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Aminooxyacetic acid ameliorates Gl

alcohol-induced learning and memory deficits
through BDNF-TrkB pathway and calcium
homeostasis
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Abstract

Chronic alcohol-related brain damage (ARBD) is mainly manifested as learning and memory impairment and cogni-
tive decline in the long term. Ca?* plays a key role in learning and memory impairment. The increase of intracellular
Ca’" concentration can directly cause mitochondrial dysfunction, destroy normal physiological signal transduc-

tion, and accelerate the process of learning and memory decline. Aminooxyacetic acid (AOAA), a selective inhibitor
of Cystathioninef3-synthase (CBS), has a good effect on a variety of diseases, including improving stroke and reducing
the incidence of convulsions. However, its potential in maintaining learning and memory functions by requlating Ca**
and mitochondrial functional status remains uncertain. In this study, chronic alcoholism rats and human neuroblas-
toma cells (SHSY-5Y) were used as the research objects to establish a chronic alcohol-related brain damage model.
We aimed to elucidate the specific mechanisms by which AOAA protects learning and memory functions in alcohol-
induced learning and memory impairment. Through Morris water maze test, LTP test, Western blot (WB), immunohis-
tochemistry (IHC), mitochondrial observation under electron microscope, calcium ion concentration measurement
and mitochondrial membrane potential measurement, it was found that AOAA could not only regulate the level

of endoplasmic reticulum stress (ERS) caused by H,S elevation, but also maintain the role of valve of Sec61 channel
on Ca”* by restoring the level of BIP, a key indicator of ERS, significantly alleviate mitochondrial dysfunction caused
by Ca’* overload, and optimize learning and memory function. The mechanism may be closely related to the BDNF-
TrkB pathway.
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Introduction
Alcohol abuse and chronic alcoholism have become
global public health crises. According to the World
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also placing a heavy burden on society and families. As a
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neurotoxic substance, chronic alcohol exposure leads to
structural and functional alterations in the brain, which
subsequently impair learning and memory functions.
Studies have shown that chronic alcohol use may induce
neuronal apoptosis in key regions of the brain, such as
the hippocampus, which is closely related to the decline
in cognitive abilities, including learning and memory[1].

In recent years, the pathological mechanisms under-
lying chronic alcoholism have become a focal point of
research. As a neuromodulator, hydrogen sulfide (H,S)
maintains normal cognitive function by promoting
BDNF and NMDA receptor activity and energy metab-
olism[2]. It is cytoprotective at lower than physiologi-
cal concentrations (nM level), but long-term exposure
to lower doses slightly above physiological levels (e.g.,
1.02 ppm) can induce apoptosis through the mitochon-
drial toxicity pathway [3—5]. Notably, the role of H,S in
chronic alcoholism has gained increasing attention. H,S
is an endogenous gaseous signaling molecule produced
by cystathionine 3-synthase (CBS) [6]. Studies have indi-
cated that chronic alcohol consumption can enhance
CBS activity in the brain, leading to abnormal elevations
in H,S levels, which in turn contribute to neuronal dam-
age [7]. Furthermore, H,S activates the BDNF-TrkB sign-
aling pathway, influencing endoplasmic reticulum stress
(ERS) and disrupting intracellular Ca** homeostasis, ulti-
mately affecting mitochondrial function and promoting
neuronal apoptosis [8].

The BDNEF-TrkB signaling pathway plays a critical role
in the development, survival, and functional regulation
of the nervous system. Brain-derived neurotrophic fac-
tor (BDNF) is a key member of the neurotrophic factor
family. By binding to the TrkB receptor (Tropomyosin-
Related Kinase B), BDNF induces receptor dimeriza-
tion and autophosphorylation, triggering downstream
signaling cascades, including the activation of RAS (rat
sarcoma protein) and the phosphatidylinositol 3-kinase
(PI3K) signaling pathway, which mediate neuroprotec-
tion [9]. In chronic alcoholism, aberrant activation of
the BDNF-TrkB pathway is closely associated with ERS,
exacerbating neuronal damage. BDNE, through the
BDNF/TrkB and downstream phosphoinositide-specific
phospholipase Cy (PLCy)—inositol 1,4,5-trisphosphate
(IP3) and PI3K pathways, induces mitochondrial fission,
affects mitochondrial length in neuronal dendrites, and
alters the distribution of mitochondria to postsynaptic
sites [10, 11]. Therefore, exploring potential strategies to
regulate chronic alcohol-induced effects is of paramount
importance.

The Sec6l channel is a transmembrane protein com-
plex located on the endoplasmic reticulum (ER) mem-
brane, primarily composed of three different subunits:
Sec61a, Sec61p, and Sec61y, forming a heterotrimer [12].
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It forms a hydrophobic channel within the body [12, 13].
The Sec61 channel is a transmembrane protein com-
plex located on the ER membrane, mainly composed of
three different subunits, including Sec61«, which forms
a compact helical bundle consisting of 10 transmem-
brane (TM) helices, thereby creating an opening for the
transmembrane channel. This pore can open laterally to
the lipid bilayer through a lateral gate formed by a pair
of TM helices, TM2 and TM?7. In addition, the pore also
exhibits a ring made of six hydrophobic amino acid resi-
dues and an a-helical plug portion that is located inside
the lumen of the pore to block the channel [14]. Sec61
functions as the primary channel for precursor polypep-
tides to enter the ER membrane or lumen. In eukaryotes,
most secretory proteins and membrane proteins are tar-
geted to the ER via their N-terminal signal sequences,
and it also provides a channel for Ca’* to move from the
ER lumen to the cytosol [15-18]. The open Sec61 chan-
nel facilitates the release of calcium ions from the ER into
the cytoplasm, playing an important role during Ca**
dysregulation.

Research has confirmed that heavy-chain binding pro-
tein (BIP) is one of the most important molecular chaper-
ones in the ER. Its expression increases during ER stress
and is considered one of the key markers of ERS [19]. It
can limit ER Ca?" leakage. When the expression of BIP
decreases, Ca** is uncontrollably leaked through the
Sec61 protein complex, and this leakage severely disrupts
the ER membrane’s ability to maintain high cytosolic
Ca* concentrations [20-22]. The chaperone protein BIP
on the ER binds to the Sec61 complex, localized in the ER
lumen at the tyrosine 344 site of Sec6la’s seventh ring,
limiting the flow of Ca®* from the ER lumen to the cyto-
sol [23].

Aminooxyacetic acid (AOAA), a potent CBS inhibi-
tor, has been widely used in biological research. Studies
have shown that AOAA specifically inhibits CBS activity,
thereby reducing its ability to catalyze the conversion of
homocysteine to H,S and lowering tissue H,S levels. This
effect has been shown to improve cognitive function in
rats with chronic alcoholism [24]. Additionally, AOAA
can block the BDNF-TrkB signaling pathway, restore ERS
levels, and alleviate mitochondrial damage.

In this study, we used the Morris water maze and LTP
tests to assess learning and memory in rats, combined
with qPCR, WB, and immunohistochemistry to analyze
the expression of relevant molecules. Electron micros-
copy was used to examine mitochondrial morphology,
and JC-1 mitochondrial membrane potential assays
were employed to evaluate mitochondrial function. This
research sought to investigate the role of H,S in learning
and memory impairments in rats with chronic alcohol-
ism and its effect on ERS via the BDNF-TrkB pathway.
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Through these comprehensive analyses, we hope to
reveal the mechanisms by which H,S contributes to cog-
nitive dysfunction in chronic alcoholism and to identify
potential therapeutic targets for alcohol-induced neuro-
degeneration. The following section provides a detailed
examination of AOAA’s effects at the genetic level and
the underlying mechanisms involved.

Materials and methods

Animal model

Eighty SD rats [25] (180-220 g) were randomly divided
into four groups: control group (Con), AOAA interven-
tion group (Con+AOAA), chronic alcoholism model
group (Model), and chronic alcoholism+AOAA treat-
ment group (Model+AOAA), with 20 rats in each group.
Except for the control and AOAA intervention groups,
the rats in the model and chronic alcoholism+AOAA
treatment groups were given a 6% alcohol solution for
28 days to establish the chronic alcoholism model. After
day 14, the rats in the AOAA intervention and chronic
alcoholism+AOAA treatment groups were intraperi-
toneally injected with AOAA at a dose of 5 mg/kg [26],
while the control and model groups were injected with an
equal amount of saline for 14 days.

After the water maze test, 12 SD rats were randomly
selected from the original control group and the origi-
nal chronic alcoholism group for subsequent experi-
ments. The original control group was divided into a
control group and a K252a-negative control group, with
6 rats in each group. And the original chronic alcohol-
ism group was divided into a chronic alcoholism group
and a K252a-inhibition group, with 6 rats in each group.
K252a was dissolved in sterile artificial cerebrospi-
nal fluid (ACSF)/dimethyl sulfoxide (DMSO; 1:1, v/v)
(Sigma-Aldrich). Subsequently, we used K252a for intrac-
erebroventricular injection (icv) to rats, and the specific
interventions were as follows:

(1) Control group: daily saline (i.p.) and ACSE/DMSO
(icv) for 9 days;

(2) K252a negative control group: after 14 days, daily
saline (i.p.) and K252a (icv) for 9 days;

(3) Chronic alcoholism model group: daily 6% alcohol
solution (i.p.) and ACSF/DMSO (icv) for 9 days;

(4) K252a inhibition group: daily 6% alcohol solution
(i.p.) and K252a (icv) for 9 days.

Cell culture

SH-SY5Y cells were cultured in DMEM high-glucose
medium (containing 10% fetal bovine serum, 100 U/
ml penicillin, and 100 mg/ml streptomycin), with the
medium being changed every 48 h. The cells were then
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seeded at a density of 1x10°/ml into 96-well plates,
with five replicate wells per group. When the cell density
reached about 70%, the model group and AOAA treat-
ment group were exposed to ethanol at a concentration
of 400 mmol/L, while the control and AOAA negative
control groups received an equal volume of medium.
After continuing culture for 12 h, the AOAA treatment
and AOAA negative control groups were given AOAA
at a concentration of 0.5 mmol/L. After another 12 h of
incubation, 10 pL of MTT was added to each well. After
4 h of incubation, the culture medium was discarded.
Then, 100 uL. of DMSO was added to each well, and the
plate was shaken at low speed for 10 min. Absorbance
at 570 nm was measured using a microplate reader. SH-
SY5Y cells were seeded in 24-well plates at a density of
1x10°/ml. When the cell density reached 70%-80%,
ethanol was added at final concentrations of 50, 100, 200,
400, and 800 mmol/L, and continued culture was carried
out for 24 h. After washing with PBS and fixing with 4%
paraformaldehyde, cells were stained with Hoechst 33342
(5 pg/mL) at room temperature for 30 min. Fluores-
cence microscopy was used to observe and photograph
the stained cells, and apoptotic cells were counted in five
high-power fields (x400) for each group. The apoptotic
rate (%) was calculated as (number of apoptotic cells/
total cell number) x 100%.

Stereotaxic surgery and intracerebroventricular injection
The rats were anesthetized with 3% sodium pentobarbi-
tal (0.2 mL/100 g, i.p.) and placed in a stereotaxic appa-
ratus for surgery. The skin over the skull was removed to
expose the junction of the sagittal and coronal sutures. A
small hole (2 mm in diameter) was drilled on the right
hemisphere skull, the bone was thinned, and the dura
mater was exposed at the following coordinates: AP,
— 1.0 mm; ML, — 1.5 mm; DV, — 3.0 mm. A stainless
steel tube (approximately 0.9 mm in diameter, 20 mm in
length) was inserted into the right lateral ventricle, and
a soft core was rapidly inserted to prevent cerebrospinal
fluid leakage. The stainless steel screw was fixed with
dental cement. To ensure the drug was properly deliv-
ered, the injection needle was slowly pulled out halfway,
and the needle was left in place for 2 min before being
completely withdrawn.

Electron microscopy

Hippocampal tissue was removed from — 80 °C stor-
age, cut into 1 mm? blocks, and fixed in 4% glutaralde-
hyde within 1 min. After washing with PBS, the tissue
was fixed in 1% osmium tetroxide. The tissue was dehy-
drated in graded acetone, embedded in epoxy resin, and
sectioned into ultrathin slices. The slices were stained
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with lead citrate and uranyl acetate and observed under a
transmission electron microscope.

Mitochondrial Ca?* ATPase activity assay

Following the ATPase activity assay kit instructions, tis-
sue samples were homogenized in an ice-water bath,
centrifuged at 2500xg for 10 min. The supernatant was
used for enzyme reaction, followed by centrifugation
at 3500xg for 10 min, and phosphate was measured in
the supernatant. Absorbance was measured at 636 nm,
and ATPase activity was calculated using the following
formula:

ATPase activity (U/mg prot) =(Measured OD — Con-
trol OD)/(Standard OD — Blank OD)Xx Standard con-
centration (0.02 pmol/mL)x6Xx7.8/Sample protein
concentration (mg/mL).

Western blotting

Total proteins were extracted from tissues and cells, and
protein concentration was determined using the BCA
protein assay kit (Beyotime Biotechnology, Shanghai,
China). The proteins were separated by SDS-PAGE (10%
SDS-PAGE) and transferred to PVDF membranes, which
were then blocked for 2 h at 37 °C with serum. The mem-
branes were incubated overnight at 4 °C with primary
antibodies (CBS 1:1000, BDNF 1:1000, TrkB 1:1500, BIP
1:1500, p-actin 1:10,000), followed by incubation with
corresponding secondary antibodies for 1 h at 37 °C.
Protein bands were visualized using an ECL kit (NCM,
Suzhou, China) and analyzed with a ChemiDoc imaging
system (Bio-Rad, Hercules, USA). B-actin was used as a
loading control.

H,S content measurement

Four rats from each group were randomly selected, anes-
thetized intraperitoneally, and decapitated. The hip-
pocampal tissue was promptly dissected and stored in
liquid nitrogen. Absorbance was measured at 670 nm
using the H,S detection kit (Mlbio, Shanghai, China). The
H,S content in the hippocampus was measured as the
amount of H,S per unit weight of tissue (nmol/g).

Morris water maze learning and memory assessment

On day 28 following model induction, 8 rats from each
group were randomly selected for the navigation and
spatial probe tests. The first four days were dedicated
to positioning navigation tests. Each day, the starting
quadrant was changed in a counterclockwise direction,
and each rat was trained four times per day. A camera
recorded the swimming path of each rat, and data were
analyzed using EthoVision XT 8 behavior recording soft-
ware (Noldus). After locating the submerged platform,
each rat was allowed to stay on it for 30 s to consolidate
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its memory. The maximum training time was 60 s. If a rat
did not find the submerged platform within 60 s, it was
guided to the platform and allowed to remain there for
30 s. In the navigation test, the latency and swimming
distance to the platform were recorded. After the navi-
gation test, the platform was removed, and the spatial
probe test was conducted to assess the rat’s memory of
the platform’s location. The rats were released from the
quadrant opposite the target quadrant, and their swim-
ming time was recorded for 180 s, with the number of
times they crossed the platform’s location counted. (After
the water maze test, 12 SD rats were randomly selected
from the original control group and the original chronic
alcoholism group for subsequent K252a experiments.)

Interface-type thermostatic bath perfusion system

Lens Cleaning Tissue filter paper was placed flat in the
groove of the interface-type thermostatic bath to drain
artificial cerebrospinal fluid (ACSF). The peristaltic pump
was activated, initially washing with 30 mL of ultra-pure
water, then 30 mL of ACSFE, and then closing the perfu-
sion system to begin circulating ACSF. The flow rate of
the peristaltic pump was adjusted to 4-5 mL/min. The
ACSF was heated to 30-32 °C by a TC324B tempera-
ture control device before entering the bath. A glass slide
was placed over the groove to prevent gas diffusion, and
all equipment was grounded to eliminate 50 Hz noise
interference.

Brain slice preparation

SD rats were euthanized by intraperitoneal injection
of 3% sodium pentobarbital (0.2 mL/100 g). A 25 mL
syringe was used to withdraw pre-chilled perfusion solu-
tion into the left ventricle while simultaneously cutting
the right atrium for heart perfusion. The skull, menin-
ges, and brain tissue were carefully separated, exposing
the brain. The brainstem, olfactory bulb, and cerebel-
lum were removed to avoid damaging the hippocampus.
The brain tissue was carefully placed into the LEICA
VT 1000S vibratome’s groove with cutting solution, and
350 pm thick slices were prepared, with 4-5 hippocam-
pal slices collected.

Long-term potentiation (LTP) learning and memory
evaluation

Glass electrodes (outer diameter 1.2 mm, inner diameter
0.69 mm) were prepared using a P-97 puller for record-
ing. The temperature-controlled interface bath was incu-
bated for 1 h, and brain slices were transferred to the
recording chamber. The stimulation electrode was placed
in the hippocampus CA3 radiate layer, and the recording
electrode was positioned in the CAl region. After set-
ting, stimulation-response curves were constructed using
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half the maximum stimulus intensity, followed by high-
frequency stimulation (HFS) to induce LTP. Biological
signals were amplified, and noise at 50 Hz was removed.
The digital signals were analyzed using Spike2 software.

Immunohistochemistry
Paraffin sections of hippocampal tissue were deparaffi-
nized, followed by antigen retrieval in citrate buffer.
Sections were incubated with 3% hydrogen peroxide
(Beyotime, Shanghai, China), sealed with 5% bovine albu-
min (BSA) for 30 min, and then incubated with primary
antibodies overnight at 4 °C. After incubation with HRP-
conjugated secondary antibodies, diaminobenzidine.
(DAB) was added, and the sections were counter-
stained with hematoxylin. Stained sections were photo-
graphed and analyzed using Image Pro Plus 6.0 software.

Fluorescent quantitative PCR

CBS, BDNE, TrkB, and BIP primers, along with the Tran-
scriptor First Strand ¢cDNA Synthesis Kit (HiScript III
All-in-one RT SuperMix Perfect for qRT-PCR, Vazyme),
were utilized to synthesize cDNA from mRNA. RNAse
inhibitors were employed to prevent degradation. Ampli-
fication was carried out using Taq Pro Universal SYBR
qRT-PCR Master Mix (Vazyme). The mRNA expres-
sion levels were normalized to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) expression. The primer
sequences of the target genes are shown in Table 1.

Mitochondrial membrane potential

SH-SY5Y cells were seeded in 6-well black plates at a
density of 1x10° cells/well. Prior to the experiment, 1 ml
JC-1 staining solution was added to each well according
to the JC-1 kit instructions and incubated for 20 min.
After washing, centrifuging, and resuspending, the
mitochondrial membrane potential was observed and
photographed using a laser confocal microscope. The
depolarization of the mitochondria was typically meas-
ured based on the ratio of red and green fluorescence.

Fluorescence method for measuring intracellular Ca2*

The Fluo 3-AM calcium ion fluorescence probe was
utilized to measure intracellular Ca*"concentrations. A
xenon lamp (SUTTER Lambda DG-4) with a sampling

Table 1 Primer design

Gene Forward primer Reverse primer

BIP TTCCGAGGAACACTGTGGTG GTCAGGGGTCGTTCACCTTC
CBS CAGTTCAAGCCGATCCACCT ACGCCATTGTTGCGGTATTG
BDNF TTTGGGGCAGACGAGAAAGC ACCTGGTGGAACTCAGGGT
TrkB GTCAGCCCTCACGTCACTTC CAACTGCGGTAGCAGGACA
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rate of 1 Hz was used to collect the signal at 488 nm.
SH-SY5Y cells were seeded on coverslips coated with
100 pg/mL poly-L-lysine (diameter =30 mm) and cul-
tured for 24 h. After 48 h, the calcium fluorescence
dye Fluo 3-AM (5 uM, Dojindo, Japan) was loaded in
Krebs-HEPES buffer at room temperature for 30 min.
The buffer consisted of (mM): 135 NaCl, 6 KCl, 2 CaCl,,
1.2 MgCl,, 10 D-glucose, and 10 HEPES (pH 7.4). After
washing the coverslips three times, the cells were de-
esterified in Krebs-HEPES buffer without indicators
for at least 20 min before imaging. The coverslips were
then placed in a perfusion chamber, and fluorescence
signals were recorded in real-time using a microscope
with a xenon lamp (488 nm filter) and a Zeiss Axio
Observer Al microscope (40X, 1.3 NA objective). Two-
thirds of the cell body was designated as the region of
interest (ROI) for image analysis. The calcium signal (F)
was recorded in real-time. The signal was normalized
by dividing by the baseline signal (F,), expressed as F/
F,. To measure [Ca®*], a high-calcium solution (5 mM
Ca”) and a Ca?'/EGTA-free solution were perfused.
The fluorescence was measured as Fmax and Fmin. The
formula for measuring [Ca®']; is:

F [Ca”] — [(F — Fmin) / (Fmax — F)] x Kd, (Kd = 400 nm)

Mitochondrial ATPase activity measurement

ATPase decomposes adenosine triphosphate (ATP)
to produce adenosine diphosphate (ADP) and inor-
ganic phosphate. The amount of inorganic phosphate
released indicates the level of ATPase activity. Follow-
ing the instructions of the ultramicro total ATPase
assay kit, an appropriate amount of tissue was homog-
enized in an ice-water bath and then centrifuged at
2500xg for 10 min. After the enzyme reaction in the
supernatant, the sample was centrifuged at 3500xg for
10 min. The resulting supernatant was used to measure
phosphate concentration. Absorbance was measured at
636 nm, and ATPase activity was calculated using the
following formula:

ATPase activity (U/mg prot) = (Measured OD — Con-
trol OD)/(Standard OD — Blank OD) x Standard con-
centration (0.02 umol/mL)X6x7.8/Sample protein
concentration (mg/mL).

Immunoprecipitation

Cells were lysed using Triton X-100 buffer and incu-
bated with the relevant primary antibodies overnight
at 4 ‘C. After treatment with the proteasome inhibitor
MG132 (Univ, Shanghai, China), the lysates were mixed
with Protein G Plus/Protein A-Agarose beads (Abxin,
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Shanghai, China) and incubated for 2 h at 4 °C. The
beads were washed three times with lysis buffer, and
the sample was heated for 10 min in 5x sample loading
buffer. Both the protein samples and immunoprecipi-
tates were analyzed through Western blotting.

Statistical analysis

Data are presented as mean+SEM. Statistical analysis
was carried out using GraphPad Prism 9.5. Comparisons
between two groups were made using the ¢-test, while
comparisons among multiple groups were conducted
using one-way analysis of variance (ANOVA), with a
significance level set at a=0.05. A p-value of<0.05 was
considered statistically significant. Detailed consumables
are listed in Supplementary Table 1 and Supplementary
Table 2.

Results

AOAA intervention restores learning and memory
impairments induced by chronic alcoholism

After the chronic alcoholism model was established
(Fig. 1a), the morris water maze and LTP experiments
were conducted. No significant differences were found
between the groups regarding swimming speed and total
movement distance (Fig. 1b; P>0.05). However, in terms
of platform latency and platform dwell time (Fig. 1b), the
Model group exhibited significantly prolonged latency
and reduced platform dwell time compared to the Con
group (P<0.05). In contrast, the Model+AOAA group
showed significant cognitive recovery, with shorter plat-
form latency and longer dwell time (P<0.01).

Figure 1c illustrates the swimming trajectories in the
morris water maze test, where the Model group’s trajec-
tories were more scattered, indicating impaired spatial
learning and memory. In contrast, the Model+AOAA
group showed more concentrated trajectories, indicat-
ing cognitive improvement. These results further support
the recovery of cognitive function in the Model + AOAA
group. The escape latency over time is shown in Fig. 1d.
Over the course of the training days, all groups exhib-
ited a general decline in escape latency. The Model group
consistently had higher escape latency than the Con and
Con+AOAA groups, while the Model+AOAA group
showed lower escape latency compared to the Model
group. Moreover, following high-frequency stimula-
tion, synaptic transmission efficiency in the Model group
was not significantly enhanced, indicating impaired LTP
(Fig. 1e). In the Model + AOAA group, LTP was partially
restored, with a significantly higher post-stimulation PSP
slope 20 min after stimulation compared to the Model
group. These findings suggest that AOAA can alleviate
alcohol-induced LTP impairments.
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AOAA downregulates CBS and inhibits the BDNF/TrkB
pathway

Immunohistochemical results showed that, compared
to the Con group, the protein expression of CBS, BDNF,
and TrkB was significantly increased in the Model group
(P<0.01). In the Model+AOAA group, the expres-
sion levels of CBS, BDNF, and TrkB were significantly
decreased (P<0.05), but still higher than those in the con-
trol group. In contrast, the protein expression of BIP was
significantly decreased in the Model group (P<0.001).
After AOAA treatment, BIP expression was upregulated
again (P<0.001), but still lower than in the control group
(Fig. 2a, b). Similarly, Western blot and qPCR results
also confirmed that AOAA treatment could reverse the
upregulation of CBS, BDNF, and TrkB, and the down-
regulation of BIP caused by chronic alcoholism. Western
blot results (Fig. 2c, d) further showed that the protein
levels of CBS, BDNEF, TrkB, and BIP were significantly
elevated or reduced in the Model group, while in the
Model + AOAA group, these protein levels were partially
restored but still significantly lower than in the control
group. Additionally, qPCR analysis (Fig. 2e) showed that
chronic alcohol exposure led to significant changes in the
mRNA expression of CBS, BDNF, TrkB, and BIP, which
were reversed by AOAA treatment. Specifically, in the
Model group, the mRNA expression of CBS, BDNF, and
TrkB was significantly increased (P<0.001), while BIP
mRNA expression was significantly decreased (P<0.001).
After AOAA treatment, the mRNA levels of CBS, BDNF,
and TrkB were significantly decreased (P <0.001), and the
expression of BIP mRNA was significantly higher than
that in the model group (P<0.001).

For further exploration of the intracellular pathways,
co-immunoprecipitation assays was conducted to dem-
onstrate the endogenous interaction between BIP and
Sec6la proteins in SH-SY5Y (Fig. 2f, p <0.05). This sug-
gests that AOAA improves alcohol-induced cellular
stress responses by influencing the interaction between
BIP and Sec61a. Finally, hydrogen sulfide (H,S) measure-
ments (Fig. 2g) showed that the H,S content in the Model
group rats was significantly increased (P<0.05), while in
the Model+ AOAA group, H,S content was significantly
decreased (P<0.01), further proving the reparative effect
of AOAA on the physiological changes related to chronic
alcoholism.

AOAA modulates endoplasmic reticulum stress

via the BDNF/TrkB pathway

Figure 3a illustrates the experimental timeline and
treatment protocol. Seven-week-old male SD rats were
acclimated to the environment and then treated with
either a 6% ethanol solution or drinking water. On day
28, they received either saline or K252a injections, with
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Model Making

AOAA intervention model of chronic alcoholism
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Fig. 1 AOAA intervention restores learning and memory impairments induced by chronic alcoholism. a Schematic of the rat model. b Bar graph
showing swimming speed, total movement distance, platform latency, and platform dwell time in the morris water maze test. ¢ Trajectory plots
of each group in the morris water maze test. d Line graph showing the changes in escape latency for each group. e LTP experiment assessing
synaptic plasticity in each group. *(Con: Control group; Model: Chronic alcoholism model group; Con +AOAA: AOAA negative control group;
Model+AOAA: Chronic alcoholism model + AOAA treatment group; *P < 0.05, *P<0.01)
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LTP assessment conducted on day 37. Immunohisto-
chemical staining showed that, compared to the Con
group, the protein expression levels of TrkB and BDNF
were significantly upregulated in the Model group
(Model), whereas they were significantly downregu-
lated in the K252a intervention group. As expected,
BIP showed the opposite expression trend in the above
experiments (Fig. 3b, c). Western blot (WB) and qPCR
results demonstrated that K252a was able to inhibit the
downregulation of BIP and the upregulation of TrkB
induced by chronic alcoholism (Fig. 3d—f). LTP experi-
mental results (Fig. 3g) indicated that rats in the Model
group displayed significant deficits in LTP responses,
while the Model+K252a group, treated with K252a,
showed a recovery in LTP responses. This confirms
the importance of the BDNF/TrkB pathway in chronic
alcoholism and the restorative effects of K252a on LTP.

These results further suggest that K252a alleviates alco-
hol-induced neuronal damage by inhibiting the BDNF/
TrkB pathway.

AOAA affects calcium influx, mitochondrial damage,

and ATPase activity

We further assessed the impact of AOAA on intracellular
calcium ion concentration using immunofluorescence.
The results showed that the calcium ion concentration
in the Model group was significantly higher than that
in the Con and Con+AOAA groups (P<0.01). After
AOAA treatment, the intracellular calcium ion concen-
tration significantly decreased, indicating that AOAA
could alleviate alcohol-induced calcium ion influx
(Fig. 4a, d). Subsequently, we evaluated changes in mito-
chondrial membrane potential (A¥Ym). In the Model
group, the red particles (representing regions with high
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mitochondrial membrane potential) from JC-1 staining
significantly decreased, while the green particles (rep-
resenting regions with low membrane potential) signifi-
cantly increased, indicating that alcohol exposure caused
a loss of mitochondrial membrane potential. In contrast,
in the Model + AOAA group, the red particles from JC-1
staining significantly increased, and the green particles
decreased, suggesting that AOAA treatment effectively
restored the mitochondrial membrane potential dam-
age caused by alcohol (Fig. 4b, e). Next, transmission

electron microscopy was used to observe the mitochon-
dria in each group (Fig. 4c). The results showed that in the
Model group, mitochondria exhibited significant swelling
and inner membrane damage (indicated by red arrows),
indicating alcohol-induced mitochondrial damage in
hippocampal neurons. However, these damage changes
were improved in the Model+AOAA group, with no
significant swelling or damage observed. Furthermore,
ATPase activity assays showed that compared to the con-
trol group, ATPase activity was significantly reduced in
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the Model group (P<0.001), while in the Model + AOAA
group, ATPase activity was partially restored (P<0.05).
This further supports the role of AOAA in restoring the
abnormal cellular energy metabolism induced by alcohol.

Dynamic regulation of downstream BDNF-TrKB pathway

by H,S

According to the above research results, we initially
mapped the mechanism diagram of H,S regulation of
downstream BIP protein and Sec6l channel through
BDNE-TrkB pathway. After chronic alcoholism, the mas-
sive activation of CBS promoted the expression of hydro-
gen sulfide, which interfered with the level of ER stress by
activating the BDNF-TrkB pathway. BIP, a key indicator
of ERS, was further inhibited in this link. After BIP down-
regulation, the openness of the sec61 channel increases,
and a large amount of Ca®* flows from the endoplasmic
reticulum to the cytoplasm through the Sec61 channel,
thus causing nerve cell injury (Fig. 5).

Discussion

Alcohol abuse and chronic alcoholism are global pub-
lic health issues that severely impact individual health,
family well-being, and social stability. Alcohol not only
significantly increases the risk of liver diseases, cardio-
vascular diseases, mental health issues, and cancers, but
it also imposes a tremendous burden on society and fam-
ilies. Previous research has demonstrated that chronic

alcoholism results in impairments in learning, memory,
cognitive function, and psychological behavior [27].
Furthermore, chronic alcoholism affects the function of
the nervous system through various mechanisms, with
hydrogen sulfide (H,S) metabolic dysregulation being a
key factor.

H,S is recognized as the third gas signaling molecule
in the body, following carbon monoxide (CO) and nitric
oxide (NO) [28]. Previous studies have established that,
at physiological concentrations, H,S exerts a range of
biological effects, including vasodilation, enhanced
microcirculation, antioxidant activity, anti-inflammatory
properties, and the preservation of learning, memory,
and cognitive function in rats [29]. In the brain, H,S is
mainly produced through the metabolism of sulfur-
containing amino acids (e.g., methionine converting to
cysteine), a process catalyzed by enzymes such as cys-
tathionine B-synthase (CBS). CBS is an enzyme found
in the mammalian brain that depends on pyridoxal-
5’-phosphate (vitamin B6). Under specific conditions,
CBS catalyzes the reaction between L-homocysteine and
L-cysteine, leading to the production of hydrogen sulfide
(H,S). As a result, elevated CBS expression enhances H,S
production [30].

Previous research has indicated that TRPA1 is widely
expressed in neurons and serves as an oxidative stress
sensor that triggers calcium signaling cascades under
pathological conditions such as H,S exposure [3, 31],
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and elevated H,S levels can be harmful to the brain. This
toxicity is mainly mediated through the TRPA1 recep-
tor, causing an overload of intracellular calcium [32]. The
excess calcium disrupts cellular homeostasis, resulting in
mitochondrial swelling, reduced ATPase activity, and dis-
turbances in energy metabolism. ATPase is an important
membrane protein complex located in the mitochondrial
inner membrane and performs multiple key functions.
Mitochondria play a crucial role in regulating apopto-
sis, generating free radicals, maintaining calcium and
ATP levels, and protecting cells and tissues. As a result,
mitochondrial dysfunction can impact various cellular
and systemic functions [33, 34]. Studies have shown that
increased intracellular H,S levels facilitate Ca® influx,
causing mitochondrial damage and impairing ATPase
activity [26]. Similar phenomena were observed in this
study. In chronic alcohol exposure, CBS expression is
upregulated, leading to excess H,S production. Further,
transmission electron microscopy results confirmed that
mitochondrial swelling and damage were observed in the
chronic alcoholism group.

To reverse the upregulation of CBS induced by alcohol,
we used AOAA to intervene in the chronic alcoholism
model animals. AOAA is a well-established CBS inhibi-
tor. Previous studies have demonstrated that it decreases
CBS activity by inhibiting its conversion of homocysteine

to H,S, thus reducing H,S levels in tissues [34]. Our prior
research [35] also showed that AOAA binds with CBS
to form a schiff base, inhibiting its activity, thus reduc-
ing H,S production. This further diminishes Ca®* influx
and mitochondrial Ca?* overload, helping to alleviate
mitochondrial damage induced by chronic alcoholism
[36]. Moreover, by lowering endogenous H,S production,
AOAA can reduce mitochondrial damage and the decline
in ATPase activity caused by chronic alcoholism.
Previous studies have suggested that hydrogen sulfide
might activate the BDNF/TrkB pathway, reduce endo-
plasmic reticulum stress, and lead to a reduction in the
expression of BIP (immunoglobulin binding protein)
[37]. To further explore the mechanisms of calcium ion
influx and mitochondrial damage induced by chronic
alcoholism, we assessed the expression of BDNF, TrkB,
and BIP using qPCR and WB. The results showed that in
the chronic alcoholism group, the BDNF/TrkB pathway
was activated, while BIP expression was downregulated.
BIP is an important calcium-binding molecular chaper-
one in the endoplasmic reticulum, involved in protein
folding, maintaining homeostasis, and preventing Ca**
leakage from the endoplasmic reticulum. When BIP
expression decreases, the Sec61 complex causes Ca**
leakage and exacerbates mitochondrial calcium load-
ing through Ca** extrusion, ultimately leading to cell
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apoptosis [27]. However, after AOAA intervention, this
change was reversed. To further confirm the role of the
BDNE/TrkB pathway in AOAA regulation of BIP expres-
sion, we injected a TrkB inhibitor, K252a, into the hip-
pocampus of rats. The results showed that K252a could
reverse the downregulation of BIP expression induced by
chronic alcoholism, confirming that AOAA regulates BIP
through the BDNF-TrkB pathway.

The BDNEF/TrkB pathway plays a vital role in neuronal
development, differentiation, and survival, and insuffi-
cient BDNF/TrkB activity is often associated with neu-
rodegeneration [38]. Studies have shown that, within
physiological concentration ranges, H,S can alleviate
homocysteine-induced endoplasmic reticulum stress and
neuronal apoptosis in rat hippocampi by upregulating the
BDNE-TrkB pathway [39]. Interestingly, this study found
that prolonged excessive H,S may downregulate BIP
expression via the BDNF-TrkB pathway, causing severe
endoplasmic reticulum stress, mitochondrial dysfunc-
tion, and neuronal death. However, the differential effects
of hydrogen sulfide at varying concentrations on the spe-
cific mechanisms still require further research.

The precise regulation of calcium concentration is
essential for mitochondrial energy metabolism and cell
survival, and its imbalance may lead to ATP synthesis dis-
orders and pathological states [40]. The uptake of calcium
(Ca*) from the cytosol by mitochondria through the
calcium monotransporter (MCU complex) is dependent
on the electrochemical gradient of the inner mitochon-
drial membrane [41, 42]. The increase in mitochondrial
calcium concentration activates dehydrogenases of the
tricarboxylic acid cycle (TCA) (e.g., pyruvate dehydroge-
nase, a-ketoglutarate dehydrogenase), thereby enhanc-
ing NADH production, which ultimately drives oxidative
phosphorylation through F-ATP synthase (mitochondrial
atpase) and enhances ATP synthesis [43-45]. However,
excess mitochondrial calcium (such as calcium over-
load) causes mitochondrial membrane potential collapse,
inhibits F-atpase activity, reduces ATP production, and
may trigger the opening of the mitochondrial perme-
ability transition pore (mPTP) to release reactive oxygen
species (ROS) and cytochrome c¢ and trigger apoptosis
[46-48].

Existing alcohol use disorder (AUD) drugs, such as nal-
trexone and acamaminate, mainly target the opioid sys-
tem or glutamatergic system, while AOAA may provide
a new dimension of action by regulating hydrogen sulfide
metabolism and mitochondrial function [49]. For exam-
ple, CBS inhibition may alleviate alcohol-induced oxida-
tive stress and neuroinflammation, forming a synergy
with the glutamate modulatory effects of acamentous
acid [50]. And there is a close connection between LTP
recovery and behavioral improvement [51]. By promoting
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processes such as neurogenesis, repair, and synaptic plas-
ticity, LTP recovery can enhance cognitive and motor
behaviors. As a potential therapeutic drug, the effects of
AOAA on LTP and the mechanisms through which LTP
recovery leads to behavioral improvement still require
further research. However, current studies have shown
AOAA’s potential in treating certain diseases.

Related studies also suggest that AOAA intervention
can improve learning and memory functions as well as
synaptic plasticity in chronic alcoholism rats. Of course,
our study has certain limitations, there are significant
interspecies differences in the H,S metabolic pathways
between rodents and humans.Besides, the study using
only male rats and not exploring the effect of gender on
alcohol neurotoxicity or AOAA efficacy, which may limit
the generalability of the conclusions. Although the body
weight range of SD rats (180—220 g) was similar, individ-
ual metabolic differences may lead to different metabolic
rates of alcohol and AOAA, affecting drug effects. Bal-
ance of baseline physiological parameters (e.g., liver func-
tion) among the groups needs to be confirmed.We will
focus on these issues in subsequent experiments.

In conclusion, the pathway by which AOAA improves
learning and memory may involve inhibiting CBS activ-
ity, reducing H,S generation induced by chronic alco-
holism, suppressing the BDNF/TrkB pathway, and
upregulating BIP expression, thereby alleviating intra-
cellular calcium overload and mitigating mitochondrial
dysfunction. Chronic alcoholism activates CBS and pro-
motes excessive H,S production, while AOAA, as a CBS
inhibitor, reduces H,S production and mitigates neuronal
damage caused by alcoholism.
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