Shenyang Chemical
Reagent Factory. Overexpressed CBS lentivirus particles
were constructed by Hanheng Biotechnology Co., Ltd.

Construction of hypoxia model

AD transgenic mice were placed in a closed feeding
box with food and water. Pure nitrogen was introduced
into the air inlet to create a hypoxic environment.
Throughout the experiment, the oxygen partial pres-
sure in the feeding box was measured with an oxygen
meter and manually controlled to maintain the oxygen
content at 8%-10%. To avoid the influence of other vari-
ables, an appropriate amount of calcium chloride and
sodium lime was placed in the feeding box to absorb
the water vapor and carbon dioxide exhaled by the AD
transgenic mice. The AD transgenic mice were treated
in the hypoxic environment for 10 hours per day and
maintained for a period of 1 month.

Immunoblotting
After treatment of AD transgenic mice, the cervical
spine was dislocated and euthanized. The brain was
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Fig. 2. The effect of hypoxia on the concentration of hydrogen sulfide in cerebral cortex. The absorbance values of Na,S solution with
concentration of 3.125, 6.25, 12.5, 25 and 50pmol/L at 665 nm were determined by spectrophotometer. The concentration of Na,S was
set as X-axis, the absorbance values were set as Y-axis, and the standard curves were made (2A). After 1 month of hypoxia treatment
in transgenic AD mice, cerebral cortex was taken out and homogenized. Modified methylene blue method was used to determine H,S

concentration (2B). #: p < 0.01, vs Control, n = 3.

cut off and the cortex was separated. 100 mg of cortical
tissue was added to 10 times the volume of protein
lysis solution and homogenized for 20 seconds. The
supernatant was centrifuged at 4°C and 12000 rpm for
10 minutes. The supernatant was then stored at -80°C,
and the protein concentration was measured by the
BCA method. Then, an immunoblotting experiment
was performed according to the previous method (Bai
et al. 2015), including the following steps in order:
sample loading, electrophoresis, membrane transfer,
blot blocking, primary antibody incubation, secondary
antibody incubation, and color development. The elec-
trophoresis conditions were as follows: 5% concentrated
gel at 80V for 30-60 minutes, 10% separated gel at 100V
for 60-120 minutes. The specific time was adjusted
according to the pre-stained marker instructions. The
conditions of membrane transfer were as follows: wet
transfer, 275mA for 90 minutes, the time was adjusted
according to the molecular weight of the target protein.
The primary antibody was diluted to 1:500-1:1000 and
incubated overnight at 4°C. The secondary antibody
was diluted to 1:2500 and incubated for 1h at room
temperature, followed by ECL color development.

Determination of H,S concentration by modified methy-
lene blue method

After treatment with AD transgenic mice, they were
dislocated and euthanized. The brain was isolated
and placed in ice PBS solution. The cortical tissue was
rapidly isolated and stored at -80°C for the detection
of H,S concentration.

The optical density (OD) values of 3.125, 6.25,
12.5, 25, 50uM Na,S solution was measured with

spectrophotometry at 665 nm. The Na,S concentrations
and OD values were plotted on the X-axis and Y-axis,
respectively, to construct standard curves. These curves
were then used to calculate the concentration of H,S.

Zn(CH;COO), was prepared as a 5% solution, and
100 pL of this solution was added to 100 pL of cerebral
cortex tissue samples, then 100 puL of 5 mol/L NaOH
was added after sufficient shaking, followed by centrif-
ugation at 15000 g for 10 minutes at low temperature
(4°C). The supernatant was aspirated by vacuum pump
and 500 pL of deionized water was added and washed.
The supernatant was discarded after centrifugation
at 15000 g for 10 minutes. Precipitation was added by
100 pL of 5% Zn(CH;COO),, 0.2% N, N-Dimethyl-p-
phenylenediamine and 20% C,HCl;0,, respectively,
then centrifuge at 15000 g for 5 minutes. We sucked
out 200 pL supernatant and added 10uL of 10% NH,Fe
(SO,), into the supernatant. The mixed liquid was
fully oscillated and stood for 5-15 minutes, then took
200 pL solution to add to 96 well plate. Its absorbance
was measured at 665 nm according to the spectral scan-
ning results. H,S concentration was calculated in the
solution according to the standard curve (Zheng et al.
2012).

Cortical injection with Lentivirus particles

According to the literature (Kimura et al. 2010), AD
transgenic mice were anesthetized with intraperitoneal
administration of 6% chloral hydrate, and 2 pL of CBS
overexpression lentivirus particles (injection titer 106
TU) were injected into the cortex using the following
location coordinates: AP 1.5 mm, L 2.0 mm, and H
0.8-1.0 mm. These coordinates correspond to 1.5 mm
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posterior to the anterior fontanelle, 2.0 mm lateral to the
right side, and 0.8-1.0 mm inferior to the subcortex.
A small hole was made in the skull at the coordinate
point, and lentivirus particles were injected at a rate
of 1 pL/min. After each 1 pL injection of lentiviral
particles, the needle was left in place for 1 minute, and
after the injection was completed, the needle was left
in place for 15 minutes before being slowly withdrawn.

Data processing

The experimental data were expressed by Mean + SD
and analyzed using SPSS 20.0 statistical software. The
comparison between two groups was performed by
t-test, while the differences among groups were deter-
mined using one-way ANOVA. Comparison among
them was performed by LSD-t-test. In all experiments,
p < 0.05 was considered statistically significant.

RESULTS

Effect of hypoxia on CBS expression in AD transgenic
cerebral cortex

After 1 month of hypoxia treatment, AD transgenic
mice were anesthetized with chloral hydrate. Cerebral
cortex was extracted and homogenized with RIPA
lysate to extract total protein. Protein concentration
was measured by the BCA method. CBS protein expres-
sion was detected by Western blot analysis. The results
showed that after 1 month of hypoxia treatment, the
expression of CBS in the cerebral cortex of AD trans-
genic mice decreased to (69.23 + 13.36)% of the Control
group (p < 0.01, n = 4, Figure 1).

Effect of hypoxia on H,S concentration in cerebral cortex

The absorbance values obtained from the spectropho-
tometry were used to construct a standard curve (Figure
2A). The linear equation derived was y = 0.0032x +

0.0103 with an R2 value of 0.9688. Based on this equa-
tion, H,S concentrations were calculated. Our results
showed that hypoxia led to a decrease in the concen-
tration of H,S in cerebral cortical tissue, with the level
decreasing from 47.81 + 5.99 pumol/L in the Control
group to 19.30 + 3.66 pmol/L in the Hypoxia group
(p < 0.01, n = 3, Figure 2B).

Role of CBS in hypoxia-induced decrease in H,S concen-
tration in AD transgenic mice brain tissue

To clarify whether CBS mediated the hypoxia-induced
decrease in H,S concentration of cerebral cortex tissue,
after 48h of cortical injection of normal saline, empty
virus particles (EV), or CBS overexpression lentivirus
particles (CBS©E) in mice, AD transgenic mice were
exposed to 1 month of hypoxia. Blank control (Control)
mice were injected with normal saline and maintained
in a normoxic environment for one month. CBS expres-
sion and H,S concentration in cerebral cortex tissue
were assessed using the aforementioned methods.

Immunoblotting analysis revealed a significant
decrease in CBS expression in the Hypoxia group
compared to the Control group (p < 0.01, n = 5, Figure
3A). However, CBS expression in the hypoxia + CBSOE
group was significantly higher than that in the Hypoxia
group (p < 0.01, n = 5, Figure 3A). These results indi-
cated that cortical injection of CBS-overexpressing
lentiviral particles was able to prevent the hypoxia-
induced reduction of CBS expression.

The H,S concentration was measured by the modi-
fied methylene blue method, and it was found that the
H,S concentration of the hypoxia group was lower
than that of Control group in the cerebral cortex tissue
of transgenic mice (p < 0.01, n = 5, Figure 3B), while
the H,S concentration of the hypoxia + CBSOE group
was significantly higher than that of the hypoxia group
(p <0.01, n =5, Figure 3B).
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Fig. 3. The role of CBS in the decrease of H,S concentration induced by hypoxia in AD transgenic mice brain. A: After 48h of cortical
injection of normal saline, EV, or CBSOE in mice, AD transgenic mice were exposed to 1 month of hypoxia. The expression of CBS protein
in AD transgenic mice was detected by Western blot. B: The concentration of H,S in cerebral cortex of AD transgenic mice was detected
by modified methylene blue method. *: p < 0.01, vs Control; #: p < 0.01, vs Hypoxia, n = 5.
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DISCUSSION

H,S, as the third gas signal molecule, is known for its
wide range of cytoprotective effects. It exhibits anti-
oxidant and anti-apoptotic properties (Kimura et al.
2010; Heruye et al. 2022; Zhu et al. 2022). It could
facilitate long-term potentiation (LTP) and reduce the
damage of spatial learning and memory in animals by
increasing the excitability of hippocampal neurons
(Liu et al. 2017). Moreover, H,S can inhibit learning
and memory impairment and neuroinflammatory
response induced by lipopolysaccharide (Kshirsagar
et al. 2021; Mai et al. 2018). Interestingly, studies
have shown that H,S can also inhibit the expression
of B-site amyloid precursor protein cleaving enzyme
1 (BACE1) mRNA and protein through the PI3K/Akt
signaling pathway, thereby significantly reducing Af,,
production in PC12 cells (Zhang et al. 2011). These
findings suggest that H,S may inhibit the occurrence
and development of AD-like lesions.

Hypoxia has been shown to induce AD-like patho-
logical changes. Zhang et al. demonstrated that BACE1
expression was up-regulated and AP production was
increased under hypoxic conditions (Zhang et al.
2015). Additionally, antioxidants have been found
to inhibit BACE1 expression in AD mice and reduce
the hypoxic area of brain tissue, thereby suppressing
AD-like pathological changes (Javier et al. 2018).
Moreover, hypoxia has been shown to significantly
increase the phosphorylation levels of tau protein
at multiple sites such as Ser198/199/202. This is
achieved through glycogen synthase kinase-3p (GSK-
3B) activation and the inhibition of protein phospha-
tase 2A (PP-2A) activity (Zhang et al. 2014).

Hypoxia might be involved in nerve cell injury by
affecting the synthesis of endogenous H,S. Chemical
hypoxia treatment with 600 mmol/L cobalt chlo-
ride decreased the expression of CBS, which is an
essential enzyme for endogenous H,S synthesis. As
a result, nerve cells were significantly damaged (Lan
et al. 2011). Similarly, Liu et al. observed reduced
levels of CBS mRNA and protein in ischemic and
hypoxic brain tissue, resulting in significant hypoxic-
ischemic injury in brain tissue of newborn mice
(Liu et al. 2017). Despite these findings, there have
been conflicting reports on the effects of hypoxia
on CBS expression in brain tissue. For example, Shi
et al. found that CBS had higher expression in cere-
bral white matter areas with hypoxia-ischemia from
12 hours to 7 days in neonatal SD rats, suggesting that
CBS may play a neuroprotective role against hypoxic
injury (Shi et al. 2014). Mishra et al. exposed rats
to low pressure and oxygen for 1-7 days and found
increased CBS expression but decreased H,S levels in
the brain. Based on their analysis, the increased CBS
expression in the brain may be an adaptive regulation
of the body to the low-pressure hypoxic environment
(Mishra et al. 2020).

To investigate the effect of long-term hypoxia on the
concentration of H,S in brain tissue and its mechanism,
AD transgenic mice were placed in a closed feeding
box and exposed to nitrogen to create a classic animal
hypoxia model. Calcium chloride and sodium lime
were also added to eliminate the effects of water vapor
and carbon dioxide exhaled by the mice. To observe
the long-term effects of hypoxia, the hypoxic treatment
was extended to one month. The results showed that
hypoxia down-regulated the expression of CBS and
reduced the concentration of H,S in the cerebral cortex
of AD transgenic mice. Overexpression of CBS was
found to inhibit the low expression of CBS induced by
hypoxia and increase the concentration of H,S. These
results suggest that hypoxia inhibits the production
of endogenous H,S by down-regulating the expression
of CBS, which promotes the pathogenesis of AD. Our
studies provide a novel target for the prevention and
treatment of AD caused by hypoxia-ischemia. However,
the detailed mechanisms by which hypoxia inhibits
CBS expression remain unclear and require further
investigation.
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