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Background: Soman is a highly toxic organophosphorus nerve agent that can cause persistent neurotoxicity. However, the mech-
anism of soman-induced neurotoxicity has not been completely clarified. Ferroptosis, a novel type of programmed cell death,
has been confirmed to precipitate neurotoxicity caused by organophosphorus flame retardant. Since studies on the relationship
between ferroptosis and soman-induced neurotoxicity are lacking, the purpose of this research is to explore the mechanism of
soman-induced neurotoxicity from the perspective of ferroptosis.

Methods: Institute of Cancer Research (ICR) mice were injected subcutaneously with low-dose soman (1/2 X median lethal dose
(LDs5o)) daily for seven consecutive days to evaluate the neurotoxic injury caused by soman through alterations in body weight,
cholinesterase activity, and neuronal counting. The morphologic changes of neurons and levels of ferroptosis-related molecules,
including glutamate, glutathione (GSH), system xc¢~ (xCT), glutathione peroxidase 4 (GPX4), and malondialdehyde (MDA),
were evaluated to confirm the involvement of ferroptosis in soman-induced neurotoxicity. The ferroptosis inhibitor ferrostatin-1
(Fer-1, 5 mg/kg) was administered daily immediately following soman exposure to further explore the role of ferroptosis.
Results: Repeated exposure to low-dose soman caused weight loss and neuronal death, and reduced cholinesterase activity. Mean-
while, it induced morphological changes of neurons characteristic of ferroptosis, increased glutamate and MDA levels, decreased
GSH, and downregulated xCT and GPX4. Conversely, Fer-1 treatment mitigated neurotoxic injury and reversed the changes in
ferroptosis-related molecule levels.

Conclusion: These findings indicate that ferroptosis engages in the course of neurotoxicity caused by soman and exerts a harmful
effect via the glutamate/xCT/GPX4 pathway. This study provides new potential therapeutic targets for countermeasures against
soman exposure.
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Introduction instant aging of soman-poisoning AChE [3]. Moreover,
the acute toxic effects of soman continually threaten the

organ function of survivors, particularly the nervous sys-

Soman is a classical organophosphorus nerve agent as-
sociated with extremely high toxicity and rapid lethality. It
was first synthesized accidentally during research on insec-
ticide development and has been used in military conflicts
and terrorist attacks since World War I [1]. Soman causes
the aging of acetylcholinesterase (AChE) within minutes,
contributing to a strong inhibition of AChE and failure of
reactivation [2]. This gives rise to the accumulation of
acetylcholine, which consequently leads to severe neuro-
toxic symptoms and mass mortality. Medical interventions
that can effectively detoxify soman are scarce owing to the

tem. The increase of acetylcholine triggered by soman
subsequently stimulates the excessive release of the exci-
tatory neurotransmitter glutamate and the overactivation of
glutamate receptors in the later phase [4]. Glutamate and
its specific receptors mediate neuronal excitotoxicity, ini-
tiating and maintaining status epilepticus, which in turn
leads to ischemic and hypoxic degeneration and neuronal
death, especially in the hippocampus, amygdala, piriform,
and cerebral cortex [5,6]. Additionally, glutamate receptors
take part in long-term potentiation and synaptic plasticity
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in hippocampal neurons, which are crucial for learning and
memory functions [7]. Several studies have revealed that
over-accumulation of glutamate and its receptors caused by
chronic exposure to soman leads to recurrent epilepsy and
cognitive impairment, and antagonists of glutamate and its
receptors can alleviate these neurotoxic symptoms [8,9].
While it is recognized that glutamate engages in the sus-
tained neurotoxic damage caused by soman, deeper mecha-
nisms still need to be uncovered to identify potential thera-
peutic targets of soman-induced neurotoxicity and promote
the medical prognosis and quality of life of survivors.

As a newly recognized form of programmed cell
death, ferroptosis is marked by an excessive load of fer-
rous ions and a buildup of lipid peroxides [10]. The amino
acid antioxidant system, which involves molecules such
as glutamate, system xc~ (xCT), and glutathione perox-
idase 4 (GPX4), has a major impact on ferroptosis [11].
xCT is a membrane protein that facilitates the entry of
cystine into cells while simultaneously discharging gluta-
mate, based on concentration gradients [12]. GPX4, be-
longing to the glutathione peroxidases (GPXs) family, con-
verts lipid peroxides into non-toxic substances, with the
assistance of glutathione (GSH) [13]. Under patholog-
ical conditions, the increasing glutamate interferes with
xCT function and cystine absorption, directly affecting
GSH synthesis from cysteine [14]. The resulting decrease
in GSH greatly diminishes GPX4’s antioxidant capacity
to prevent the degradation of lipid peroxides into harm-
ful products, including malondialdehyde (MDA) and 4-
hydroxynonenal, eventually resulting in ferroptosis [15].
Pieces of evidence have illustrated that ferroptosis aggra-
vates pathological progressions of neurological diseases,
such as Alzheimer’s and cerebrovascular diseases [16,17].
Moreover, research demonstrated that tris(1,3-dichloro-2-
propyl) phosphate (TDCPP), a type of organophosphorus
flame retardant, induces ferroptosis, causing cognitive im-
pairment and neuronal death in mice. The use of the fer-
roptosis inhibitor ferrostatin-1 (Fer-1) relieves neurotoxic
injury, indicating a strong connection between ferroptosis
and TDCPP-induced neurotoxicity [18]. Given that ferrop-
tosis is involved in the TDCPP-induced neurotoxicity and
can be triggered by the increase of glutamate, it is plausible
that ferroptosis may be attributed to the significant release
of glutamate caused by the organophosphorus nerve agent
soman and further contribute to neurotoxicity. However,
studies on how ferroptosis contributes to soman-induced
neurotoxicity are still insufficient.

Therefore, we speculated that ferroptosis might con-
tribute to the pathology of soman-induced neurotoxic injury
by involving the regulation of glutamate, xCT, and GPX4.
By detecting neurotoxic reactions and the levels of gluta-
mate, xCT, GPX4, and other molecules after soman expo-
sure and Fer-1 intervention in mice, we intended to estab-
lish the connection between ferroptosis and soman-induced
neurotoxicity.

Materials and Methods

Animals

A total of 102 healthy adult male Institute of Can-
cer Research (ICR) mice (each weighing 20-22 g) were
purchased from Charles River (Beijing, China; License:
SCXK (J) 2021-0011). Prior to experiments, the mice were
housed in cages set under a natural day-night cycle for one
week and given access to food and water ad libitum. The
rearing ambient temperature and humidity were set to the
range of 22-26 °C and 50%—70%, respectively.

Based on prior references, mice were given subcuta-
neous single injections of soman available in various con-
centrations and the survival rate within 24 h was recorded
[19,20]. For ICR mice, the median lethal dose (LD5g) of
soman was finally defined to be 130 pg/kg. Mice were
subcutaneously administered with 1/2 x LDsg soman (65
png/kg) once daily for 1, 3, 5, and 7 days (n = 9 per time
point). An equal volume of saline was administered to the
control mice in the same way. Body weight was recorded
before each injection. The occurrence frequency and du-
ration of poisoning symptoms, including salivation, local
and general convulsions, ataxia, Straub tail, and respiratory
depression, were noted within 30 min post-injection. Mice
were euthanized by cervical dislocation 30 min after expo-
sure at different time points, and subsequently, brain tissue
samples and blood specimens from the heart were collected.
The blood samples were collected into anticoagulant tubes
and centrifuged to obtain plasma, which was stored at —80
°C for further analysis.

Based on the frequently used dosage of Fer-1 (HY-
100579, MCE, South Brunswick, NJ, USA) for mice in the
reagent instruction, as well as our preliminary experiments
on dosage safety, we adjusted the Fer-1 dosage to 5 mg/kg.
Fer-1 was diluted in saline containing dimethyl sulfox-
ide (DMSO), Polyethylene glycol 300 (PEG-300) (202371,
Sigma-Aldrich, St. Louis, MO, USA), and Tween-80 be-
fore use. For the Fer-1 intervention experiments, mice were
randomly split into the control, soman, and soman + Fer-1
groups, with six mice in each. In the soman + Fer-1 group,
intraperitoneal Fer-1 (5 mg/kg) treatment was administered
daily for seven consecutive days immediately after subcu-
taneous injection of soman set at 1/2 x LD5q (65 pg/kg).
The soman group was administered an equal dose of soman
without Fer-1, while the control group was given saline.
Body weight and poisoning symptoms were documented as
described earlier. All mice in the three groups were eutha-
nized by cervical dislocation on day 7 to collect brain tissue
and blood for subsequent use.

Safety Precautions for Soman Usage

Soman (purity >95%) was offered by the Institute of
Chemical Defense of the Chinese People’s Liberation Army
(Beijing, China). Pure soman was stocked in propylene gly-
col at —20 °C and diluted with cold saline before use. The
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diluted soman must be used up within 10 min to prevent
degradation. Soman must be handled with caution in a fume
hood by personnel who have received professional safety
training and are familiar with emergency response proto-
cols. To prevent exposure to skin or eyes, personal protec-
tive equipment, such as masks, gloves, and safety goggles,
should be worn. Used materials must be disposed of appro-
priately and not casually discarded. Any remaining toxic
solutions should be sealed and decontaminated in the des-
ignated containers.

Cholinesterase Activity Assay

The colorimetric method proposed by Ellman was em-
ployed to detect cholinesterase activity [21]. Brain tissues
were homogenized using cold phosphate-buffered saline
(PBS) containing 0.1% Triton X-100, and then centrifuged
to obtain the supernatant. The assay was performed using
a 96-well plate, with each group assayed in triplicate. 40
pL of diluted plasma or brain supernatant (1:10 diluted by
PBS), or PBS for the blank group, was mixed with 20 pL
of 5,5’-Dithiobis (2-nitrobenzoic acid) (DTNB) (final con-
centration 0.3 mM, D8130, Sigma-Aldrich, St. Louis, MO,
USA), followed by incubation at 37 °C for 10 min. Then, 20
uL of acetylcholine (final concentration 0.45 mM, A5751,
Sigma-Aldrich, St. Louis, MO, USA) and 120 puL of PBS
were added to all wells. Absorbance at 412 nm was contin-
uously monitored with the Infinite M1000 Pro microplate
reader (Tecan, Ménnedorf, Switzerland) at 37 °C for 20
times at 1-min intervals. The enzyme activity was deter-
mined using the formula provided below, where A repre-
sents the slope of the absorbance-time curve fitted by sim-
ple linear regression:

ACtiVitY(%) = (Asample - Ab]ank ) / (Acontro] - Ablank) X 100%

Nissl Staining and Transmission Electron
Microscopy

Brain tissue was fixed and embedded in paraffin be-
fore sectioning. By standard conventions, these sections
were dewaxed with water, incubated with Nissl staining
solution (G1086, Servicebio, Wuhan, China), and then de-
hydrated and sealed. An ECLIPSE E100 light microscope
(Nikon, Tokyo, Japan) was utilized to capture images for
analysis. Five visual fields in the hippocampal Cornu Am-
monis 1 (CAl) region were randomly selected for neuron
counting.

Approximately 1 mm? of brain tissue was collected
on ice, fixed in 2% glutaraldehyde (G1102, Servicebio,
Wuhan, China), dehydrated, permeabilized, and embedded
to prepare ultrathin sections, which were then incubated
with uranyl acetate and lead citrate. An HT7700 electron
microscope (HITACHI, Tokyo, Japan) was utilized to cap-
ture images for analysis.
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HPLC Fluorescence Analysis

An Acquity Arc high-performance liquid chromatog-
raphy (HPLC) equipped with a 2475 fluorescent detec-
tor (Waters, Milford, MA, USA) was utilized to measure
the levels of glutamate and GSH in brain tissues. For
sample pretreatment, brain tissues were homogenized and
centrifuged at 4 °C to obtain supernatant for later use.
The derivatization reagent was freshly produced by mix-
ing 9 mg of o-phthalaldehyde (P108633, Aladdin, Shang-
hai, China), 167 pL of methanol (A452-4, ThermoFisher,
Waltham, MA, USA), 1.5 mL of sodium tetraborate (0.2
M, S102367, Aladdin, Shanghai, China), and 18 uL of
2-mercaptoethanol (M301574, Aladdin, Shanghai, China).
The sample was mixed thoroughly with the derivatization
reagent in a 2:1 ratio. After reacting for 5 min, the mix-
ture was injected into the liquid chromatograph for anal-
ysis. Glutamate (G1251, Sigma-Aldrich, St. Louis, MO,
USA) and GSH (PHR1359, Sigma-Aldrich, St. Louis, MO,
USA) standards were dissolved in deionized water at gra-
dient concentrations and injected alongside brain samples
to establish a standard curve. The content of glutamate and
GSH in the brain tissue was expressed as pg/mg tissue.

A Waters Sunfire C18 reversed-phase column (4.6
x 150 mm, 5 pm, Waters, MA, USA) was utilized at
40 °C. The HPLC conditions and fluorescence parameters
are as follows: mobile phase A (pH 5.8) consists of 90%
sodium acetate aqueous solution (25 mM, S431678, Al-
addin, Shanghai, China) and 10% methanol; and mobile
phase B is acetonitrile (A998-4, ThermoFisher, Waltham,
MA, USA). The target analytes were separated by isocratic
elution with 85% mobile phase A and 15% mobile phase
B and a 1 mL/min flow rate, with the sample plate kept at
4 °C. The entire process lasted 10 min, while the injection
volume was 10 pL. The excitation wavelength and emission
wavelength for the fluorescence detector were set at 340 nm
and 450 nm, respectively.

MDA Assay

The MDA content in the samples was quantitated
using an MDA assay kit (S0131S, Beyotime, Shanghai,
China) in accordance with the manufacturer’s instructions.
Briefly, brain tissue was homogenized and centrifuged to
obtain supernatant. Part of the supernatant was utilized for
protein quantification using a Bicinchoninic Acid (BCA)
assay kit (P0010, Beyotime, Shanghai, China), while the
remaining supernatant was mixed with twice the volume
of thiobarbituric acid (TBA) working solution containing
antioxidants. The mixture was boiled for 15 min, cooled
down, and centrifuged to obtain the supernatant. Ab-
sorbance at 532 nm was monitored with the Infinite M1000
Pro microplate reader (Tecan, Ménnedorf, Switzerland).
The MDA content was determined by dividing the MDA
assay results by the BCA quantified protein concentration,
expressed as pmol/mg protein.
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Western Blotting

Brain tissues were processed as described in the MDA
assay section. Following protein quantification, the su-
pernatant was subjected to sodium dodecyl-sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), and the bands
were transferred onto a Polyvinylidene difluoride (PVDF)
membrane (Millipore, Billerica, MA, USA). The PVDF
membrane was blocked with 5% nonfat milk at ambi-
ent temperature for 2 h, followed by overnight incubation
with the primary antibody (1:1000; ab307601 [xCT] and
ab125066 [GPX4], Abcam, Cambridge, MA, USA; 4970
[B-actin], CST, Danvers, MA, USA) at 4 °C, and then a 2-
h incubation with the secondary antibody (1:10,000, 7074,
CST, Danvers, MA, USA) at ambient temperature. Ulti-
mately, the PVDF membrane was treated with freshly pre-
pared Enhanced chemiluminescence (ECL) solution and vi-
sualized using a FluorChem R imager (Protein Simple, San
Jose, CA, USA). Imagel software (Version 1.46r, National
Institutes of Health, Bethesda, MD, USA) was utilized to
measure the gray values of the protein bands for quantita-
tive analysis of relative protein expression.

Immunofluorescence

Paraffin sections of mice brains were dewaxed with
water, after which antigen recovery was performed. The
sections were blocked for 1 h at ambient temperature, in-
cubated with primary antibody (1:200; ab307601 [xCT]
and ab125066 [GPX4] Abcam, Cambridge, MA, USA)
overnight at 4 °C in a moist chamber, and then incubated
with secondary antibody (1:200; ab6939 [goat anti-rabbit
IgG H&L (Cy3) for xCT (red)], ab6717 [goat anti-rabbit
IgG H&L (FITC) for GPX4 (green)], Abcam, Cambridge,
MA, USA) coupled to a fluorescent dye for 1 h at ambi-
ent temperature in dark. After three washes, the sections
were incubated with 4’,6-diamidino-2-phenylindole (DAPI,
G1012, Servicebio, Shanghai, China) for 10 min at ambi-
ent temperature. An Eclipse C1 fluorescence microscope
(Nikon, Tokyo, Japan) was utilized to capture images for
fluorescence intensity analysis.

Statistical Analysis

Statistical analyses and graph illustrations were con-
ducted using IBM SPSS Statistics software (Version 26.0,
IBM Corp., Armonk, NY, USA) and GraphPad Prism soft-
ware (Version 8.0, GraphPad Software, San Diego, CA,
USA). Body weight measurements were repeated six times,
while neuron counting was performed five times. All other
experiments were carried out three times. The data are ex-
pressed as mean =+ standard deviation (SD). The Shapiro—
Wilk test was utilized to assess the normality of data dis-
tribution across all groups. A one-way analysis of vari-
ance (ANOVA) was used to analyze normally distributed
data involving three or more groups. Dunnett’s test was ap-
plied to identify differences between specific groups and the
control group, and the Bonferroni test was used to assess

differences between particular groups. For non-normally
distributed data, the Kruskal-Wallis H test was employed.
A two-way repeated measures ANOVA was used to an-
alyze changes in body weight over time across two or
more groups. Post hoc analyses were performed using the
Bonferroni test to determine differences between specific
groups. Statistical significance was defined as p < 0.05,
with p < 0.01 and p < 0.001 indicating higher levels of
significance.

Results

Repeated Exposure to Low-Dose Soman Induced
Persistent Neurotoxic Reactions in Mice

To investigate whether repeated exposure to low-
dose soman (1/2 x LDs5g) caused intoxication in mice,
we recorded the body weight, poisoning symptoms, and
cholinesterase activity. Upon the first exposure to so-
man, mice exhibited normal or mild symptoms within 30
min, including convulsions at the injection site and saliva-
tion. Starting from the second exposure, the mice exhibited
deterioration of poisoning symptoms in a gradual fashion,
which progressed from local limb convulsions and respira-
tory rhythm disorder to general convulsions, ataxia, Straub
tail, and respiratory depression. Besides, the body weight
of mice in the soman group was significantly lower than that
of the control group from days 3 to 7 (p < 0.001, Fig. 1A).
In addition, plasma and brain cholinesterase activities in the
soman group decreased significantly on days 1, 3, 5, and 7
when compared to the control group (p < 0.001, Fig. 1B,C).
These results revealed that repeated exposure to 1/2 x LDgq
soman suppressed the growth and induced neurotoxic reac-
tions in mice.

Repeated Exposure to Low-Dose Soman Damaged
Hippocampal Neurons in Mice

The structural changes in hippocampal neurons caused
by soman exposure were assessed by Nissl staining and
transmission electron microscopy. As shown in Fig. 2A,
the hippocampal neurons in the granule cell layer were or-
derly arranged, showing distinct cell boundaries and nor-
mally stained Nissl bodies in the control group. At the ini-
tial exposure to soman, the shape of neurons was similar to
that in the control group. However, as the number of soman
exposures increased, morphological changes in neurons be-
came more pronounced, including cell swelling, disordered
arrangement, unclear boundaries, and lighter-stained Nissl
bodies, especially at the seventh exposure. Consistent with
the trends of these morphological changes, the number of
hippocampal neurons in the soman group did not differ from
that in the control group on day 1 (p > 0.05) but signifi-
cantly decreased on days 3, 5, and 7 (p < 0.001, Fig. 2B).
The main alterations in subcellular morphology between the
control and soman groups were mainly detected in the mi-
tochondria (Fig. 2C). The mitochondria of normal neurons
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Fig. 1. Repeated exposure to low-dose soman (1/2 x LDs) exerted persistent neurotoxic effects in mice. (A) The body weight of

mice was recorded before the daily intoxication (n = 6 per group). The activity of cholinesterase in the plasma (B) and brain (C) was

measured after different durations of soman exposure (i.e., days) (n = 3 per time point). The cholinesterase activity (%) was calculated

using the formula described in the Methods section, representing the proportion of cholinesterase activity in the experimental group to

that in the control group. Data are presented as mean =+ standard deviation (SD). *** p < 0.001 versus Control. LD5o, median lethal

dose.

were elongated and elliptical in shape, with neatly arranged
cristae and clear membrane contours. In contrast, the neu-
ronal mitochondria of mice exposed to repeated low doses
of soman shriveled to round or short rod-shaped and cen-
trally vacuolized, with obviously reduced cristac and rup-
tured outer membranes. Almost no structural changes were
detected in the cell nuclei of the control and soman groups
under low magnification. These results indicated that re-
peated low-dose soman exposure damaged the structure and
reduced the number of hippocampal neurons in mice.

Repeated Low-Dose Soman Exposure Induced
Ferroptosis in Mice

To investigate whether ferroptosis occurred during re-
peated soman exposure, we examined the levels and ex-
pression of ferroptosis-associated indicators, including glu-
tamate, GSH, MDA, xCT, and GPX4. There was no dif-
ference in brain glutamate levels between the control and
soman groups on day 1 (p > 0.05). However, the gluta-
mate levels in the soman group were significantly higher
than those in the control group on days 3, 5, and 7 (p <
0.001, Fig. 3A,B). Additionally, the GSH levels in the so-
man group showed no differences on days 1 and 3 (p >
0.05) but significantly decreased on days 5 and 7 compared
to the control group (p < 0.001, Fig. 3A,C). The level of
MDA in the soman group was positively correlated with the
duration of soman exposure, changing in tandem with glu-
tamate levels. Except for day 1 (p > 0.05), the MDA level
in the soman group significantly increased on day 3 (p <
0.05), day 5 (p < 0.01), and day 7 (»p < 0.001) compared to
the control group (Fig. 3D).

Western blotting results revealed that xCT and GPX4
presented a similar trend of relative expression over time.
No significant differences in the expression of xCT and
GPX4 were observed between the control and soman
groups on days 1 and 3 (p > 0.05). However, significant

downregulation was detected on days 5 and 7 compared
to the control group (p < 0.001, Fig. 3E-G). Immunoflu-
orescence results suggested that compared to the control
group, the fluorescence intensity of xCT in the soman group
showed no obvious changes on days 1 and 3 (p > 0.05)
but significantly decreased on days 5 and 7 (p < 0.001,
Fig. 3H,I). There was no significant difference in the flu-
orescence intensity of GPX4 between the control and so-
man groups on day 1 (p > 0.05). However, the fluores-
cence intensity of GPX4 in the soman group significantly
decreased on day 3 (p < 0.01), day 5 (p < 0.001), and day
7 (p < 0.001) compared to the control group (Fig. 3J,K).
The above results demonstrated that repeated low-dose so-
man exposure triggered ferroptosis in mice.

Ferroptosis Inhibitor Fer-1 Ameliorated the
Neurotoxicity Caused by Soman in Mice

To evaluate the impact of Fer-1 on soman-induced
neurotoxic injury, we recorded the poisoning symptoms and
body weights of the mice while conducting cholinesterase
activity assays and Nissl staining. Symptoms such as con-
vulsions, ataxia, and respiratory depression caused by so-
man exposure were alleviated with Fer-1 intervention. The
poisoning symptoms of mice in the soman + Fer-1 group at
day 7 were comparable to those in the soman group on day
3. From days 3 to 7, the body weight of mice in the soman
and soman + Fer-1 groups was significantly lower than that
of the control group (»p < 0.01 and p < 0.001). Of note,
mice in the soman + Fer-1 group exhibited higher body
weight compared to those in the soman group from days 4
to 7 (p < 0.001, Fig. 4A). Plasma and brain cholinesterase
activities were significantly reduced in the soman and so-
man + Fer-1 groups compared to the control group (p <
0.001). Notably, the soman + Fer-1 group showed signifi-
cant increases in both plasma and brain cholinesterase ac-
tivities relative to the soman group (p < 0.01 and p < 0.05,
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Fig. 2. Repeated exposure to low-dose soman (1/2 x LDs5() caused neuronal damage in the hippocampus of mice. (A) Nissl staining

illustrates the morphological changes of neurons in the hippocampus caused by soman exposure at different time points. Scale bar: 100

um (upper row) and 20 um (bottom row). (B) The number of neurons was determined by counting performed on five randomly selected

fields in the Nissl-stained images. The number of neurons reflects the effect of repeated soman exposure on hippocampal neurons. ***

p < 0.001 versus Control. (C) Transmission electron microscopy revealed subcellular structural alterations in hippocampal neurons

after seven exposures to soman. Black arrows indicate normal mitochondria, while red arrows represent mitochondria with abnormal

structures. Scale bar: 5 um (upper row) and 1 pm (bottom row).

Fig. 4B). Nissl staining indicated that a slightly disordered
cell arrangement, a few cells with indistinct boundaries,
and a handful of faded Nissl bodies were observed in the
hippocampal region of poisoned mice treated with Fer-1,
whereas these abnormalities were more severe in the hip-
pocampus of soman-exposed mice without receiving Fer-1
treatment (Fig. 4D). Cell counting revealed that the num-
ber of hippocampal neurons was significantly lower in the
soman and soman + Fer-1 groups than in the control group
(» < 0.001), and the neurons of the soman + Fer-1 group
significantly outnumbered those of the soman group (p <
0.001, Fig. 4C). These results demonstrated that Fer-1 alle-
viated soman-induced neurotoxic responses in mice.

Ferroptosis Inhibitor Fer-1 Alleviated
Soman-Induced Neurotoxicity by Regulating
Ferroptosis-Related Molecules

Next, we examined ferroptosis-related indicators to
determine how the ferroptosis inhibitor Fer-1 mitigated
soman-induced neurotoxicity, further elucidating how
ferroptosis contributed to soman-induced neurotoxicity.
HPLC results indicated that the glutamate levels in the so-
man and soman + Fer-1 groups were much higher than those
in the control group (p < 0.001 and p < 0.01). The glu-
tamate level in the soman + Fer-1 group significantly de-
creased compared to the soman group (p < 0.05, Fig. 5A,B).
In contrast, the GSH levels in the soman and soman + Fer-1
groups were significantly lower than in the control group (p
< 0.001 and p < 0.01). Notably, the soman + Fer-1 group
exhibited a significantly higher GSH level compared to the
soman group (p < 0.001, Fig. 5A,B). Regarding MDA lev-
els in mice brains, the soman group showed a significant
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increase relative to the control group (p < 0.01). However,
no significant difference was observed between the soman
+ Fer-1 and control groups (p > 0.05). Interestingly, the so-
man + Fer-1 group demonstrated a significant decrease in
MDA level relative to the soman group (p < 0.05, Fig. 5C).
Western blotting results suggested that the protein expres-
sion of xCT and GPX4 was significantly lower in the so-
man and soman + Fer-1 groups than in the control group
(p < 0.001). However, a significant upregulation of xCT
and GPX4 was detected in the soman + Fer-1 group com-
pared to the soman group (p < 0.001, Fig. 5D,E). These
findings were further supported by the immunofluorescence
analysis, which indicated that the fluorescence intensity of
xCT and GPX4 was significantly lower in the soman and
soman + Fer-1 groups than in the control group (p < 0.001

Control; * p < 0.05, # p < 0.01 and ** p < 0.001 versus Soman.

and p < 0.05, respectively). Surprisingly, the fluorescence
intensity of xCT and GPX4 significantly increased in the
soman + Fer-1 group compared to the soman group (p <
0.001, Fig. 5SF-H). These results implied that Fer-1 modu-
lated ferroptosis-related molecules to attenuate the neuro-
toxicity caused by soman.

Discussion

The aim of the current study was to explore if ferrop-
tosis contributes to soman-induced neurotoxicity, a topic
that has not been fully explored. Our results revealed that
repeated low-dose exposure to soman leads to neurotoxic
responses, including decreased body weight, inhibition of
cholinesterase activity, and reduced numbers of neurons.
Furthermore, we observed characteristic alterations associ-
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Comparison of glutamate and GSH levels in the brains of intoxicated mice with and without Fer-1 intervention. Data are presented as
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based validation of the effects of Fer-1 on the downregulation of xCT and GPX4 caused by soman. (F) Fluorescence intensity analysis
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Immunofluorescence staining of XCT (G) and GPX4 (H) where xCT was stained in red, GPX4 in green, and nuclei in blue. Scale bar:

20 um.

ated with ferroptosis, including morphological changes in
the mitochondria, increased glutamate and MDA, decreased
GSH, and downregulated xCT and GPX4 in the mice’s
brains over time. Notably, these ferroptosis-associated
changes in morphology and molecular levels could be re-
versed by a classic ferroptosis inhibitor, Fer-1. Our findings
elucidate that ferroptosis is implicated in the progression of
soman-induced neurotoxicity.

Soman exposure can lead to severe acute toxic symp-
toms and a series of long-term neurological sequelae. It

has been reported that 74% of victims experienced neuro-
logical symptoms between 14 to 24 years after exposure to
nerve agents. These symptoms included emotional regu-
lation disorders, ataxia, cognitive impairment, motor dis-
orders, dysarthria, and headaches, which severely affect
the quality of life of survivors and even lead to a loss of
self-care abilities [22]. Therefore, exploring the pathologi-
cal mechanism of persistent neurotoxicity caused by soman
exposure is vital for promoting the medical prognosis and
quality of life of survivors. In our study, we aimed to mimic
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the persistent neurotoxic injury caused by soman through  this poisoning method led to severe and sustained poison-
repeated subcutaneous administration of lower-dose soman  ing symptoms and growth inhibition, as well as remarkable
(1/2 x LDsg) for seven days. The results indicated that  cholinesterase inhibition and neuronal injury. It has been
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confirmed that soman stimulates the continuous release of
the excitatory neurotransmitter glutamate and activates glu-
tamate receptors on postsynaptic membranes, leading to ex-
citotoxic nerve damage and resulting in recurrent epilepsy
and cognitive impairment [23]. Consistently, our results
showed that glutamate levels in the mice’s brains gradually
increased with the duration of soman exposure, paralleling
the worsening neurotoxic reactions. The similar levels of
glutamate in the control and soman groups at the first soman
exposure were possibly since the glutamate levels increased
following cholinergic system dysfunction and did not spike
at the first exposure. Thus, it is evident that the neurotrans-
mitter glutamate is vital for the pathological processes of
soman-induced neurotoxicity.

Ferroptosis is a form of programmed cell death that
differs from classical apoptosis and pyroptosis [24]. The
morphological changes attributed to ferroptosis primar-
ily occur in mitochondria, including organelle shrinkage,
cristac reduction or disappearance, increased membrane
density, and even membrane rupture. In contrast, the
changes in nuclei are minimal [25]. Ferroptosis was in-
fluenced by the imbalance in the amino acid antioxidant
system, lipid metabolism disorder, and other mechanisms,
with the amino acid antioxidant system playing a crucial
role, where glutamate acts as the upstream molecule [26].
A previous study has shown that glutamate suppressed neu-
roblastoma cell growth and induced ferroptosis by increas-
ing MDA levels while reducing GSH and GPX4 levels, and
Fer-1 administration reversed the alterations in the levels
of ferroptosis-related molecules and mitigated the cellular
neurotoxicity induced by glutamate [27]. Additionally, evi-
dence suggested that the suppression of cerebral ferroptosis
by Fer-1 treatment, through suppressing xCT and glutamate
receptor, alleviated glutamate-mediated excitotoxicity and
neuronal death, eventually improving the functional prog-
nosis of mice with sepsis-associated encephalopathy [28].
Therefore, it can be argued that a surge in glutamate trig-
gers ferroptosis and the activities of xXCT and GPX4 con-
siderably influence the occurrence of ferroptosis.

In this study, repeated exposure to low-dose soman led
to changes in the morphological structure of neurons and
the ferroptosis-related molecules, which occurred simulta-
neously with neurotoxic injury in the tested mice. Notably,
the morphological changes observed in the neuronal mito-
chondria caused by soman exposure closely resembled the
characteristics of ferroptosis. Additionally, soman expo-
sure led to an increase in glutamate level, which downregu-
lated xCT. This downregulation subsequently decreased the
GSH level, weakened the relative expression of GPX4, and
resulted in a significant increase in MDA in mice brains.
Since xCT, GSH, and GPX4 are the downstream molecules
of glutamate, as mentioned above, it is likely that their de-
cline occurred following the rise in glutamate. Interest-
ingly, the increase in MDA occurred prior to the changes
in GSH, GPX4, and xCT. One possible explanation for this
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phenomenon is that iron accumulation resulting from so-
man exposure, another pathway related to ferroptosis, also
enhanced lipid peroxidation [29]. The combined effects of
iron accumulation and glutamate release likely contributed
to the earlier increase in MDA. Furthermore, our results in-
dicated that the ferroptosis inhibitor Fer-1 alleviated toxic
effects and neuronal death, reduced levels of glutamate
and MDA, increased GSH content, and upregulated xCT
and GPX4, a finding consistent with previous studies on
organophosphorus and ferroptosis [18,30]. Our findings il-
lustrate a plausible pathway in which repeated exposure to
low-dose soman increases glutamate, which further down-
regulates xCT and GPX4, ultimately triggering ferroptosis
and contributing to the pathological mechanism of soman-
induced neurotoxicity (Fig. 6). In other words, ferroptosis
is involved in soman-induced neurotoxicity via the gluta-
mate/xCT/GPX4 pathway. At present, no effective medi-
cation is available for instantly resolving soman intoxica-
tion because AChE can be aged by soman within minutes
[2]. Thus, investigations on the role of ferroptosis and the
development of effective antagonists against ferroptosis are
warranted so as to provide a new therapeutic strategy for re-
ducing neurotoxicity and increasing survival rate after so-
man exposure.

Although we clarified that ferroptosis is implicated
in the soman-induced neurotoxicity through the dysfunc-
tion of the amino acid antioxidant system, other signal-
ing pathways associated with ferroptosis, including iron
metabolism disorders, lipid metabolic abnormalities, and
ferritin-related autophagy, need to be examined to further
elucidate the relationship between ferroptosis and soman.
Additionally, monotherapy for soman intoxication often
has limited efficacy. Therefore, it is necessary to evalu-
ate the effects of combination therapy using ferroptosis in-
hibitors and drugs targeting other mechanisms to better al-
leviate the neurotoxicity caused by soman.

Conclusion

By assessing neurotoxic damage, morphological
changes, and alterations in the levels of ferroptosis-related
molecules following repeated exposure to low-dose soman,
this study demonstrates that ferroptosis participates in the
pathogenesis of soman-induced neurotoxicity by mediat-
ing the glutamate/xCT/GPX4 pathway. This is the first
research to elucidate the neurotoxic mechanism of soman
from the perspective of ferroptosis, offering a novel poten-
tial target for further exploring soman-induced neurotoxic-
ity and improving countermeasures against toxicity follow-
ing soman exposures.
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