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1. Introduction

Alliin from garlic as a neuroprotective agent
attenuates ferroptosis in vitro and in vivo via
inhibiting ALOX157%

Junjun Meng,*® Chengquan Wen,® Yang Lu,® Xiaofan Fan,® Ruili Dang,®®
Jianfeng Chu,® Pei Jiang, 2 *>® Wenxiu Han*®® and Lei Feng {2 *f

Alliin, a precursor active compound of sulfur-containing organic compounds such as allicin in garlic, is
recognized as an important bioactive substance in garlic. Allicin has been shown to have significant neu-
roprotective effects and promote functional recovery in intracerebral hemorrhage (ICH). As a precursor of
many active compounds, alliin may have broader therapeutic effects. Therefore, the aim of this study was
to investigate the molecular mechanisms underlying the neuroprotective effects of alliin. In this study, we
found that alliin inhibits ferroptosis, thereby exerting neuroprotective effects in ICH. However, the neuro-
protective effects of alliin and its pharmacological mechanisms in ferroptosis have not been fully explored.
The results showed that alliin significantly inhibited erastin-induced ferroptosis in HT22 cells and sup-
pressed ferroptosis in the brain tissue of collagenase-induced ICH mice, alleviating neurological dysfunc-
tion and pathological damage. Mechanistically, allin downregulated the expression of 15-lipoxygenase
(ALOX15), which inhibits phospholipid peroxidation and ferroptosis. Moreover, gene knockout of ALOX15
produced effects similar to those of alliin, and comparable results were obtained using the ferroptosis
inhibitor ferrostatin-1. This study is the first to demonstrate that alliin regulates ferroptosis both in vitro
and in vivo. In conclusion, our study highlights ALOX15 as a critical factor in ferroptosis associated with
ICH, and shows that alliin exerts neuroprotective effects by inhibiting ALOX15-dependent ferroptosis.

nosis of ICH patients.” At the same time, allicin can alleviate
early brain damage by inhibiting oxidative stress, inflam-

Garlic is an ancient medicinal and culinary plant that contains
a variety of bioactive compounds, including almost all essen-
tial amino acids required by the human body. Garlic has anti-
inflammatory, antibacterial, anticancer, and cancer-preventive
properties, earning it the reputation of a “natural antibiotic”."
It also possesses multiple neuroprotective activities.> Studies
have shown that the main active component of garlic, allicin,
reduces brain injury after intracerebral hemorrhage (ICH) by
inhibiting apoptosis of perilesional cells and protecting the

blood-brain barrier permeability, thereby improving the prog-
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mation, and brain edema, and by protecting blood-brain
barrier function, thereby improving neurological function and
exerting neuroprotective effects in brain injury.” Garlic and its
extracts can protect neurons from ischemic brain injury,
protect neurons in traumatic brain injury, and improve cogni-
tive function in Alzheimer’s disease,* with increasing attention
to its neuroactive properties. The above studies indicate that
garlic, as a characteristic agricultural product, possesses mul-
tiple neuroprotective activities.

Alliin is the primary active component among the organo-
sulfur compounds found in garlic and serves as a precursor to
allicin.” When raw garlic bulbs are crushed, cut, or ground,
the vacuolar enzyme alliinase is released into the cytoplasm,
catalyzing the conversion of alliin into diallyl thiosulfinate
(allicin) (Fig. S11).® Previous studies have shown that allicin
and garlic extracts protect neural cells from ischemic brain
injury,” traumatic brain injury.® They also safeguard neural
cells from ischemic brain damage,” and allicin specifically
improves neurological function and exerts protective effects on
brain tissue following intracerebral hemorrhage (ICH).?
Furthermore, allicin has been found to alleviate neurological

This journal is © The Royal Society of Chemistry 2025
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dysfunction by inhibiting oxidative stress, suppressing inflam-
matory responses, reducing brain edema and blood-brain
barrier (BBB) dysfunction, and decreasing apoptosis, thereby
mitigating early brain injury and exerting neuroprotective
effects.’ Given these findings, we hypothesized that alliin, as
the active precursor of allicin, may also possess significant
neuroprotective activity. However, research on the neuroprotec-
tive effects of alliin has not yet been reported.

Ferroptosis, a form of iron-dependent non-apoptotic cell
death, is characterized by biochemical features such as gluta-
thione antioxidant dysfunction, depletion of glutathione per-
oxidase 4 (GPX4), lipid peroxide accumulation, and mitochon-
drial membrane shrinkage.'® Following ICH, ferroptosis leads
to the accumulation of lipid peroxides, which overwhelm cellu-
lar antioxidant defenses, resulting in the buildup of cytotoxic
compounds, protein degradation, lipid damage, and neuronal
death. Iron, a primary degradation product of hemoglobin
breakdown, contributes to secondary brain injury after ICH by
fostering the generation of free radicals and eliciting inflam-
matory reactions.'” Iron toxicity primarily operates through the
Fenton reaction, where iron generates abundant hydroxyl rad-
icals, exacerbating tissue oxidation and causing neuronal cell
damage.'® This process plays a critical role in ICH pathogen-
esis.’® The occurrence of ferroptosis after ICH exacerbates
brain tissue damage and hinders the recovery of neurological
function. Therefore, inhibiting ferroptosis can significantly
prevent brain tissue damage and neurological dysfunction
caused by intracerebral hemorrhage.

This study aims to elucidate the effects of alliin on ferropto-
sis and its underlying mechanisms, its protective effects on
neural cells, and its neuroprotective role through the inhi-
bition of ferroptosis following intracerebral hemorrhage.
Therefore, in this study, we used network pharmacology
methods to discover that the components in garlic can exert
neuroprotective effects on ICH through the ferroptosis
pathway. Through in vitro and in vivo experiments, combined
with transcriptomics and metabolomics, we verified the effect
of alliin attenuates neuronal injury by inhibiting ALOX15-
dependent ferroptosis in erastin-induced HT22 cells and col-
lagen-induced intracerebral hemorrhage. Thus, protects neural
cells, alleviates neuronal injury, and promotes the recovery of
neurological function.

2. Materials and methods

2.1. Main reagents

Alliin  (No. A800878), Dimethyl sulfoxide (No. D8371),
Ferrostatin-1 (Fer-1, No. HY-100579), Erastin (No. HY-15763),
Type IV collagenase (No. C5138-100mg), 3-(4,5)-dimethyl-
thiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT, No.
BS186-1g), JC-1 (No. 40706ES60), BODIPY™ 581/591 C11 (No.
D3861), FerroOrange Cell Ferrous Ion Fluorescence Probe (No.
40706ES60), Lipid Peroxidation malondialdehyde Assay Kit
(Nanjing Jiancheng Bioengineering Institute, No. A003-1-2),
Glutathione Peroxidase (GSH-PX) assay kit (Nanjing Jiancheng
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Bioengineering Institute, No. A005-1-2), Lipid peroxidation
assay kit (No. CB12932-Mu), Superoxide Dismutase (SOD)
assay kit (Nanjing Jiancheng Bioengineering Institute, No.
A001-3-2). ALOX15, GPX4, Zonula Occludens-1, Occludin,
GAPDH, and NeuN (Abcam, USA). Alexa Fluor 488-labeled Goat
Anti-Rabbit IgG(H + L) (No. A0423).

2.2. Network pharmacology prediction

The candidate targets of garlic were collected from three data-
bases: SymMap (https:/symmap/org/), the Traditional Chinese
Medicine System Pharmacology (TCMSP) database and the
Encyclopedia of Traditional Chinese Medicine (ETCM, https://
www.nre.ac.cn:9090/ETCM/) database. ICH-associated targets
were collected from GenCards (https:/www.genecards.org/).
Through a process of cross-referencing the targets associated
with garlic and ICH, potential active targets of garlic in the
treatment of ICH were identified. Subsequently, compound-
target and compound-target-pathway networks were con-
structed using Cytoscape 3.8.2. The overlapping targets were
then subjected to Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis through
the DAVID Bioinformatics Resources 6.8 (https:/david.nciferf.
gov/), and Metascape database (https:/metascape.org/). The
top 15 GO and top 20 KEGG terms resulting from these ana-
lyses were selected for further detailed investigation. The
bioinformatics online analysis platform (https:/www.bioinfor-
matics.com.cn/) was used to visualize the enrichment analysis
results.

2.3. Molecular docking

Molecular docking analyses were conducted to investigate the
binding affinities and interactions between active constituents
and their potential targets. The 3D structure of alliin was
retrieved from the PubChem database (CID: 87310). Energy
minimization of the alliin structure was performed using
ChemDraw 3D, and the resulting energy-minimized confor-
mation was utilized for subsequent molecular docking simu-
lations. The 3D structure of ALOX15 (PDB ID: 1LOX) was
obtained from the Protein Data Bank (PDB). The protein struc-
ture was processed by removing water molecules and adding
hydrogen atoms using Autodock Tools. Subsequently, the grid
box position and size were set in blind docking mode to
obtain more accurate binding sites. Molecular docking was
performed using Autodock Vina 1.2.2. Binding energy was uti-
lized to assess the binding interactions between ligands and
receptor proteins. Discovery software was used to visualize
receptor-ligand interactions.

2.4. Invitro study of alliin in ferroptosis

2.4.1. Cell culture and viability. HT22 cells were cultured
using a DMEM medium containing 10% fetal bovine serum
(FBS, A31608-02) at 37 °C with 5% CO,. The culture medium
also included 100 U ml™" penicillin and 100 pg ml™" strepto-
mycin. 2.5% trypsin was used to dissociate cells when growth
reached 90-95% efficiency. To explore the effect of alliin on
ferroptosis induced by erastin, cells were treated with different
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concentrations of alliin (0, 100, 200, 400, 600 pM) in the pres-
ence of erastin (1 uM) for another 24 h. Fer-1 (5 uM) was used
as a positive control. MTT was used to assess the cell viability
rates.

All experimental groups (including different concentration
alliin treatment groups) all maintained the same final volume
(such as 96-well plate 200 pl per well, 24 and 12-well plate 1 ml
per well, 6-well plate 2 ml per well culture medium), through
adjusting stock solution concentration to achieve target
working concentration (100-600 pM).

2.4.2. Effect of ferroptosis inhibition in HT22 cells. HT22
cells were seeded at a density of 1 x 10° cells per well in 6-well
plates and treated with erastin, alliin, and Fer-1 as mentioned
above. JC-1, 2,7-Dichlorofuorescin diacetate (DCFH-DA, No.
50101ES01) and C11 BODIPY 581/591 were added to the wells.
The cells were incubated for 20 minutes at 37 °C in the dark.
Following incubation, the cells were washed twice with PBS,
and a fluorescent microscope was used to observe them. The
JC-1 monomer-to-polymer ratio was calculated to assess
changes in mitochondrial membrane potential. Lipid peroxi-
dation was quantified by calculating the ratio of the oxidized
form of the dye to its normal form. FerroOrange was used to
visualize intracellular Fe®". Fluorescence digital microscopy
was used to measure fluorescence.

2.4.3. TEM translocation assays. HT22 cells (1 mm x 1 mm
x 1 mm) were fixed in 2.5% glutaraldehyde and post-fixed in
1% osmium tetroxide for 2 hours. Gradient dehydration was
performed with ethanol concentrations of 30%, 50%, 70%,
80%, 90%, and 100%. After drying, the cells were sputter-
coated with gold, and mitochondrial ultrastructural images
were captured using a transmission electron microscope
(HT7700, Hitachi).

2.4.4. Gene silencing and efficiency assessment. The
Mouse Alox15 gene was knocked out in HT22 hippocampal
neuronal cells using CRISPR/Cas9 gene editing technology
mediated by electroporation. After electroporation, single
clones were selected and validated by PCR and sequencing,
successfully obtaining homozygous Mouse Alox15 knockout
cells.

2.5. Invivo study of alliin in ICH

2.5.1. Animals and drug administration. Wild-type male
C57BL/6] mice (6-8 weeks old, 20-25 g) were purchased from
Jinan Pengyue Experimental Animal Breeding Co., LTD (Jinan,
Shandong, China). The study protocol was approved by the
Ethics Committee of Jining NO.1 people’s hospital (protocol
number: JNRM2023DWO009). A total of 80 mice were housed
under a 12-hour light/dark cycle with 55-60% humidity and a
constant temperature of 22 °C. After one week of adaptive
feeding, the mice were randomly divided into three groups,
control group (n = 26), ICH group (n = 28), alliin group (n = 26).
Upon completion of the study period, all mice were euthanized
and dissected under anesthesia following an overnight fast
(12 h).

2.5.2. Alliin administration method. The pharmacokinetics
and chemical properties of alliin were assessed using
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SwissADME, an online tool for evaluating drug-like properties.
The BOILED egg plot was employed to predict gastrointestinal
absorption and brain permeability."* Due to poor oral absorp-
tion from first-pass metabolism and limited blood-brain
barrier penetration, tail vein injection was selected to ensure
effective drug delivery and maximize therapeutic efficacy.
Based on previous research demonstrating that 50 mg kg™
allicin exerts neuroprotective effects in ICH models."® The
same dosage of 50 mg kg™ ' alliin was administered via tail
vein injection in this study.

2.5.3. ICH Model. The ICH model was established by basal
ganglia injection of collagenase as described.'® Mice were
anesthetized with 2% pentobarbital sodium (25 mg kg™
administered intraperitoneally. The mice were placed prone in
stereotaxic frames (ZS-FD/S, China) to maintain stability
during the procedure. Dental drills were used to drill a burr
hole (1 mm deep, 2.0 mm on the right side of the bregma,
3.5 mm below the surface of the skull). ICH injury was
induced by injecting type IV collagenase (0.1 U) dissolved in
1 pl saline in the hole at 0.2 pl min™". Drilling was carried out
at a rate of 1 mm min~" for 10 min to avoid reflux.

2.5.4. Behavioral assessment and animal weight. Prior to
experimentation, animals should be gently manipulated to
induce muscle relaxation and minimize resistance reactions.
Subsequently, they should be positioned on the edge of a
table. Upon contact of the whiskers of mice with the tabletop,
healthy animals promptly place their ipsilateral forelimbs on
the surface. The success rate of this forelimb placement task
can be measured as the percentage of correct responses in 10
trials, typically requiring 5 minutes to complete. This assess-
ment should be conducted within 1-3 days following induc-
tion of ICH.

2.5.5. Forelimb placing test. The forelimb placing test, also
known as the whisker forelimb placing test, is conducted by
holding the skin of the mouse’s neck with one hand while
gently pulling its tail with the other hand to extend the body.
One side of the mouse’s whiskers is slowly brought close to
the edge of the table. When the whiskers touch the table edge,
the normal response is for the corresponding forelimb to be
placed at the edge of the table. However, the hemorrhagic
stroke model group loses this reflex. In the experiment, each
mouse is tested 10 times on each side, and the number of
correct placements of the forelimb at the table corner follow-
ing whisker contact is recorded. Prior to the formal experi-
ment, the test animals are moved up and down several times
with gentle handling to relax their muscles and reduce
resistance.

2.5.6. Basso mouse scale (BMS). This open-field locomotor
scoring system ranges from 0 to 9 points. Scoring criteria are
as follows: 0 points-no ankle movement; 1 point-slight ankle
movement; 2 points-extensive ankle movement; 3 points-
plantar placement with or without weight support; 4 points-
occasional plantar stepping; 5 points-frequent or consistent
plantar stepping with no coordination; 6 points-frequent or
consistent plantar stepping with some coordination, paws par-
allel at initial contact; 7 points-frequent or consistent plantar

This journal is © The Royal Society of Chemistry 2025
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stepping, mostly coordinated, paws parallel at initial contact
and rotated at lift-off; 8 points-frequent or consistent plantar
stepping, mostly coordinated, paws parallel at initial contact
and lift-off, with mild trunk instability; 9 points-frequent or
consistent plantar stepping, mostly coordinated, paws parallel
at initial contact and lift-off, with normal trunk stability and
the tail always elevated.

2.5.7. Morris water maze test (MWM). During the training
in the water maze, the platform should be located in the
center of the pool, 1 cm below the water surface, so that the
animals are aware of its presence. Each animal will undergo
three consecutive trials. First, the animal is placed on the plat-
form for 20 seconds. The water maze has four starting posi-
tions: east, south, west, and north. The animal is placed in
one of these positions. To place the animal in the water,
support it with your hand and gently submerge its tail first.
Avoid allowing the animal to enter the water headfirst to
prevent causing stress. Allow the animal to swim/search for
the platform, with a maximum time limit of 60 seconds.
Initially, the animal may swim along the edge of the pool,
searching for an exit. Eventually, the animal will learn to find
the platform and climb onto it. Once the rodent reaches the
platform, stop the timer and record the time. If it cannot find
the platform within 60 seconds, record the trial time as one
minute. If the animal fails to reach the platform, do not pick it
up. You can use a glass or plastic rod to guide the animal to
the platform, allowing it to rest on the platform for 15
seconds. Before the experimental trials in the water maze
begin, fill the pool with tap water and heat it, setting the plat-
form 1 cm below the water surface. Use non-toxic white tem-
porary paint to make the water opaque. Facing the pool wall,
the handler will place the animal in the water and then step
back to a designated position to observe the animal complet-
ing the maze task. Analyze the animal until it reaches the plat-
form and record the time taken.

2.5.8. Rotarod test. Mice are placed on the rotating rod in
the compartment, which spins for 5 minutes to allow the mice
to adapt to the new environment and mode of movement.
After testing every five mice, the testing compartment is wiped
with 75% alcohol to avoid interference from odors. During the
testing phase, the procedure is the same as during the habitu-
ation phase. The rotarod motor function test is conducted at
days 0, 9, and 16, where each mouse is placed on the rotarod,
and the speed is adjusted to 40 rotations per minute. The time
until the mouse falls off or undergoes passive continuous
rotation for two complete turns is measured. Each experi-
mental animal is tested three times with a 5-minute interval,
and the average value is recorded as the result. The bottom of
the box is fitted with a copper grid with 1 cm spacing, through
which a 10 V current is applied to prevent the mice from
jumping off the rotarod. During the experiment, the mice are
placed on the rotating rod, and the time they remain on the
rod is tested at 18 rotations per minute. The total distance tra-
veled and average speed of the mice while on the rod are
recorded. Each mouse is tested three times at each speed, and
the average is taken. If a mouse remains on the rod for more
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than 120 seconds, it is recorded as 120 seconds. The time
taken for the mouse to jump back onto the rod after receiving
electrical stimulation upon falling off is also noted. If the
mouse does not jump back onto the rod within 120 seconds, it
is recorded as 120 seconds.

2.5.9. Beam walking test. The beam walking test is a
popular method for analyzing mouse gait in environments
that challenge their balance. The test is conducted over three
consecutive days: two days of training and one day of testing.
Performance on the beam is quantified by measuring the time
it takes for the mouse to cross and the number of slips that
occur during the process. A series of five narrow beams is used
to assess their motor coordination and balance. A 1-meter
long beam is positioned horizontally, 0.5 meters above the
ground, with one end mounted on a narrow support and the
other connected to a cage from which the mouse can escape.
Animals undergo three training trials on the training beam
with three different starting points: near the home cage, at the
center of the beam, and at the brightly lit end. After training,
the mice undergo five consecutive test trials, with one attempt
on each beam. The difficulty increases with each attempt. The
test trials are recorded and subsequently evaluated. Mice are
made to cross a round wooden beam with a diameter of
1.5 cm and a length of 70 cm, elevated 30 cm off the ground.
After crossing, they receive corresponding scores. The test is
repeated three times, with scores determined based on
walking distance and gait (0-4 points).

2.5.10. Brain water content measurement. 48 h after ICH,
and the brains were extracted and divided into two parts: the
right and left hemispheres. In order to determine the dry
weight of each part, we weighed it immediately after it came
out of the oven, using an electric analytic balance (AR224CN,
China). Brain water content (%) = [(wet weight-dry weight)/wet
weight] x 100%."

2.6. Transcriptomics analysis in brain after ICH

Using a Novaseq 6000 platform, 150 bp paired-end reads were
generated from the libraries. HTSeq-count4 was used to esti-
mate FPKM3 and read counts for each gene. An analysis of
PCA was conducted using R (v 3.2.0) to determine whether
samples were biologically duplicated. P-values <0.05 and
|log2 FC| > 1 was set as the threshold for significantly differen-
tial expression gene.

2.7. Metabolomics analysis

Brain samples from the control and ICH groups were selected
for untargeted metabolomics analysis. The analytical instru-
ment is a LC-MS system. Chromatographic column: ACQUITY
UPLC HSS T3 (100 mm x 2.1 mm, 1.8 um), column tempera-
ture: 45 °C, mobile phase: water (containing 0.1% formic
acid), acetonitrile, flow rate: 0.35 ml min™"; injection volume:
3 pl. To visualize the difference between the two groups
(control and ICH), PCA and PLS-DA scores were plotted. There
was statistical significance assigned to metabolites with
p-values <0.05 and |log2 FC| > 1.
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2.8. Hematoxylin-eosin (HE) staining

After deeply anesthetizing the mice, transcardial perfusion was
performed using 40 ml of cold phosphate-buffered saline
(PBS). Brain tissue was then removed, fixed in 4% paraformal-
dehyde, and embedded in paraffin. HE staining was conducted
on the deparaffinized brain tissue sections according to the
manufacturer’s instructions.

2.9. Immunofluorescence staining

The HT22 cells and brains were removed and preserved in 4%
PFA solutions at 4 °C for 24-48 hours, and then soaked in 30%
sucrose solutions for 72 hours to dehydrate completely. Next,
the brain were sliced into 8 pm sections for immunofluores-
cence staining. Immufluorescence was performed on the
slides by reheating for 30 minutes at room temperature,
rinsing three times with PBS, then blocking for 60 minutes at
room temperature with QuickBlotTM Blocking Buffer. After
incubation with primary antibodies (12 h, 4 °C), anti-NeuN,
anti-ALOX15 and anti-GPX4 were applied. Subsequently, the
slides underwent a second rinsing process and were then
exposed to fluorescence-conjugated secondary antibodies that
corresponded to the primary antibodies for a duration of two
hours at a temperature of 25 °C. The final step was to use a
fluorescence microscope to take images (Olympus Co., Tokyo,
Japan).

2.10. Measurement of MDA, SOD, LPO and GSH-Px

The MDA, SOD, LPO, GSH-Px content was measured according
to the manufacturer’s protocol.

2.11. Western blotting

According to the above description, HT22 cells and brain were
treated. The total protein of the brain and whole cell was
extracted using the whole-cell lysis assay (R0010) and the
nuclear and cytoplasmic protein extraction kit (EX1580). The
manufacturer’s instructions were followed for the use of the
bicinchoninic acid (BCA) protein quantitation assay (Omni-
Easy, China, ZJ102). Following this, the slides were mounted
using Fluoroshield Mounting Medium containing DAPI. The
proteins were separated using 12% sodium dodecyl sulfate
(SDS)-polyacrylamide gels and subsequently transferred onto
PVDF membranes (Millipore, IPVH00010). TBST containing
0.01% Tween 20 was used to block the membranes, followed
by primary antibodies against ALOX15, GPX4 and GAPDH
(control) at room temperature for 1 h. TBST was used to wash
the membranes three times for 10 minutes before incubating
them with rabbit anti-goat antibody conjugated with horse-
radish peroxidase (HRP). A Tanon 4800 FluorChem® M
MultiFluor system (Tanon) was used to detect the target
protein bands after three TBST washes for 10 minutes. Image ]
was used to determine the density of the protein bands.

2.12. Statistical analysis

Data are expressed as mean + standard deviation. Data analysis
was performed using GraphPad Prism 8 (GraphPad, San
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Diego, CA, USA). One-way analysis of variance (ANOVA) was uti-
lized, followed by Duncan’s multiple-range test to evaluate
differences among the groups. The data were analyzed by one-
way ANOVA. A p-value less than 0.05 was considered
significant.

3. Results

3.1. Network pharmacology analysis

A comprehensive search across the TCMSP, SymMap, and the
ETCM databases revealed a total of 100 garlic ingredients,
comprising 29 organic sulfides, 19 polyphenols, 16 amino
acids and derivatives, 7 flavonoids, and 29 others. The neuro-
protective capabilities of garlic extracts suggesting these ingre-
dients may contribute to garlic’s efficacy in ICH treatment.'®"°
Thus, despite some ingredients not meeting standard criteria
for oral bioavailability?® and drug-likeness,®® they were
included as active compounds. Based on our previous research
on the nutritional components of different garlic varieties, we
selected 71 candidate compounds and searched for their
corresponding targets in databases, identifying a total of 340
potential targets (Table S11).>*> Interactions between com-
pounds and targets were established and visualized using
Cytoscape 3.8.2 (Fig. 1A).

To identify potential targets associated with ICH, we
searched four databases for relevant research reports, yielding
a total of 6114 ICH-related targets. Subsequently, venn
diagram analysis was employed to identify the intersection
between garlic target genes and ICH target genes, revealing a
total of 98 shared target genes (Fig. 1B). To explore the key bio-
logical processes influenced by garlic in ICH treatment, we
performed GO functional enrichment analyses. The results
unveiled that these 98 genes were enriched in 342 GO entries,
encompassing 218 biological processes (BP), 45 cellular com-
ponents, and 79 molecular functions (MF), the top 15 GO
terms were depicted in Fig. 1C. The top 5 BP items highlighted
that the associated targets primarily revolved around response
to lipopolysaccharide, response to xenobiotic stimulus,
response to amyloid-beta, positive regulation of cell population
proliferation, chemical synaptic transmission. The top 5 CC
items indicated that the related targets were predominantly
located in neuron projection, plasma membrane, cytoplasm,
membrane and cytosol. The top 5 MF items revealed that the
potential targets were mainly associated with nuclear receptor
activity, peptide hormone binding, protein homodimerization
activity, protein lysine deacetylase activity, amyloid-beta
binding. In addition, the significantly enriched MF also
includes heme binding and iron ion binding. To investigate
the prominent signaling pathways associated with key targets,
we conducted KEGG enrichment analysis. The results unveiled
20 significantly enriched pathways (P < 0.05) (Fig. 1D), encom-
passing pathways such as ferroptosis, arachidonic acid metab-
olism, steroid hormone biosynthesis, and pathways linked to
neurodegenerative diseases, among others. Notably, the pre-
dicted targets associated with the ferroptosis signaling

This journal is © The Royal Society of Chemistry 2025
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pathway included APP, ALOX15, and PTGS2. The arachidonic
acid metabolism is associated with ferroptosis, and the pre-
dicted targets associated with the arachidonic acid metabolism
signaling pathway also included ALOX15. Subsequently, to elu-
cidate the interconnections among active compounds, targets
and ICH, we constructed a drug-target-disease network using
Cytoscape 3.8.2 software (Fig. 1E). The results of network
pharmacology preliminarily suggest that the active com-
ponents in garlic can act on arachidonic acid metabolism and
inhibit the occurrence of ferroptosis.

3.2. Molecular docking

To further explore the interactions between the five core com-
ponents (allicin, DAS, DADS, DATS, and alliin) and the target
ALOX15 in the ferroptosis pathway, and to elucidate a novel
drug development strategy, we conducted additional molecular
docking simulations (Fig. 1F). Through these simulations, we
determined the binding affinity between the five compounds
and the key target protein ALOX15 within the ferroptosis sig-
naling pathway. The docking scores indicate that most of these
compounds exhibit excellent binding activity (Table S2t). It
can be concluded that alliin binds to ALOX15 transcriptional
proteins with a lower energetic than other components,
—5.0 keal mol ™. As a result of receptor-ligand docking, lower
docking energy suggests higher protein-ligand binding
affinity. The interaction between alliin and ALOX15 involves
van der Waals forces with residues Tyr614, Met377, Leu394,
Thr373, Arg395, and Asp164. Pi (rn)-alkyl and alkyl interactions
with Leu168 and Tyr396 residues further contribute to the
stability of the alliin-ALOX15 complex. Additionally, alliin
forms stable hydrogen bonds with Glu165, Val391, and Tyr396.
A hydrogen bond is formed between the hydroxyl group of
alliin and the carboxyl group of Glu 165, with a bond length of
2.8 A. Another hydrogen bond is formed between the thioether
group of alliin and the carbonyl group of Val 391, with a bond
length of 3.0 A. A third hydrogen bond is formed between the
amino group of alliin and the hydroxyl group of Tyr 396, with
a bond length of 2.9 A (Fig. S2A1). Meanwhile, electrostatic
interactions formed between alliin and nearby amino acid resi-
dues in the binding pocket further enhance binding stability
(Fig. S2B and Cf¥). Overall, the ligand molecule exhibits stable
binding to the protein’s active pocket, demonstrating comp-
lementary structural conformation and electrostatic distri-
bution, while being stabilized by sufficient intermolecular
interactions.

3.3. The changes of transcriptome in brain after ICH

Before conducting in-depth research on the effect of alliin on
ferroptosis after ICH based on the ALOX15 target, we first con-
ducted transcriptomic analysis on the brain tissue of ICH
mice. The purpose was to confirm that ferroptosis occurs in
mouse brain tissue after ICH, and the occurrence of ferropto-
sis is related to ALOX15.

Principal component analysis (PCA) revealed distinct separ-
ations among these groups (Fig. S3AT). There were 734 differ-
entially expressed genes in ICH group compared to the control
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group (503 up-regulated and 231 down-regulated) as shown in
Fig. 2A. The heatmap resulting was shown in Fig. 2B, this indi-
cates significant changes in the genes of the brain tissue after
ICH. GO function enrichment analysis of the upregulated
genes (Fig. 2C) showed that compared to the control group,
the differentially expressed genes in the ICH group were
mainly enriched for arachidonic acid epoxygenase activity, iron
ion binding, heme binding, and oxidoreductase activity. For
cellular component, differential genes were mainly enriched
for haptoglobin-hemoglobin complex, collagen-containing
extracellular matrix, mitochondrial respiratory chain complex
I, etc. According to various previous studies, arachidonic acid
epoxygenase activity and iron ion could regulate
ferroptosis.>*** Consistent with GO analysis results, KEGG
pathway analysis showed that these upregulated genes were
enriched in 20 signaling pathways, mainly included 8 metab-
olism pathways, 3 lipid metabolism pathways, include arachi-
donic acid metabolism, linoleic acid metabolism, oxidative
phosphorylation, and steroid hormone biosynthesis, etc.
(Fig. 2D). The targets associated with these pathways are
shown in Fig. 2E. The top 20 reactome enrichment pathways
were scavenging of heme from plasma, plasma lipoprotein
assembly, remodeling, and clearance, plasma lipoprotein
remodeling, plasma lipoprotein assembly, and metabolism,
etc. (Fig. S3Bt). The top 20 wikipathways enrichment were fatty
acid omega-oxidation, iron homeostasis, oxidative phosphoryl-
ation, fibrin complement receptor 3 signaling pathway, adipo-
genesis genes, etc. (Fig. S3CY).

3.4. The changes of metabolisms in brain after ICH

Metabolomic analysis further indicated that ferroptosis
occurred after ICH, leading to the accumulation of lipid per-
oxides. The changes in metabolites between the ICH
and control groups were examined using an animal model.
PCA showed that the ICH group was well separated from the
control group (Fig. 3A). Based on p < 0.05 and |log, FC| > 1
screening conditions, a total of 102 differential metabolites
were identified. The categorization of these 102 metabolites is
shown in Fig. 3B, lipids and lipid-like molecules account
for 25.05%. This indicates that lipids has significantly
changed after ICH. Among them, 30 metabolites were downre-
gulated and 72 metabolites were upregulated (Fig. 3C). The
upregulated metabolites in ICH group include PC, PE, DG, and
other lipids (Fig. 3D). The KEGG analysis revealed that the
metabolic pathways predominantly encompassed linoleic
acid metabolism, o-linolenic acid metabolism, arachidonic
acid metabolism, glycerophospholipid metabolism, and glycer-
olipid metabolism, etc. (Fig. 3E). The metabolomic data
suggest that, following ICH, neurons undergo ferroptosis,
resulting in cytoplasmic membrane disruption and lipid
accumulation.

3.5.
cells

Alliin increased the cell viability in erastin-induced HT22

In order to assess the inhibitory effects of alliin on ferroptosis
following ICH, an in vitro ferroptosis model induced by erastin

This journal is © The Royal Society of Chemistry 2025
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was established (Fig. 4A and B). MTT assays were subsequently
performed to assess the effect of alliin on erastin-induced
cytotoxicity in HT22 cells. Due to the limited research on
ALOX15 and the lack of specific inhibitors for ALOX15, we
used the ferroptosis inhibitor Fer-1 as the positive control
group in our experiment. Results indicated that erastin
decreased HT22 cell viability, while alliin demonstrated a con-
centration-dependent enhancement of cell viability (100, 200,
400, 600 pM) (Fig. 4C).

5286 | Food Funct, 2025, 16, 5278-5300

3.6. Alliin suppressed ROS accumulation and increased the
MMP in HT22 cells

Transmission electron microscopy>” revealed alterations in
mitochondrial ultrastructure. Following treatment with alliin
and Fer-1, mitochondria exhibited regular morphology and
reduced vacuolation. In contrast, the erastin group showed
increased mitochondrial membrane density and a loss of mito-
chondrial cristae (Fig. 4D). These mitochondrial characteristics

This journal is © The Royal Society of Chemistry 2025
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are closely associated with cellular ferroptosis (Fig. 4E). We erastin-induced ferroptosis. The results showed minimal green
conducted the DCFH-DA assay on HT22 cells to assess the fluorescence intensity in the control group, indicating the
effect of alliin in mitigating the excessive ROS produced by absence of ROS. However, a substantial increase in green fluo-
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rescence was observed in the erastin-treated HT22 cells,
attributable to oxidative stress induced by erastin. Treatment
with alliin and Fer-1 significantly reduced the green fluo-
rescence intensity, thereby rescuing neuronal cells from ferrop-
tosis, demonstrating its potential to eliminate excessive ROS
(Fig. 4F and G). We then questioned whether the mitochon-
drial fragmentation observed under erastin-induced ferropto-
sis could also extend to a decrease in mitochondrial mem-
brane potential (MMP). To explore this, we employed JC-1
staining to detect both quantitative and qualitative changes in
MMP. In this research, MMP was evaluated using JC-1 probe
staining, with elevated MMP levels manifesting as red fluo-
rescence due to JC-1 polymer aggregation. Conversely,
decreased MMP levels were indicated by green fluorescence as
JC-1 remained in its monomeric state. The results demon-
strated that the alliin-treated group displayed significantly
higher MMP levels compared to the erastin group, indicating
that alliin helps preserve mitochondrial integrity (Fig. 4H and

I).

3.7. Alliin decreased Fe>" accumulation and oxidative
damage in HT22 cells

The utilization of a FerroOrange probe, designed to selectively
interact with Fe>" within living cells, was employed to track the
accumulation of Fe*" in live cells. Results demonstrated that
both alliin and Fer-1 were effective in reducing the cellular
Fe®" levels in comparison to those observed in the erastin-
treated group (Fig. 5A and B). Fer-1 is a foundational research
tool in ferroptosis studies, functioning by targeting lipid per-
oxidation, though its clinical translation is limited by stability
issues. Experimental results demonstrate that alliin, a natu-
rally derived compound with stable structure and low toxicity,
can significantly inhibit Fe*" accumulation during ferroptosis.
The lipid-soluble ratiometric fluorescent indicator C11
BODIPY 581/591 demonstrates spectral shifts in its excitation
and emission maxima from 581 to 500 nm and 591 to 510 nm,
respectively. The lipid-soluble ratiometric fluorescent indicator
C11 BODIPY 581/591 demonstrates spectral shifts in its exci-
tation and emvely, following oxidation. This indicator has
been utilized in various biochemical assays and live-cell
investigations. In a study utilizing C11 BODIPY 581/591 to
evaluate lipid peroxidation, lower levels of lipid peroxidation
were observed in the alliin group compared to the erastin
group (Fig. 5C and D).

3.8. Alliin affects ferroptosis through ALOX15 and GPX4
expression in erastin-injured HT22 cells

The study conducted cellular localization analysis of ALOX15
expression in HT22 cells through immunofluorescence stain-
ing. The findings revealed a significant decrease in cell count
and an increase in ALOX15 expression in cells induced with
erastin. Conversely, alliin was found to enhance cell survival
and suppress ALOX15 expression in HT22 cells (Fig. 5E). The
expression levels of ALOX15 and GPX4 were measured using
western blot analysis. Our results indicate that in the alliin-
treated group, ALOX15 expression was reduced compared to
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the erastin-treated group, while GPX4 expression was increased
(Fig. 5F-H). The findings of our study indicate that alliin sup-
presses the generation of lipid peroxides associated with fer-
roptosis by downregulating the expression of ALOX15.

3.9. Alliin inhibits erastin-induced ferroptosis in HT22 cells
through an ALOX15-dependent mechanism

To further confirm that the protective effect of alliin is related
to ALOX15, the ALOX15 gene in HT22 hippocampal neuronal
cells from mice was knocked out using CRISPR/Cas9 gene
editing technology mediated by electroporation. Then we
examined the expression of the ferroptosis-related regulatory
factor GPX4 and found that ALOX15 knockout (Fig. 6A and B)
reversed the erastin-induced downregulation of GPX4 and
eliminated the regulatory effect of alliin (Fig. 6C and D). The
immunofluorescence staining of cell localization results
further confirmed this conclusion (Fig. 6E). Furthermore,
ALOX15 knockout alleviated the accumulation of ROS (Fig. 6F
and G), JC-1 (Fig. 6H and I), and Fe** (Fig. 6] and K). The
above results indicate that the role of alliin in regulating fer-
roptosis in HT22 cells is related to ALOX15.

3.10. Transcriptome changes between alliin and ICH group

To further elucidate the impact of alliin on ferroptosis follow-
ing ICH, specifically targeting ALOX15, we conducted tran-
scriptomic analysis on the brain tissue of mice between alliin
and ICH groups. PCA revealed distinct separations among
these groups, indicating that the establishment of the model
could impact the transcriptional profiles (Fig. 7A). There were
1843 differentially expressed genes in alliin group compared to
the ICH group (301 up-regulated and 1542 down-regulated) as
shown in Fig. 7B. The heatmap resulting from additional
cluster analysis of ferroptosis-related genes was shown in
Fig. 7C, this indicates significant changes in the genes of
mouse brain tissue after alliin treatment. GO function enrich-
ment analysis of downregulated genes (Fig. S4t) showed that
compared to the ICH group, the differentially expressed genes
in the alliin group were mainly enriched for hemoglobin
complex, haptoglobin-hemoglobin complex, HFE-transferrin
receptor complex, haptoglobin binding, peroxidase activity,
hemoglobin alpha binding, related to the binding and trans-
port proteins of Fe** on the membrane. Fig. 7D shows the top
20 enriched pathways of Reactome, such as heme signaling,
synthesis of lipoxins (LX), synthesis of 12-eicosatetraenoic acid
derivatives, etc. Fig. 7E shows the top 20 enriched pathways of
Wikipathways, such as eicosanoid metabolism via lipoxy-
genases (LOX) and iron homeostasis, etc. The enriched path-
ways were analyzed in three databases, Fig. 7F shows some sig-
nificantly enriched related pathways, such as arachidonic acid
metabolism and Lipid and atherosclerosis, etc. The transcrip-
tomic results once again confirmed that alliin can inhibit the
occurrence of lipid peroxidation after ferroptosis in brain
tissue after ICH.
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3.11. The protective effect of alliin on brain injury in ICH

The examination of alliin’s molecular structure through
SwissADME assessment revealed its limited capacity to cross
the BBB (Fig. 8A). Studies conducted on animal models of col-
lagenase-induced intracerebral hemorrhage (Fig. 8B).
Significant weight loss was recorded three days after ICH
induction. After treatment with alliin, the weight of the mice
gradually recovered (Fig. 8C). Following ICH surgery in mice,

This journal is © The Royal Society of Chemistry 2025

the time taken for forelimb placement was notably decreased.

Subsequent treatment with alliin increased significantly in
forelimb placement time in ICH mice compared to the control
group, suggesting that alliin may alleviate hemiplegia symp-
toms in ICH mice (Fig. 8D). Prior to surgery, all mice had a
BMS score of approximately 9. Mice in the control group also
scored around 9 for left hind limb motor function. However,
ICH group mice exhibited restricted movement in the left hind
limb shortly after injury, with a BMS score dropping to
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erastin group, *#P < 0.05, **##p < 0.01, **/#*##p < 0,001, ****/####p < 00001, “ns” means no significant difference (P > 0.05).

approximately 4. From the fifth day post-surgery, the BMS
scores gradually improved. Throughout the 1st, 3rd, 5th, 7th,
and 14th days following surgery, the left hind limb scores of
ICH group mice remained significantly lower than those of the
control group. After alliin treatment, the BMS score increased
from around 5 to near baseline levels (Fig. 8E).

The water maze experiment revealed a notable rise in
escape latency among ICH mice in their pursuit of platforms,
in contrast to the control group. However, treatment with alliin
exhibited the ability to reverse this phenomenon, as evidenced

5292 | Food Funct., 2025, 16, 5278-5300

by a decrease in escape latency from day 6 to day 14 when com-
pared to the ICH group (Fig. 8F-]). The rotarod test was used
to assess the coordination and balance abilities of the mice.
The results showed that mice in the ICH group fell off the
rotating rod more quickly, with shorter stay times and at lower
rotation speeds. After alliin treatment, the mice’s time on the
rotating rod significantly increased, and the rotation
speed was higher. This indicates that alliin can restore motor
coordination and balance abilities in mice after ICH (Fig. 8K).
The balance beam test further evaluated the animals’

This journal is © The Royal Society of Chemistry 2025
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balance and motor coordination. Post-ICH, mice displayed
poor balance and motor coordination; however, these abilities
gradually improved in the alliin-treated group (Fig. 8L). These
findings were reinforced by neurological function testing,
corresponding to the acute and subacute phases of ICH,*

A

B
Alliin S
S
AN ' s
e * | . v £g
< Y
l 1 1d.3d.7d Brain Water Content UL s_,_i
ini 8 =
& ¢ Brain tissue H_F‘ staining = ;
) Western Blot z <
-30 min 0 Immunofuorescence staining =<
5

View Article Online

Paper

during which reached their
expression."”

Alliin demonstrated a protective effect against brain injury
in a mouse model of ICH (Fig. 9A). The effectiveness of alliin

in reducing hematoma volume was evaluated through brain

ferroptosis  genes peak

C  Control  ICH Alliin
84 = # *
_— O Left )
5 4 = Right » >
"7 LS
78 =
76 w | TR e
74 4 :
’ \
72 I T ol
Control ICH Alliin
= | T E &

ALOX15

; {
4 i
|:] E i Control
3 b e i k 3 N
\ 239
1/’ ,”’ -
s Mol SENSE T ‘\L‘
/ h ] SIEab
D 5 : e ICH
& - %
iy %
)/ Emseenn 7
- |
i { .
[[ e & Alliin
4 3¢
F 6 G 6
g g z
= HiH ok e = 15 + 150 -
o 4 g 4 # * & T
& E = £ E
T = =) =
- £ S 10 - 2 100
% g 3 £ =
O E - =
= 24 o 2 =]
< @n
£ &~ a8 5 50
= =
0 - 0 - 0 - 0 -
Con ICH Alliin Con ICH Alliin Con ICH Alliin Con ICH Alliin
3 - 2.0 -
J K % 5 it L ] #
e =3
.o = 4 * % = *k
Control Alliin ICH gz £2 15 1
I e =
ALOXIS | oo e |75KkDa EE ;] EE
: =3 xS 10
GPX4 | e @ o | [9kDa  Z ) % s
- >
=8 o=
GAPDHl---lg,]k[)a <3 PR ]
o = > 05
z 1A g
5 =
3 &
& 0 - 0.0 -
Control Alliin ICH Control Alliin ICH

Fig. 9 Effect of alliin in ICH model mice. (A) The animal experimental flowchart. (B) Quantification of brain water content in the left and right brain
at 24 h after ICH. (C) Representative pictures of the hemorrhagic lesion in the mice of different groups. (D) Representative images of HE staining of
brain slices in the mice of different groups. (E) Spatial expression, and cellular localization of ALOX15 after ICH. Bar 0.5cm. (F—1) GSH-Px, LPO, MDA
and SOD contents measured by respective commercial kits at 3 d after ICH (n = 6 in each group). (J—L) The expression of ALOX15 and GPX4 in the
mice model (n = 3 in each group). *compared with control group, *compared with erastin group, *#P < 0.05, **##p < 0.01, ***###p < 0,001,

*ax/#HHED < 0. 0001, “ns” means no significant difference (P > 0.05).

This journal is © The Royal Society of Chemistry 2025

Food Funct, 2025,16, 5278-5300 | 5293


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo00425j

Open Access Article. Published on 21 May 2025. Downloaded on 7/28/2025 9:58:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

slice imaging. Alliin attenuates neurological deficits and
reduces brain edema in ICH mice (Fig. 9B). As illustrated in
Fig. 9C, pathological examination revealed substantial hema-
toma in the ICH group. In contrast, alliin significantly reduced
the hematoma volume following ICH injury. HE staining
showed irregular neuronal arrangement, vacuolar degener-
ation, and karyopyknosis in the ICH. Conversely, the adminis-
tration of alliin notably counteracted this effect (Fig. 9D). The
results of immunofluorescence staining indicated a significant
reduction in the colocalization of ALOX15 with neuron cells
following treatment with alliin compared to treatment with the
control alone in the ICH group (Fig. 9E). Additionally, the
activity of glutathione peroxidase GSH-Px was notably dimin-
ished three days after ICH, but was significantly restored by
daily administration of 50 mg kg™ " alliin (Fig. 9F). Our study
revealed that alliin treatment resulted in a reduction of LPO
levels in the brains of ICH mice (Fig. 9G). Following the induc-
tion of ICH, there was a significant increase in MDA levels in
the ipsilateral hemisphere. Administration of 50 mg kg™ " alliin
effectively mitigated the ICH-induced elevation of MDA, mean-
while the levels of SOD was increased (Fig. 9H and I).

Data obtained from western blot analysis suggests that the
elevated levels of ALOX15 following ICH can be effectively atte-
nuated through treatment with alliin (Fig. 9J-L). Our findings
indicate an upregulation of GPX4 expression following treat-
ment with alliin.

3.12. Alliin affects ferroptosis through ALOX15 and GPX4
expression in ICH mice

The susceptibility of phospholipids in brain tissue to peroxi-
dation damage is well-documented. Recent evidence suggests

View Article Online
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that ferroptosis may contribute significantly to secondary
injury in ICH, leading to a growing interest in the potential
use of ferroptosis inhibitors in ICH therapy. Our study aimed
to investigate the effects and mechanisms of alliin on ferropto-
sis induced by ICH injury, both in laboratory cell cultures and
in live animal models. Our results indicate that alliin effec-
tively inhibits ferroptosis in HT22 cells treated with erastin,
and also demonstrates anti-ferroptosis properties in neurons.
Subsequent research has shown that alliin effectively improved
motor function deficits and reduced cerebral damage by inhi-
biting ferroptosis in a murine model of ICH. The therapeutic
effect of alliin on lipid peroxidation inhibition during ferropto-
sis may be attributed to the downregulation of ALOX15
expression, which in turn inhibits the oxidation of fatty acids,
the formation of lipid peroxides, and the synthesis of AA
(Fig. 10). These findings provide convincing evidence for the
potential efficacy of alliin as a drug for ICH.

4. Discussion

Our results demonstrate that alliin protects against ferroptosis
both in vitro and in vivo by targeting the ALOX15 pathway.
Moreover, our findings indicate that, compared to the ferropto-
sis inhibitor Fer-1, alliin exhibits significantly better thera-
peutic effects at a concentration of 400 uM. Additionally, as a
naturally derived active small molecule, alliin has relatively
lower toxicity compared to synthetic inhibitors. The fatty acid
dioxygenase arachidonate 15-lipoxygenase (ALOX15) contains
iron and is non-heme. ALOX15 possesses the capability to
metabolize varifanyious polyunsaturated fatty acids (PUFAs),
yielding biologically active lipid mediators.”” AA (arachidonic
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Fig. 10 Proposed mechanistic model of alliin protects against ferroptosis in ICH.
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acid) directly oxidizes ferroptotic signals, as evidenced by mul-
tiple studies and adrenoyl-phosphatidylethanolamines
(AdA-PE) by ALOX15.*% Serving as a lipoxygenase, ALOX15
plays a pivotal role in driving ferroptosis by regulating lipid
peroxidation.”® The production of OOH-PE metabolites by
ALOX15 and their subsequent conversion into hydroxy (OH)-
metabolites by GPX4 are essential factors in the determination
of cell survival or susceptibility to ferroptosis.*°

Analysis of differential metabolites in brain tissue after ICH
revealed that certain lipids, such as PC, PE, and DG, were sig-
nificantly upregulated. PC (Phosphatidylcholine) and PE
(Phosphatidylethanolamine) are phospholipids and major
components of the cell membrane. They are associated with
pathways such as linoleic acid metabolism, alpha-linolenic
acid metabolism, glycerophospholipid metabolism, and ara-
chidonic acid metabolism. In ferroptosis, polyunsaturated
fatty acids (PUFAs) in phosphatidylcholine, such as arachido-
nic acid, are easily oxidized, generating lipid peroxides. The
accumulation of these peroxides leads to the disruption of cell
membrane structure, ultimately triggering cell death. The oxi-
dation of phosphatidylcholine is one of the key steps in ferrop-
tosis. Similarly, polyunsaturated fatty acids in phosphatidy-
lethanolamine, such as AA and adrenic acid, are also prone to
oxidation during ferroptosis. Studies have shown that phos-
phatidylethanolamine is one of the primary sources of lipid
peroxides.’® The key enzyme in ferroptosis, ALOX15 (15-lipoxy-
genase), catalyzes the oxidation of phosphatidylethanolamine,
generating lipid peroxides and thereby triggering ferroptosis.
DG (Diacylglycerol) is a neutral lipid and an intermediate
metabolite of triglycerides and phospholipids. In ferroptosis,
diacylglycerol may indirectly participate in the regulation of
ferroptosis by influencing lipid metabolism and signal trans-
duction. The accumulation of diacylglycerol may alter the
fluidity of the cell membrane and promote the generation of
lipid peroxides. In summary, PC and PE are the main sources
of lipid peroxides in ferroptosis, and their oxidation is a core
mechanism of ferroptosis. DG indirectly participates in the
regulation of ferroptosis by affecting lipid metabolism and
signal transduction.?*%?

AA can contribute to lipid peroxidation in the high ROS
tumor environment, leading to a decrease in GSH levels,
which serves as a marker of ferroptosis.>® By downregulating
ALOX15 expression, alliin reduces lipid peroxidation, thus pro-
tecting cells from ferroptotic cell death. Additionally, alliin
upregulates GPX4 expression, enhancing cellular antioxidant
defense. GPX4, in conjunction with GSH, plays a crucial role in
the conversion of hydrogen peroxide and organic hydroperox-
ides into water or their corresponding alcohols, thereby
serving as a crucial defense mechanism against ferroptosis.*®
The metabolites of AA undergo further conversion into leuko-
triene A4 (LTA4) and lipoxins (LXs) through the enzymatic
actions of the 5-lipoxygenase activator protein (5-FLAP) and
dehydrase.*® The primary roles of the 12-LOX and 15-LOX path-
ways include the biosynthesis of hydroxyeicosatetraenoic acids
(HETEs) and LXs.*”?® In mammalian cells, two isoforms,
ALOX15 and ALOX15B, are present. Encoded by the ALOX15,

This journal is © The Royal Society of Chemistry 2025
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ALOX15 (12/15-LOX) catalyzes the conversion of AA into LXA4,
LXB4, and 15-ox0-ETEs. Conversely, ALOX15B metabolizes AA
into 15-ox0-ETE and 8SHETE.?® Oxo ETE is a biologically active
medium generated through the oxidation of HETE,*® with 12
(S)-hydroxyicosatetraenoic acid (12(S)-HETE) and 15(S)-hydro-
xyicosatetraenoic acid (15(S)-HETE) identified as primary
metabolites produced by the catalysis of arachidonic acid by
ALOX15, play critical roles in both physiological and pathologi-
cal processes.>® Our results suggest that alliin inhibits the
occurrence of ferroptosis by regulating AA metabolism.

Ferroptosis is an iron-dependent form of cell death driven
by the excessive peroxidation of polyunsaturated fatty acids
(PUFAs) within cellular membranes.*® During ferroptosis, due
to increased iron uptake or decreased iron storage, cells take
up transferrin-bound Fe’" via transferrin receptor 1 (TFR1)-
mediated endocytosis, forming a transferrin-iron complex that
enters lysosomes. Subsequently, Fe** is reduced to Fe*" in lyso-
somes by ferrireductases or reducing systems such as gluta-
thione (GSH), leading to a significant increase in intracellular
free Fe** levels, which then enter the labile iron pool (LIP).
These Fe** ions catalyze the Fenton reaction (Fe** + H,0, —
Fe*" + 'OH + OH"), converting hydrogen peroxide into highly
reactive hydroxyl radicals ("OH) and triggering a chain reaction
of lipid peroxidation. This results in an explosive accumulation
of reactive oxygen species (ROS). When ROS levels exceed the
antioxidant defense capacity mediated by GPX4, the radicals
attack polyunsaturated fatty acids (PUFAs) in the cell mem-
brane, generating irreversible lipid peroxides (e.g., LOOH).
Ultimately, this leads to the disruption of membrane integrity,
a dramatic increase in oxidative stress, and the induction of
iron-dependent cell death.*' Mitochondria, which are particu-
larly abundant in PUFAs, rely on these fatty acids to maintain
the optimal function of membrane enzymes and transporters,
as well as to regulate processes like mitophagy and apopto-
sis.*? Ferroptosis, characterized by iron accumulation and
lipid peroxidation, has gained attention as a non-apoptotic cell
death pathway in recent years.*>** PUFAs, containing between
18 and 22 carbon atoms and two or more double bonds, are
prone to oxidation by reactive oxygen species, leading to the
generation of lipid ROS.*> Omega-6 and omega-3 are two series
of PUFAs. Typical omega-6 fatty acids include AA (C20:4). In
addition to ROS and lipoxygenases, such as ALOX15, lipid per-
oxidation can be triggered.* In addition to acting as a reaction
substrate for ferroptosis, AA is one of the primary targets of
lipoxygenases (LOXs)."”

Iron in the brain is absorbed by brain cells, with the
remaining iron being transported through the BBB.
Transferrin and transferrin receptor system (Tf-TfR) are the
main mechanisms for transporting iron across the BBB.*® Our
research suggests that the occurrence of ferroptosis after ICH.
Under normal physiological conditions, including cellular
stress and non-enzymatic autoxidation, lipids are continually
peroxidized after ICH.*® Disruptions in iron levels within the
blood and tissues contribute to imbalances in iron metab-
olism, ultimately generating harmful reactive oxygen species
(ROS) and promoting lipid peroxidation, which can be fatal.>
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Our study indicated that when ICH occurs, the release of Fe**
affects the homeostasis of iron ions, resulted neuronal cells
ferroptosis. Divalent iron has the capacity to produce an abun-
dance of ROS through the Fenton reaction, augment ester oxy-
genase activity, facilitate the oxidation of prevalent unsaturated
fatty acids in the cellular membrane, provoke lipid peroxi-
dation, and ultimately result in cellular demise.** Excessive
iron induces significant ROS generation primarily through the
Fenton reaction, leading to inflammation and neuronal death,
potentially causing prolonged cognitive deficits and premature
cerebral edema.>*> Additionally, the metabolism of arachido-
nic acid is upregulated, increasing the expression of ALOX15
and promoting fatty acid oxidation. This process leads to the
formation and accumulation of lipid peroxides, exacerbating
damage to neuronal cells.

A thorough examination of the enrichment pathways within
three databases revealed that ferroptosis is implicated in
neuronal cell following ICH, with lipid peroxidation and LOXs
synthesis being key signaling pathways associated with this
process. AA, a crucial PUFA, serves as a primary precursor for
eicosanoids, specifically a derivative of 12-eicosatetraenoic
acid. These molecules, in addition to their participation in
numerous physiological functions, are implicated in a variety
of pathological conditions such as atherosclerosis, diabetes,
and neurological disorders.>® AA is a prominent constituent
within cell membrane lipids, undergoes primary metabolism
through three enzyme types: cyclooxygenase (COX), LOX, and
cytochrome P450 (CYP450) enzymes. This process results in
the production of prostaglandins, hydroperoxyeicosatetraenoic
acids, and epoxyeicosatrienoic acids, respectively.>* The metab-
olites derived from arachidonic acid collectively referred to as
eicosanoids play a crucial role as autocrine and paracrine bio-
active mediators, with significant involvement in various phys-
iological and pathological processes.”® LOXs are enzymes that
catalyze the conversion of arachidonic acid into leukotrienes
(LTs) and lipoxins (LXs), primarily oxidizing the molecule at
positions 5, 12, and 15.>® Previous research has demonstrated
that upregulation of LOX-5, LOX-12, and LOX-15 can increase
cellular susceptibility to ferroptosis.’® Transcriptomics ana-
lysis provides support for our hypothesis, indicating that Alliin
has the potential to modulate the synthesis of LOXs (such as
ALOX15), impacting AA metabolism and the production of
eicosanoids and 12-eicosatetraenoic acid derivatives. This
cascade of events influences the generation of lipid peroxides
and GSH metabolism, while simultaneously maintaining intra-
cellular iron homeostasis. Furthermore, alliin can inhibit the
formation of ALOX15 through arachidonic acid metabolism,
suppress the production of lipid peroxides, and thereby inhibit
the occurrence of ferroptosis, exerting neuroprotective effects
against ICH.

Ferroptosis plays a critical role in ischemia/reperfusion (I/R)
injury, exacerbating tissue damage through iron accumulation,
lipid peroxidation, and the collapse of the antioxidant defense
system.”” Since ALOX15 and its metabolite 15-HpETE are inter-
mediate products generated from the metabolism of arachido-
nic acid by ALOX15, they directly trigger cellular ferroptosis.
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ALOX15 is upregulated during I/R, catalyzing the generation of
lipid peroxides, and plays a critical role in ferroptosis during
I/R injury. In neurodegenerative diseases, iron accumulation in
the brain is a common pathological feature. Iron generates
reactive oxygen species (ROS) through the Fenton reaction,
further exacerbating lipid peroxidation and cellular damage.>®
The increased activity of ALOX15 is closely associated with
neuronal death in Alzheimer’s disease (AD) and Parkinson’s
disease (PD). Inhibiting ALOX15 can reduce the generation of
lipid peroxides, thereby protecting neurons from ferroptosis-
induced damage. In AD and PD, the downregulation or func-
tional loss of GPX4 leads to the accumulation of lipid per-
oxides, triggering neuronal ferroptosis.>® ALOX15 promotes
the generation of lipid peroxides, while GPX4 inhibits ferropto-
sis by clearing these peroxides. The balance between the two
determines whether neurons undergo ferroptosis. In AD and
PD, the upregulation of ALOX15 and downregulation of GPX4
jointly promote the occurrence of ferroptosis. By inhibiting
ALOX15 or enhancing GPX4 activity, ferroptosis can be effec-
tively suppressed, thereby protecting neurons. Therefore,
alliin, as a natural inhibitor of ALOX15, holds significant clini-
cal potential, particularly in the treatment of myocardial I/R
injury and other ferroptosis-related diseases.

5. Conclusion

These findings collectively suggest that ferroptosis plays a
crucial role in the pathogenesis of ICH. This study focused on
predicting the neuroprotective effect and mechanisms of alliin
using transcriptomics, metabolomics, network pharmacology
and molecular docking. The findings from both in vivo and
in vitro studies suggest that alliin attenuates neuronal injury
by inhibiting ALOX15-dependent ferroptosis, plays a neuropro-
tective effect on ICH. Alliin holds promise as a therapeutic
approach for the prevention and treatment of ICH, indicating
its potential as an effective preventive and treatment modality
for this condition. The mechanisms of action of alliin is to
inhibit the development of ferroptosis in ICH. Nevertheless,
this study contains some limitations, additional experimental
verification is needed to validate alliin’s mechanism of action
in treating ICH. Alliin’s unique properties — including its
natural origin, multi-target effects, and favorable safety profile
- suggest broader applications for other ferroptosis-related
neurological disorders such as Alzheimer’s disease and trau-
matic brain injury. Key directions for future research will focus
on investigating its synergistic effects with existing ICH thera-
pies and validating its therapeutic efficacy in other ferroptosis-
related neurological disorders.
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ROS Reactive oxygen species
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