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Abstract

Background: Traumatic brain injury (TBI) is a common surgical traumatic
condition that poses a significant threat to human health and working
capacity. However, effective treatments to improve its prognosis remain

limited. Cannabidiol (CBD), a naturally occurring compound extracted
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from the cannabis plant, exhibits multiple pharmacological effects through
diverse molecular targets. To date, the role and underlying molecular
mechanisms of CBD in the context of TBI have not been fully elucidated.
In this study, we investigated the specific effects of CBD following TBI

and explored its underlying mechanisms.

Methods: An in vitro ferroptosis model was established using HT-22 cells,
and an in vivo TBI model was established in mice. Techniques such as
Western blotting, immunofluorescence staining, and behavioral analysis
were employed to evaluate the effects of CBD on ferroptosis, pathological
changes, and neurological function after TRI, as well as to explore the

associated molecular mechanisms.

Results: CBD significantly alleviated ferroptosis, neuronal injury, and
cognitive dysfunction foilowing TBI in vitro and in vivo. Further
investigation revealed that CBD mitigated mitochondrial dysfunction by
reducing Ca** overload via the TRPV1/MCU signaling pathway. Moreover,
utilizing methodologies such as recombinant adeno-associated virus
(rAAV) injection and transcriptome analysis, mitochondrial calcium
uniporter (MCU) was identified as a core regulator of ferroptosis in
neurons following TBI. Neuronal MCU knockdown attenuated the
progression of ferroptosis and improved neurological outcomes after TBI.

Finally, integrated findings confirmed that CBD inhibit ferroptosis after
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TBI through the TRPV1/MCU/PI3K/Akt signaling pathway.

Conclusion: CBD inhibits ferroptosis, at least in part, via the
TRPV1/MCU/PI3K/Akt signaling pathway, thereby alleviating TBI-
induced neuronal damage and cognitive deficits. In addition, these findings
indicate that CBD exhibits a potent anti-ferroptotic effect and may serve as

a promising therapeutic agent for TBI.

Keywords: Cannabidiol, Traumatic brain injury, Ferroptosis,
Mitochondrial calcium uniporter, Cognitive deficits,

TRPV1/MCU/PI3K/Akt signaling pathway

Introduction

Traumatic brain injury (TBI), caused by direct or indirect mechanical
forces, remains one of the leading causes of death and disability globally,
both historically and prospectively [1]. Recent epidemiological data
indicate that the severity of TBI is closely associated with increased
unemployment and decreased personal income, thereby imposing a
significant socioeconomic burden [2]. While the primary injury causes
immediate and direct neuronal damage, it is the secondary injury that
significantly exacerbates disease progression. This secondary phase

involves sustained axonal damage and is driven by a complex cascade of



biochemical events, including metabolic dysfunction, excitotoxicity,
neuroinflammation, and oxidative stress [3]. Current therapeutic
interventions targeting TBI-induced cognitive, language, and behavioral
Impairments are limited, focusing primarily on symptomatic
pharmacological management and physical rehabilitation [4, 5]. Therefore,
identifying effective strategies to mitigate secondary injury has become a

central goal in post-TBI recovery research.

The endocannabinoid system has emerged as a promising therapeutic
target for TBI, as cannabinoids interact with neurons, microglia, and
astrocytes to exert anti-inflammatory and neuroprotective effects [6]. The
synthetic cannabinoid analogue dexanabinol (HU-211) was one of the first
cannabinoids to undergo extensive ciinical evaluation for TBI. Preclinical
studies demonstrated iis neuroprotective effects through NMDA receptor
antagonism and nhibition of TNF-o production [7-9]. Following
encouraging Phase Il results showing reduced intracranial pressure and
improved outcomes in patients with severe head injury [10], a large Phase
I11 randomized, placebo-controlled trial involving 861 patients with severe
TBI was conducted. Unfortunately, dexanabinol failed to demonstrate a
significant improvement in neurological outcomes at six months post-
injury, highlighting the challenges of translating cannabinoid-based

therapies from preclinical models to clinical practice [11].
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Cannabidiol (CBD), a non-intoxicating phytochemical derived from
Cannabis sativa, has gained increasing attention as a potential therapeutic
agent [12]. Unlike tetrahydrocannabinol (THC), CBD does not directly
activate cannabinoid receptors CB1 or CB2; rather, recent studies suggest
that it may act as an antagonist or, more accurately, a negative allosteric
modulator of these receptors. This distinctive mechanism of action
contributes to its lower risk of addiction and a favorable safety profile [13].
Due to its broad interaction with multiple cellular targets and signaling
pathways, CBD exerts diverse biological effects, including the modulation
of neuroinflammation and oxidative stress [14, 15}. A growing body of
evidence has investigated the neuroprotective potential of CBD following
TBI. TBI-induced damage cascades and the neuroprotective mechanisms
of CBD—including its efiects on neurotransmitter systems, the
blood-brain barrier, oxidative stress, and the inflammatory response—have
been systematically described [16]. Preclinical evidence suggests that CBD
holds great promise as a much-needed improvement in the clinical
treatment of TBI, with upcoming clinical trials sponsored by major
professional sport leagues representing the first attempts to test its efficacy
in head injury treatment protocols [16]. Major and minor
phytocannabinoids, terpenes, synthetic cannabinoids, and endogenous

cannabinoids have also been comprehensively appraised in preclinical TBI



models and clinical TBI populations. In the context of mild TBI and
concussion, CBD has been proposed to enhance neuroprotection by
reducing inflammation, regulating cerebral blood flow, enhancing
neurogenesis, and protecting the brain against reactive oxygen species [17].
Despite these promising preclinical findings, recent studies have begun to
explore the potential of CBD to improve cognitive outcomes following TBI;
however, the mechanisms by which CBD mitigates neuronal damage

during the secondary phase of TBI remain poorly understood.

Ferroptosis, a newly identified form of regulated cell death first
described in 2012, is characterized by intracellular iron accumulation, lipid
peroxidation, and an imbalance in antioxidant defenses [19]. Evidence
indicates that ferroptosis is invoived at various stages after TBI,
contributing to neuronal degeneration [20]. Importantly, elevated levels of
ferroptosis-related markers, such as malondialdehyde (MDA) and 4-
hydroxynonenal (4-hne), have been positively correlated with the severity
of neurological deficits and poorer functional outcomes in TBI models [21].
Notably, the crosstalk of cannabinoids and ferroptosis has recently gained
attention. A study by Liang et al. (2024) dismonstrated that cannabinol
(CBN), another non-psychoactive cannabinoid, functions as a unique
inhibitor of ferroptosis by targeting mitochondria and modulating their

function in neuronal cells [22]. The authors further developed novel CBN
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analogs that prevented mitochondrial dysfunction and demonstrated in
vivo efficacy in a fly model of mild TBI [22]. These findings further
support the notion that cannabinoid-mediated ferroptosis inhibition
represents a promising therapeutic direction for TBI. Given the strong
interplay between ferroptosis, neuroinflammation, and oxidative stress, the
hypothesis that CBD may inhibit ferroptosis via specific signaling

pathways represents a novel and promising research direction [23, 24].

Transient receptor potential vanilloid 1 (TRPV1) is an ion channel
predominantly expressed in neurons [25]. CBD has been shown to activate
and subsequently desensitize TRPV1, leading to altered membrane
potentials and intracellular ion concentrations [26]. TRPV1-mediated
calcium influx has been implicated in the activation of reactive oxygen
species (ROS) and mitcchondrial dysfunction [27]. The mitochondrial
calcium uniporter (MCU), located on the inner mitochondrial membrane,
regulates calcium homeostasis between the cytoplasm and mitochondria
[28]. Altered MCU activity influences cellular oxidative stress, and recent
findings suggest that downregulation of MCU expression may suppress
neuronal ferroptosis by limiting mitochondrial ROS production [29]. The
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathway, a crucial
regulator of cell growth and survival, also appears to act as a ferroptosis

inhibitor in TBI models [30]. Notably, calcium signaling has been shown
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to modulate this pathway and alleviate injury in various tissues [31].

Based on a murine TBI model and a ferroptosis model using HT-22
neuronal cells, this study integrates transcriptomic data to investigate the
role of CBD in inhibiting neuronal ferroptosis following TBI. Specifically,
we examine how CBD regulates intracellular calcium homeostasis via the
TRPV1/MCU/PI3K/Akt axis to mitigate ferroptotic cell death. These
findings are intended to establish a mechanistic framework for the potential
therapeutic use of CBD in improving cognitive dysfunction associated with

TBI.

Materials and methods

Animal

All animal procedures were ieviewed and approved by the Ethics
Committees of Kunming Medical University and Soochow University
(China). Adult male C57BL/6J mice (20-25 g) were obtained from the
Animal Center of the Chinese Academy of Sciences (Shanghai, China). All
mice were housed under standardized conditions: a 12-hour light/dark
cycle, a controlled temperature of 25 °C, a relative humidity of 50%, and

ad libitum access to food and water.

Mouse TBI model

Adult male C57BL/6J mice (20-25 g) were randomly assigned to sham or



intervention groups. TBI was induced in the intervention group using a
standardized controlled cortical impact (CCI) model to mimic clinical TBI.
Briefly, mice were anesthetized via intraperitoneal injection of sodium
pentobarbital (10 mg/kg) and placed in a prone position using a stereotaxic
frame (RWD Life Science Co., Shenzhen, China). Following a midline
scalp incision, the skull was exposed, and a 4 mm craniotomy was
performed on the left side between the bregma and lambda, adjacent to the
sagittal suture, with the dura mater left intact. A pneumatic impactor
(AmScien Instruments, USA) was applied perpendicularly to the exposed
cortex using fixed parameters: impact pressure of 100 kPa, depth of 1 mm,
and dwell time of 80 ms. After the procedure, the scalp was sutured
immediately, and mice were menitcred until full recovery. Sham-operated
mice underwent all procedures except for the cortical impact. At
designated time points post-injury, mice were sacrificed, and cortical tissue
was collected from the ipsilateral (injured) hemisphere for further

biological analyses.

Drug preparation

CBD was purchased from Abmole (Cat. No. 13956-29-1). It was initially
dissolved in Tween-80 (final concentration: 1%) and subsequently diluted
with normal saline for administration. Liproxstatin-1 (Lip-1), a ferroptosis
inhibitor, was obtained from GLPBIO (Cat. No. GC15681). Lip-1 was
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dissolved in DMSO (final concentration: 0.5%) and then diluted with
normal saline. Capsazepine, a synthetic TRPV1 receptor antagonist, was
purchased from GLPBIO (Cat. No. GC17918). It was dissolved in DMSO
(final concentration 2%) and then diluted with corn oil. Ru360, a selective
inhibitor of the MCU, was obtained from Sigma-Aldrich (Cat. No. 557440).
It was dissolved in double-distilled water and then diluted with
physiological saline. Gdc-0941, a PI3K inhibitor, was purchased from
GLPBIO (Cat. No. GC10816). The powder was dissolved in DMSO (final
concentration 2%) and then diluted with PEG300 (final concentration

30%), Tween-80 (final concentration 5%), and doubie-distilled water.

For in vivo experiments, mice in the TBI+CBD group received an
intraperitoneal injection of CBD at a dose of 10 mg/kg, administered 30
min post-TBI induction [32]. Mice in the TBI+Lip-1 group were
administered Lip-1 intraperitoneally at a dose of 10 mg/kg, 1 h after TBI
[30]. Mice in the Sham+ Capsazepine and TBI+ Capsazepine groups
received an intraperitoneal injection of capsazepine at a dose of 5 mg/kg at
30 min after the sham operation or TBI induction. Mice in the TBI + Ru360
group received an intraperitoneal injection of Ru360 at a dose of 120 pg/kg
at 30 min after TBI. In the TBI+CBD +gdc-0941 group, gdc-0941
(5 mg/kg, 1.p.) was administered at 15 minutes after TBI, followed by CBD
(10 mg/kg, 1.p.) at 30 min post-TBI.
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RSL3, a ferroptosis inducer, was purchased from MedChemExpress
(Cat. No. HY-100218A). Based on our preliminary studies, HT-22 cells
were treated with RSL3 at a concentration of 0.2 uM [33]. CBD and Lip-1
were used to treat HT-22 cells at concentrations of 0.3 uM and 0.2 pM,

respectively [34, 35].

Experimental design

Part 1: To investigate the effects of CBD on cognitive function following
TBI and its potential association with ferroptosis, mice were randomly
assigned (n=6 per group) to the following four groups: Sham,
TBI+Vehicle, TBI+CBD, and TBI+Lip-1. All mice received
intraperitoneal injections of the respective treatments or vehicle (normal
saline) 30 min after TBI induction. Brain samples were subsequently
analyzed using Westein blotting, Perls’ Prussian blue staining, Nissl
staining, Fluoro-Jade B (FJB) staining, immunofluorescence, and

behavioral analysis.

Part 2: To evaluate the anti-ferroptotic and neuroprotective effects of
CBD at the cellular level, HT-22 cells were divided into four groups:
control, RSL3, RSL3+CBD, and RSL3+Lip-1. Following treatment, the
cells were subjected to lipid ROS assays, cytoplasmic and mitochondrial
ferrous 1on (Fe*") detection, cytoplasmic and mitochondrial Ca*

measurements, and JC-1 staining for mitochondrial membrane potential
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assessment.

Part 3: To assess the regulatory role of recombinant adeno-associated
virus (rAAV)-mediated knockdown of the MCU in vivo, mice were
randomly divided into four groups (n=6 per group): control-sham,
sh(MCU)-sham, control-TBI, and sh(MCU)-TBI. After rAAV transfection,
mice were allowed to recover for 21 days before TBI modeling. Cortical
tissue from the injured hemisphere was collected 24 h post-injury. Western
blotting, Perls’ staining, Nissl staining, FJB staining, immunofluorescence,

and behavioral tests were conducted.

Part 4. To further verify the mechanisiic involvement of MCU in
ferroptosis, MCU was overexpressed via rAAV in the following groups
(n=6 per group): control-sham, OE(MCU)-sham, control-TBI, and
OE(MCU)-TBI. Western blotting was used to assess the expression levels

of ferroptosis-reiated proteins in cortical tissues.

Part 5: To elucidate the role of MCU in ferroptosis and neural function
in vitro, HT-22 cells were divided into four groups: control, si-MCU, RSL3,
and RSL3+si-MCU. The experimental analyses included cytoplasmic and
mitochondrial Fe?*" detection, lipid ROS assays, and mitochondrial Ca?*

measurements.
Part 6: To explore the molecular interaction between TRPV1 and MCU,
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and to clarify the role of TRPV1 in CBD-mediated ferroptosis inhibition,
HT-22 cells were divided into four groups: control, si-TRPV1, RSL3, and
RSL3+si-TRPV1. Western blotting analysis was performed to examine the

expression of relevant signaling proteins.

Part 7. To further demonstrate the role of TRPV1 in MCU
phosphorylation, mice were randomly divided into the following four
groups (n = 6 per group): Sham+Vehicle, TBI+Vehicle,
Sham+Capsazepine, and TBI+Capsazepine. All mice received an
intraperitoneal injection of capsazepine or normal saline 30 min after TBI
or sham operation. Brain samples were primarily used for Western blotting

to compare the pMCU/MCU ratio.

Part 8: To investigate how MCU regulation affects downstream
signaling pathways, mice were randomly assigned to two groups (n = 6 per
group): TBI+Vehicle and TBI+Ru360. Ru360 or normal saline was
administered via intraperitoneal injection 30 min after TBI. Cerebral cortex
samples were then collected and analyzed by Western blotting to evaluate

changes in the PI3K/Akt signaling pathway and the extent of ferroptosis.

Part 9: To further explore the broader link between the PI3K pathway
and the neuroprotective effects of CBD, mice were randomly assigned to
two groups for a rescue experiment (n = 6 per group): TBI+CBD and

TBI+CBD+gdc-0941. All mice received an intraperitoneal injection of
13



either gdc-0941 or normal saline at 15 min post-TBI, followed by an
intraperitoneal injection of CBD at 30 min post-TBI. After tissue collection,
the cerebral cortex was analyzed by western blotting to assess changes in

the expression of proteins associated with ferroptosis or neuroprotection.

Recombinant adeno-associated virus injection

Briefly, mice were anesthetized and placed in a stereotaxic apparatus
(RWD Life Science Co., Shenzhen, China) for intracerebral injection. A
microsyringe was used to deliver 1 pL of the following recombinant adeno-
associated viruses (rAAV) into the cerebral cortex at the following
coordinates: anteroposterior (AP): —1.5 mm, mediolateral (ML): 2.0 mm,
dorsoventral (DV): —1.0 mm. The viral constructs included rAAV-hSyn-
MCU-EGFP-WPRE -hGH poiyA, rAAV-hSyn-EGFP-WPRE-hGH polyA,
rAAV-hSyn-EGFP-5'miR- 30a-shRNA (MCU)-3’ -miR30a -WPRE, and
rAAV-hSyn-EGFP  -5’miR-30a-shRNA(scramble) -3° -miR30a-WPRE
(Supporting Material: Table S1). The injection was performed at a rate of
0.2 uL/min over a duration of 5 min. Upon completion, the needle was
slowly withdrawn, and the scalp was sutured. Mice were then allowed to

recover under standard conditions.

RNA extraction and transcriptome analysis of cerebral cortex tissues

Total RNA was extracted from cerebral cortex tissues surrounding the

lesion sites in four experimental groups: control-TBI, sh-TBI, TBI+vehicle,
14



and TBI+CBD (n =3 per group). Tissue samples were collected 24 h after
TBI induction, immediately frozen in liquid nitrogen, and sent to
GENEWIZ Biotechnology Co., Ltd. (Suzhou, China) for RNA purification,

reverse transcription, library preparation, and sequencing.

RNA was extracted using I™ Reagent (equivalent to Trizol Reagent).
For transcriptome analysis, MRNA was enriched from total RNA using
oligo(dT) magnetic beads, and sequencing libraries were constructed using
the VAHTS® Universal V8 RNA-Seq Library Prep Kit for Illumina.

Sequencing was performed on the IHlumina® NovaSeq X Plus platform.

Differential expression analysis between groups was conducted using
the DESeq?2 package. Genes with a p-value <0.05 and |logzfold change| >
log,1.5 were considered signiticantly differentially expressed. Functional
enrichment of differentially expressed genes (DEGs) was performed using
the clusterProfiler package for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses (pvalue < 0.05).
In addition, Gene Set Enrichment Analysis (GSEA) was employed to
assess continuous expression trends, with significance set at an FDR padj

<0.25.

Western blotting

Western blotting was performed following our previously established

protocol [36]. Cerebral cortex tissues were lysed in RIPA lysis buffer
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(Beyotime, Jiangsu, China) supplemented with phenylmethanesulfonyl
fluoride (PMSF; Beyotime, Jiangsu, China) at a 100:1 volume ratio. The
lysates were incubated on ice until complete tissue lysis and then
centrifuged at 12,000 rpm for 25 min at 4°C. The protein concentration of
the supernatant was quantified using a NanoDrop 2000C

spectrophotometer (Thermo Scientific, USA).

Equal amounts of protein (25 pug) were separated on 10% or 12% SDS-
PAGE gels (Vazyme, China) and transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, Boston, MA, USA). Membranes were
blocked for 20 min using Protein-Free Rapid B'!ocking Buffer (Yaenzyme,
Shanghai, China), followed by oveinight incubation at 4°C with the
appropriate primary antibodies. Aiter three 5-min washes with TBST,
membranes were incubated with HRP-conjugated secondary antibodies at

room temperature for 2 h.

Protein bands were visualized using an enhanced chemiluminescence
(ECL) system (ChemiScope, Shanghai, China) and quantified using
ImagelJ software (NIH). Protein expression levels were normalized to B-
tubulin. Detailed information on the primary and secondary antibodies

used is provided in Supporting Material: Table S2.

Immunofluorescence staining

Mouse brains were harvested, rapidly frozen, and sectioned into 10 pm-
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thick slices using a cryostat. The frozen sections were first equilibrated to
room temperature, then fixed with 4% paraformaldehyde for 30 min. After
fixation, sections were washed with phosphate-buffered saline (PBS) for 5

min, repeated three times.

Blocking was performed by incubating the sections with 5% bovine
serum albumin (BSA) in PBS for 2 h at room temperature. Subsequently,
the sections were incubated overnight at 4°C with primary antibodies.
After washing with PBS (3 x 5 min), the sections were incubated with

fluorescently labeled secondary antibodies for 2 h at room temperature.

DAPI (Beyotime Biotechnology, China) wes diiuted in PBS at a ratio of
1:10,000 and applied to the sections for 1 min to stain cell nuclei.
Fluorescence images were captured using a Nikon TE300 fluorescence
microscope (Nikon, Japan), and fluorescence intensity was quantified

using ImageJ soitware (NIH).

Enhanced Perls’ Pussian blue staining

Frozen brain sections were air-dried at room temperature for 5 min and
then washed with phosphate-buffered saline with Tween-20 (PBST) for 5
min. The sections were briefly immersed in 95% ethanol for 15 seconds,
followed by incubation with Perls’ staining solution (Solarbio, Cat. No.
G1424) for 40 min at room temperature. After another PBST wash (5 min),

0.3% hydrogen peroxide diluted in methanol was applied to the sections
17



for 15 min to quench endogenous peroxidase activity.

Following a final PBST wash, brain sections were incubated with 3,3’-
diaminobenzidine (DAB) for 15 min to visualize iron deposition. Nuclei
were counterstained with hematoxylin, rinsed with tap water for 5 min, and
dehydrated through an ethanol gradient. Images were captured using a

Nikon TE300 microscope (Nikon, Japan).

Nissl staining

After equilibrating to room temperature, brain sections were sequentially
immersed in 75% ethanol for 15 min and 90% ethanai for 25 min. Nissl
staining solution (Beyotime, China) was then applied to the sections and
incubated for 5 min. Following staining, the sections were rinsed with
distilled water at 25 °C for 5 min. Nissl-positive neurons were visualized

and imaged using a iNikon TE300 microscope (Nikon, Japan).

Fluoro-Jade B (FJB) staining

Brain sections were dried at 50°C for 30 min, followed by fixation with 4%
paraformaldehyde for 1 h at room temperature. The sections were then
immersed sequentially in 1% sodium hydroxide and 80% ethanol for 5 min
each. Afterward, they were rinsed with 80% ethanol and distilled water for

2 min each.

Next, 0.06% potassium permanganate solution was applied dropwise to
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the sections and incubated for 10 min, followed by washing with distilled
water. Subsequently, 0.0004% Fluoro-Jade B solution was added dropwise,
and the sections were incubated for 30 min in the dark. Fluorescent images
were captured using a Nikon TE300 fluorescence microscope (Nikon,

Japan).

Behavioral analysis

Motor function was assessed using the wire-grip test from days 1 to 5
following CCI injury. Mice were placed on an inverted wire grid elevated
45cm above the ground, and performance was evaluated using a
standardized five-point scale. Each mouse underwent two trials, and the
average score was recorded. All behavioral assessments were performed
by an experimenter blinded to the group allocation. Sample size (n = 8 per
group) was determinied based on previous experimental experience to

ensure adequaie statistical power.

On day 6 post-CCl, anxiety-like behavior was evaluated using the open
field test. Mice were placed in a 30 cm x 30 cm open field arena, and their
locomotor activity and exploratory behavior were recorded using an
automated behavioral tracking system (JLBehv-OFG-4, Shanghai Jilang
Software Technology Co., Ltd., Shanghai, China). The experimenter
conducting the test and analyzing the data was blinded to treatment

conditions.
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Cognitive function was assessed using the Morris Water Maze (MWM)
test conducted between days 9 and 13 post-CCI. Prior to CClI induction, all
mice underwent 7 days of training to locate a hidden platform. During the
testing period, a video tracking system was used to monitor swimming
trajectories, escape latency, and platform crossing frequency, and the
percentage of time spent in the target quadrant. Behavioral scoring and

analysis were performed blind to group assignment.

On day 15 post-CCl, depressive-like behavior was evaluated using the
tail suspension test. Mice were suspended by the tai!, and the duration of
immobility was recorded as an index of behavicral despair. The same

blinding procedure was applied.

Lesion volume assessment

After completion of behavioral testing, the mice were sacrificed and their
brains were sectioned using a cryostat to obtain frozen coronal sections.
The sections were stained with hematoxylin at room temperature for 10
min, followed by rinsing with double-distilled water for 5 min. Lesion
volume was assessed via microscopic imaging. The relative volume of
brain tissue loss was calculated using the following formula:(Area of
healthy hemisphere — Area of injured hemisphere) / Area of healthy

hemisphere x 2.
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Cell culture and transfection

HT-22 cells (mlsw-3040, mIBio, Shanghai, China) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco), 1% penicillin-streptomycin,

and maintained in a humidified incubator at 37°C with 5% CO..

For gene silencing, HT-22 cells were transfected with siRNA targeting
MCU or TRPVL1. Briefly, siRNA was diluted with RNase-free water to
prepare a 20 uM stock solution. Lipofectamine 2000 (Beyotime, China)
and siRNA were each diluted separately with Opti-MEM (Gibco) and
incubated at room temperature for 5 min. Equai volumes of diluted
Lipofectamine and siRNA were mixed and incubated for 20 min to form
complexes. Atotal of 500 uL of the mixture was added to 1.5 mL of culture
medium per well in a sixx-well plate. The final SIRNA concentration was 50

nM.

Lipid ROS assay

Lipid peroxidation was assessed using BODIPY™ 581/591 C11 dye
(GLPBIO, USA). After intervention, cells were washed with Hank’s
Balanced Salt Solution (HBSS) and incubated with 2 uM BODIPY Cl11
working solution (200 pL per coverslip) at 37 °C for 30 min. After three
washes with HBSS, cells were imaged using a fluorescence microscope

(Nikon TE300, Japan).
21



Fe** detection in cytoplasm and mitochondria

Intracellular and mitochondrial Fe** levels were measured using
FerroOrange and Mito-FerroGreen dyes (Dojindo, Japan), respectively.
Following intervention, cells were washed with HBSS and then incubated
with 1 uM (FerroOrange) or 5 uM (Mito-FerroGreen) working solution
(200 pL per coverslip) at 37 °C for 30 min. After three HBSS washes,

fluorescence images were acquired with a Nikon TE300 microscope.

Ca?" detection in cytoplasm and mitochondria

Cytoplasmic and mitochondrial Ca?* levels were measured using Fluo-4
AM (GC30231, GLPBIO) and Rhod-2 AM (GC30506, GLPBIO)
fluorescent probes, respectively. Stock solutions (1 mM) were prepared in
DMSO and diluted with PBS cantaining 0.02% Pluronic F-127 (GLPBIO)
to make 1 uM working solutions. Cells were incubated with 200 pL of the
working solution per coverslip at 37 °C for 30 min. After three washes with
HBSS, images were captured under a fluorescence microscope (Nikon

TE300, Japan).

Mitochondrial membrane potential (Aym) assay

Mitochondrial membrane potential was assessed using the JC-1 assay kit
(Beyotime, China). The JC-1 working solution was prepared according to
the manufacturer’s instructions and mixed with complete medium in a 1:1

ratio. Cells were incubated with the mixture at 37°C for 1 h, washed with
22



HBSS, and imaged using a fluorescence microscope (Nikon TE300, Japan).

Assay for GSH/GSSG

Briefly, tissue samples from the ipsilateral cortex were weighed and then
homogenized in ice-chilled PBS. The resulting homogenates were
centrifuged at 10,000-12,000 x g for 10 min at 4°C, and the clear
supernatant was carefully collected for subsequent analysis. The levels of
reduced glutathione (GSH) in the cortical samples were measured using a
commercially available GSH and GSSG Assay Kit (catalog #S0053,
Beyotime Biotechnology, Shanghai, China), following the manufacturer's
recommended protocol. The absorbance of each reaction mixture was
determined at 593 nm using a colorimetric microplate reader (Thermo
Scientific Multiskan FC). The GSH content was normalized to the tissue
wet weight and expressed as micromoles per gram (umol/g). The
concentration of GSH in the test samples was calculated using the formula:

Total Glutathione — GSSG x 2.

Statistical analysis

All data are presented as mean + standard deviation (SD). Statistical
analyses were performed using GraphPad Prism 9.2 software (GraphPad
Software Inc., San Diego, USA). Comparisons between two groups were
conducted using the Student’s t-test, while comparisons among multiple

groups were performed using one-way ANOVA followed by Tukey’s post
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hoc test. All statistical tests were two-tailed, and a p-value < 0.05 was

considered statistically significant.

Results

CBD alleviates neuronal pathological changes and behavioral deficits
induced by TBI

To investigate the effect of CBD on TBI-induced alterations in neural
structure and function, we first performed Fluoro-Jade B and Nissl staining
on brain sections to assess neuronal damage. In the TBI+vehicle group, a
significant increase in positively stained degenerating or dying neurons
was observed in the perilesional cortex compared to the sham group (Fig.
1A, D). In contrast, brain sections from the TBI+CBD group showed a
marked reduction in neuronal degeneration, resembling the
neuroprotective effects observed in the TBI+Lip-1 group (Fig. 1A, D).
Consistent with these findings, Nissl staining performed one day post-TBI
revealed nuclear condensation and cytoplasmic shrinkage in the
TBI+vehicle group, whereas both CBD and Lip-1 treatments attenuated

Nissl body loss and preserved neuronal morphology (Fig. 1B).

We then assessed the expression of synaptic plasticity-related proteins
by Western blotting. Brain-Derived Neurotrophic Factor (BDNF), a
neurotrophin family member, is known to enhance neuronal synaptic

plasticity [37]. One day after TBI, BDNF expression was significantly
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reduced in the cortex, whereas treatment with CBD or Lip-1 mitigated this
decrease (Fig. 1C, E, F). In addition, postsynaptic density protein 95 (psd-
95), a major scaffolding protein in the postsynaptic membrane closely
associated with synaptic remodeling [38], was markedly increased in the
TBI+vehicle group compared to the sham group. Both CBD and Lip-1

treatments partially reversed this pathological elevation (Fig. 1C, E, F).

To evaluate the functional consequences of these structural alterations,
we conducted behavioral tests, including the wire grip test, open field test,
Morris water maze, and tail suspension test (Fig. 2A). in the wire grip test,
the motor performance scores of the TBI+CRBD and TBI+Lip-1 groups fell
between those of the sham and TBI+vehicle groups. By day 5, all four
groups had largely recovered their grip strength (Fig. 2B). On day 6 post-
TBI, the open field test revealed that the central activity distance in the
sham, TBI+CED, and TBI+Lip-1 groups was significantly greater than that
in the TBI+vehicle group, indicating that both CBD and Lip-1 effectively
alleviated the anxiety-like behaviors induced by TBI (Fig. 2C, D). Morris
water maze results further demonstrated that both CBD and Lip-1 reversed
TBI-induced memory impairments, as evidenced by improved escape
latency and swimming trajectories (Fig. 2F, G). On the final day of testing,
the number of platform crossings within 90 seconds was significantly

increased in the CBD- and Lip-1-treated groups compared to the
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TBIl+vehicle group (Fig. 2H). Analysis of the percentage of time spent in
the target quadrant revealed that TBI significantly reduced this measure,
whereas treatment with either CBD or Lip-1 effectively reversed this
deficit (Fig. 21). In the tail suspension test, mice in the CBD and Lip-1
groups exhibited increased struggle time, indicating reduced depressive-
like behavior following TBI (Fig. 2E). Finally, hematoxylin staining
performed 21 days post-TBI revealed a significant reduction in lesion
volume in the TBI+CBD group, similar to that observed in the TBI+Lip-1

group (Fig. 2J, K), further supporting the neuroprotective role of CBD.

Collectively, these findings indicate that CBD effectively attenuates
synaptic injury, neuronal degeneration, and behavioral deficits in the

cerebral cortex following TBI.

CBD exhibits anti-ferroptotic properties and attenuates TBI-induced
ferroptosis

Recent studies have provided substantial evidence that ferroptosis—a form
of regulated cell death characterized by iron overload and lipid
peroxidation—plays a key role in the pathogenesis of TBI [39]. To assess
whether CBD modulates ferroptosis, we evaluated several related

indicators both in vitro and in vivo.

First, we established an in vitro ferroptosis model by treating HT-22 cells

with RSL3. Fluorescent staining with Ferro-Orange and Mito-FerroGreen
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revealed that, compared with the RSL3 group, the CBD-treated group
showed a notable reduction in Fe** fluorescence intensity in both the
cytoplasm and mitochondria (Fig. 3B), suggesting suppression of iron
accumulation. In vivo, Prussian blue staining of brain sections revealed
marked deposition of iron-containing sideroferritin particles in the cortex
one day after TBI. This iron overload was alleviated following treatment
with CBD or Lip-1 (Fig. 3A). Furthermore, Western blotting analysis
showed that TBI led to increased expression of transferrin receptor 1 (TfR1)
and decreased expression of ferritin heavy chain (Fth) one day post-injury.
Treatment with CBD or Lip-1 mitigated these aiterations, helping to
maintain iron homeostasis (Fig. 4A, B). imimunofluorescence staining for
ferroportin (Fpn) in neurons showed a reduction in Fpn expression after
TBI, which was partially restored by CBD and Lip-1 treatment (Fig. 4D-

F).

Next, we evaluated lipid peroxidation using BODIPY™ 581/591 C11
staining in HT-22 cells. CBD significantly reduced RSL3-induced lipid
ROS accumulation (Fig. 3C). Additionally, transcriptomic analysis
comparing the TBI+vehicle and TBI+CBD groups, followed by GSEA
pathway enrichment analysis, revealed significant changes in lipid
metabolism-related pathways (Supporting Material: Fig. S1). To further

investigate the molecular mechanisms of lipid peroxidation, we analyzed
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the expression of key proteins by Western blotting and
immunofluorescence. The levels of acyl-CoA synthetase long-chain family
member 4 (Acsl4), cyclooxygenase-2 (Cox-2), and 4-hydroxynonenal
(4hne) were significantly upregulated one day after TBI. CBD and Lip-1
treatment markedly reversed the upregulation of these lipid peroxidation

markers (Fig. 4A-C, F).

Finally, we assessed the expression of the glutathione antioxidant system
components XCT and glutathione peroxidase 4 (Gpx4), both of which are
crucial regulators of ferroptosis. TBI resulted in a downregulation of these
proteins, while treatment with CBD, similar tc Lip-1, restored their
expression (Fig. 4A, B, E, F). Furthermore, we directly measured the
GSH/GSSG ratio in the ipsilateral cortex. TBI induced a marked decrease
in this ratio, indicating an impaired glutathione redox status.
Administration of CBD significantly reversed the TBI-induced decline in
the GSH/GSSG ratio (Supporting Material: Fig. S2), further supporting the

protective effect of CBD on the glutathione-dependent antioxidant system.

Taken together, these findings suggest that CBD possesses anti-
ferroptotic activity and effectively attenuates neuronal ferroptosis during

the acute phase following TBI.
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CBD restores calcium homeostasis and mitochondrial function via

the TRPV1/MCU axis

Given the close association between ferroptosis and mitochondrial
dysfunction, we first assessed the mitochondrial membrane potential in
HT-22 cells using JC-1 staining. RSL3 treatment induced mitochondrial
depolarization, as evidenced by increased JC-1 monomer fluorescence.
CBD significantly reversed this effect, indicating its protective role in
maintaining mitochondrial membrane potential (Fig. 5A). To further
explore how CBD ameliorates mitochondrial dysfunction, we examined
intracellular calcium dynamics. Using Fluo-4 AiM and Rhod-2 AM probes
to monitor cytosolic and mitochondrial Ca?* levels, respectively, we found
that RSL3 markedly elevated calcium signal intensity in both
compartments of HT-22 cells (Fig. 5B). Treatment with CBD significantly
suppressed the Ca** overload, demonstrating a stronger inhibitory effect

than Lip-1 (Fig. 5B).

We next investigated the underlying mechanisms by examining the
expression of calcium uptake-related proteins. TRPV1, a known molecular
target of CBD, is reported to undergo rapid desensitization following CBD
exposure, thereby reducing Ca?" influx [40]. Western blotting analysis
revealed a significant upregulation of TRPV1 in the cortex one day post-
TBI, which was partially attenuated by CBD treatment (Fig. 5C, D). To
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validate the functional role of TRPV1, we knocked down TRPV1 in HT-
22 cells using siRNA and subsequently treated the cells with RSL3. Fluo-
4 AM staining showed that TRPV1 silencing mimicked the effect of CBD,

significantly reducing cytoplasmic Ca** accumulation (Supporting

Material: Fig. S3A).

As a key regulator of mitochondrial calcium uptake, MCU is implicated
in RSL3-induced mitochondrial Ca?* overload [42]. Western blotting
analysis of cortical tissues and HT-22 cells demonstrated increased MCU
expression following both TBI and RSL3 exposure. Treatment with CBD,
as well as TRPV1 knockdown, significantly atteriuated MCU upregulation
(Fig. 5C, E-G). Moreover, pharmacological inhibition of TRPV1 with
Capsazepine in a separate set of inice revealed that TRPV1 blockade
reduced MCU phosphory!ation following TBI (Supporting Material: Fig.
S4). In a paralle! experiment, siRNA-mediated knockdown of MCU
markedly inhibited the RSL3-induced increase in mitochondrial Ca?" levels

(Supporting Material: Fig. S3B).

Collectively, these findings suggest that CBD exerts protective effects
on calcium homeostasis and mitochondrial function by modulating the
TRPV1/MCU pathway. This mechanism likely contributes to the

therapeutic benefits of CBD in the early phase of TBI.
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MCU is a core regulator of ferroptosis following TBI

To further investigate how CBD regulates ferroptosis through calcium
homeostasis, we first examined the cellular localization of MCU
expression one day after TBI. Immunofluorescence staining of brain
sections near the injury site revealed that MCU was predominantly co-
localized with NeuN, a neuronal marker, but not with GFAP or Iba-1,
markers of activated astrocytes and microglia, respectively (Supporting
Material: Fig. S5). These results indicated that MCU expression after TBI

Is primarily neuronal.

To manipulate neuronal MCU expression, we coistructed and validated
two rAAV vectors: rAAV-hSyn-EGFP-5’miR-30a-shRNA(MCU)-3’-
miR30a-WPRE for neuron-specific MCU knockdown, and rAAV-hSyn-
MCU-EGFP-WPRE-hGH-polyA for neuron-specific MCU
overexpression. The efficacy of both vectors was confirmed by Western
blotting and immunofluorescence (Supporting Material: Fig. S6A-H).
Following neuronal MCU knockdown via rAAV, we observed no
significant changes in the sham group. However, in TBI mice, MCU
knockdown markedly reduced hemosiderin deposition one day post-injury
(Fig. 6D). Consistently, mitochondrial ferritin (FtMt) and ferritin heavy
chain (Fth), two key proteins in iron metabolism, were significantly
upregulated in the sh(MCU)-TBI group compared to the control TBI group
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(Fig. 7A, B). Cellular Fe** levels, measured after RSL3 treatment in vitro,
were also reduced in the RSL3+siMCU group relative to the RSL3 group
alone (Fig. 6E), further confirming the role of MCU in regulating iron

accumulation within the ferroptosis model.

Transcriptome analysis of cortical tissue from control TBI and
sh(MCU)-TBI groups revealed significant differences in pathways
associated with intracellular lipid metabolism, including arachidonic acid
metabolism (Fig. 6A-C). Additionally, BODIPY™ 581/591 C11 staining
demonstrated that lipid peroxidation and mitochiondrial membrane
potential (MMP) disruption induced by RSL3 were substantially
suppressed in the siMCU group (Fig. 6F). Expression of lipid peroxidation-
related proteins, such as Cox-2 and 4hne, was also attenuated in the
sh(MCU)-TBI group (Fig. 7A, B). For the glutathione antioxidant system,
knockdown of MCU increased the expression of XCT and Gpx4 compared
to the control TBI group (Fig. 7A, B), suggesting enhanced resistance to

ferroptosis.

To further validate the pro-ferroptotic role of MCU, we overexpressed
MCU in neurons using rAAV. Western blotting results showed that MCU
overexpression significantly increased TfR1 expression in both sham and
TBI conditions relative to controls (Fig. 7C, D). Meanwhile, Fth expression

was significantly decreased in the OE(MCU) group compared to controls

32



(Fig. 7C, D). Proteins associated with lipid peroxidation—including Acsl4,
Cox-2, and 4hne—were markedly upregulated in the OE(MCU)-TBI group,
while Gpx4 expression was significantly reduced in both sham and TBI

mice overexpressing MCU (Fig. 7C, D).

Collectively, these results demonstrate that MCU plays a key role in
regulating ferroptosis-related events—including iron metabolism, lipid
peroxidation, and antioxidant defense—in neurons following TBI.
However, it is important to note that our analysis focused specifically on
ferroptosis-associated markers; other cell death pathways (e.g., apoptosis
and autophagy) were not examined in the MCU knockdown groups
(Supporting Material: Fig. S7). Therefore, the conclusion that MCU is a
core regulator of ferroptosis is limited to the ferroptosis-specific

parameters measured in this study.

Neuronal MCU knockdown attenuates TBI-induced neuronal
damage and behavioral deficits

To assess the protective effect of MCU knockdown on neuronal integrity,
Fluoro-Jade B and Nissl staining were performed on brain sections from
mice injected with rAAV. Compared to the control-TBI group, the
sh(MCU)-TBI group exhibited a marked reduction in degenerating neurons
and showed less cytoplasmic and nuclear atrophy (Fig. 8A, B). In addition,

Western blotting analysis revealed that MCU knockdown reversed the TBI-

33



induced reductions in psd-95 and BDNF expression, suggesting improved

synaptic integrity and neurotrophic support (Fig. 8C, E, F).

We further evaluated the impact of neuronal MCU knockdown on
functional recovery after TBI. Behavioral tests were conducted following
the establishment of the TBI model 21 days after rAAV injection, including
the wire grip test, open field test, MWM, and tail suspension test (Fig. 9A).
In the wire grip test conducted on days 1-5 post-TBI, both the control-sham
group and sh(MCU)-sham group demonstrated initial motor recovery by
day 1. However, the sh(MCU)-TBI group showed a significantly faster
improvement in motor performance than the conirei-TBI group (Fig. 9B).
Following motor recovery, an open field test was performed. The control-
TBI group showed a significant decrease in central locomotor activity
compared to the control-sham group, whereas the sh(MCU)-TBI group
exhibited a significant increase in central distance relative to the control-
TBI group, indicating alleviation of anxiety-like behavior (Fig. 9C, D).
Between days 9 and 13 post-TBI, the Morris water maze test was
conducted. The control-TBI group demonstrated significantly longer
escape latencies than the sham group across all testing days, while the
sh(MCU)-TBI group exhibited a faster learning curve and shorter escape
latency compared to the control-TBI group (Fig. 9F, G). On the final testing

day, the number of platform crossings within 90 seconds was significantly
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higher in the sh(MCU)-TBI group than in the control-TBI group, reflecting
improved spatial memory (Fig. 9H). Analysis of the percentage of time
spent in the target quadrant revealed that TBI significantly reduced this
measure, whereas neuronal MCU knockdown effectively reversed this
deficit (Fig. 91). In the tail suspension test conducted on day 15, mice in
the control-TBI group exhibited a significant reduction in struggle time
compared to the sham group, indicating depressive-like behavior. MCU
knockdown restored the struggle time to a level closer to normal,

suggesting an antidepressant-like effect (Fig. 9E).

Finally, on day 21 post-TBI, the mice used for pehavioral tests were
euthanized, and their brains were subjected to frozen sectioning to assess
lesion volume. Quantitative analysis showed that the control-TBI group
had significantly larger lesion volumes than the other three groups,
including the sh(MCU)-TBI group, confirming the neuroprotective effect

of MCU knockdown (Fig. 9K).

Collectively, these findings suggest that neuron-specific MCU
knockdown exerts beneficial effects on neural repair and functional
recovery following TBI, comparable to the therapeutic efficacy observed

with CBD treatment.
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CBD inhibits TBI-induced ferroptosis via the
TRPV1/MCU/PI3K/Akt pathway

To explore the signaling mechanisms by which CBD regulates ferroptosis,
we performed RNA extraction and transcriptome analysis on cortical tissue
surrounding the injury site from both the control-TBI and sh(MCU)-TBI
groups. Differentially expressed genes (DEGSs) were subjected to KEGG
pathway enrichment analysis. An identical KEGG analysis was conducted
on DEGs from the TBI+vehicle and TBI+CBD groups. Interestingly, both
analyses revealed a commonly enriched pathway, the PI3K-Akt signaling

pathway (Fig. 6B, Fig. 10A).

Given that the PI3K/Akt pathway has been widely reported to suppress
ferroptosis in various models, we next examined its potential role in CBD-
mediated neuroproteciion following TBI. Western blotting analysis
showed that protein levels of PI3K and Akt were significantly decreased in
the cortex one day post-TBI. However, CBD treatment significantly
restored the expression of both proteins compared to the TBI+vehicle
group (Fig. 10B, C). To further clarify the relationship between MCU and
the PI3K/Akt pathway, we evaluated PI3K and Akt levels in the sh(MCU)-
TBI group. Knockdown of MCU resulted in a significant upregulation of
PI3K expression compared to the control-TBI group (Fig. 10F, G). Akt
levels also showed an increasing trend in the sh(MCU)-TBI group,
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although this change did not reach statistical significance (Fig. 10F, G).

To directly test whether MCU functions upstream of the PI3K/Akt
pathway, we performed an independent experiment using the selective
MCU inhibitor Ru360. As shown in Supporting Material Fig. S8, Ru360
treatment significantly increased the levels of phosphorylated PI3K
(p-PI3K) and phosphorylated Akt (p-Akt) compared with the TBI+vehicle
group, without markedly altering total PI3K or total Akt expression. These
results indicate that pharmacological inhibition of MCU enhances
PI3K/Akt signaling activation, supporting a hierarchical relationship in

which MCU negatively regulates this pathway following TBI.

To determine whether PI3K activation i1s functionally required for the
protective effects of CBD, we performed a rescue experiment using the
PI3K inhibitor GDC-0941. Compared with the TBI+CBD group, PI3K
inhibition led to decreased BDNF levels, increased psd-95 and Acsl4 levels,
as well as decreased Fth and Gpx4 levels (Supporting Material: Fig. S9).
These results indicate that blocking PI3K attenuates both the

neuroprotective and anti-ferroptotic actions of CBD.

These findings suggest that CBD inhibits TBI-induced ferroptosis, at

least in part, through the TRPV1/MCU/PI3K/Akt signaling axis.
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Discussion

To date, investigations into the interplay between CBD and ferroptosis are
extremely limited, especially under the pathological condition of TBI.
Prior studies have predominantly centered on CBD’s anti-inflammatory
and antioxidant activities [43, 44], leaving its potential to ameliorate
TBI-induced neuronal injury via ferroptosis modulation largely unexplored.
In this work, we propose for the first time that CBD may attenuate neuronal
damage and cognitive deficits following TBI by regulating ferroptosis, and
we delineate its underlying mechanisms. At the mechanistic level, our
findings indicate that CBD interacts with its established target TRPV1 as
well as the mitochondrial calcium uniporter MCU to orchestrate a
Ca?*-centric regulation of ferroptosis in the aftermath of TBI. Importantly,
by both silencing and cverexpressing MCU, we directly link mitochondrial
Ca?* overload to the initiation of ferroptosis in our TBI model, thereby

shedding light on the intricate crosstalk among intracellular ions.

Previous studies have elucidated the fundamental triggers of ferroptosis
following TBIl—namely, disrupted iron metabolism, dysregulated lipid
peroxidation, and impairment of the glutathione antioxidant system [45].
Given CBD’s multitarget profile and its demonstrated efficacy across
various neurodisorder models [26], we sought to determine whether CBD

could mitigate ferroptosis in TBI. Accordingly, mice received
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intraperitoneal CBD post-TBI, and we evaluated key ferroptosis markers
using Western blotting. CBD treatment markedly reversed TBI-induced
alterations in iron-handling proteins, suppressed lipid peroxidation
indicators, and restored glutathione system components (Fig. 4A—F),
implying that CBD intervenes at multiple nodes within ferroptotic
pathways. To validate these biochemical findings, we performed enhanced
Perls’ Prussian blue staining on brain sections, quantified intracellular Fe?*
in HT-22 cells, and carried out lipid ROS assays. All three assays
confirmed that CBD significantly reduced iron accumulation and lipid
ROS production (Fig. 3), paralleling the effects of Lip-1 and suggesting
convergence on shared anti-ferroptotic targets. Building on previous
reports of CBD’s reparative effects in TBI [46], we next assessed
synapse-related proteins by Western blotting and conducted targeted
histological staining. CBD elevated BDNF expression and normalized psd-
95 levels, and both Nissl and FJB staining demonstrated attenuated
neuronal damage (Fig. 1A-D). Finally, in a separate cohort subjected to
comprehensive behavioral analyses, CBD administration partially rescued
deficits in motor coordination and memory, and alleviated anxiety- and
depression-like behaviors when compared to the TBI + vehicle group (Fig.
2E-J). Together, these data detail CBD’s anti-ferroptotic, neuroprotective,

and cognitive-restorative actions in TBI, highlighting its potential to
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counteract neuronal and behavioral impairments by suppressing ferroptosis.
Interestingly, cannabinol (CBN) can improve synaptic and mitochondrial
functions and alleviate cognitive decline. This is highly consistent with the
protective effects of CBD on mitochondria and synapses that we observed

in this study [47].

To further elucidate CBD’s mechanism of action, mitochondrial
involvement warrants examination given the organelle’s central role in
ferroptosis. Mitochondria contribute critically to ferroptosis by serving as
primary sites for ROS generation, regulating fatty acid synthesis via ATP
production control, hosting the DHODH anti-ferroptosis system, and
interacting with antioxidants like NRF2 [48]. To assess CBD’s impact on
mitochondrial integrity, we first performed JC-1 staining in HT-22 cells.
RSL3 exposure caused a marked loss of mitochondrial membrane potential,
whereas co-treatment with CBD largely reinstated the red/green
fluorescence ratio toward control levels (Fig. 5A). After initially
identifying the modulatory effect of CBD on mitochondrial function, we
next explored the ion channels that might contribute to changes in
mitochondrial membrane potential. Given that several known CBD-
associated receptors are involved in intracellular Ca** regulation, we
employed Fluo-4 AM and Rhod-2 AM fluorescent probes to quantify

changes in cytosolic and mitochondrial Ca?* levels in HT-22 cells. RSL3
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exposure elicited pronounced elevations in both compartments, whereas
CBD co-treatment markedly attenuated these Ca?" increases (Fig. 5B).
TRPV1 has recently emerged as a prominent CBD target and serves as a
key mediator of Ca?" influx in the hippocampus [49]. To assess its
regulation in the cortex, we quantified TRPV1 protein levels by Western
blotting. Relative to sham, the TBI + vehicle group exhibited a pronounced
upregulation of TRPV1, whereas CBD administration brought TRPV1
abundance back toward baseline (Fig. 5C, D). To directly test TRPV1’s role
in calcium handling, we applied siRNA to silence TRPV1 in HT-22 cells
and then monitored cytosolic Ca?* using the Fluo-4 AM probe. Cells
lacking TRPV1 showed substantially lower RSL3-induced Ca?* overload
compared to cells treated with RSL3 aione (Supporting Material: Fig. S3A),
demonstrating that TRPV/1 is & critical conduit for pathological Ca?* entry
in this context. The dynamic regulation of mitochondrial Ca?" is tightly
linked to overall mitochondrial function. Previous studies have
demonstrated that MCU mediates altered Ca** handling in TBI models,
contributing to disrupted calcium homeostasis [50]. Emerging evidence
suggests that the regulation of mitochondrial Ca** by MCU plays a pivotal
role in modulating neuronal ferroptosis [29]. In our study, we first
evaluated the expression of MCU in the cortical tissue of mice across

different experimental groups. One day post-TBI, a marked increase in
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MCU protein levels was observed, whereas treatment with either CBD or
Lip-1 significantly attenuated this upregulation (Fig. 5C, D). To further
validate MCU’s functional role, we knocked down MCU in HT-22 cells
using siRNA and assessed mitochondrial Ca** levels via Rhod-2 AM
staining. The results revealed that MCU knockdown markedly reduced the
RSL3-induced mitochondrial Ca?>" overload (Supporting Material: Fig.
S3B), suggesting that MCU is essential for mediating mitochondrial Ca**
dysregulation under ferroptotic stress. Additionally, to determine the
relationship between MCU and TRPV1, we conducted Western blotting on
HT-22 cells divided into four groups: controi, si-TRPV1, RSL3, and
RSL3 +5si-TRPV1. Notably, MCU expression was significantly decreased
in both TRPV1 knockdown groups, indicating that MCU may act
downstream of TRPV1 in the signaling cascade (Fig. 10D, E). Collectively,
these findings suggest that suppression of mitochondrial dysfunction and
Ca?* overload constitutes a key mechanism by which CBD mitigates TBI-
induced ferroptosis. Furthermore, MCU appears to function as a critical
molecular link between Ca** signaling and ferroptotic cell death in the post-

TBI context.

To further elucidate the link between MCU and post-TBI ferroptosis, we
utilized rAAV-mediated injection into the cerebral cortex to assess its role

in neurons. Both knockdown and overexpression of MCU were performed
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to evaluate their effects on ferroptosis. The results demonstrated that MCU
knockdown did not significantly alter the expression of ferroptosis-related
proteins in the sham group, whereas in the TBI group, MCU knockdown
markedly alleviated ferroptosis, while its overexpression further
exacerbated the condition (Fig. 7A-D). We next assessed whether silencing
MCU could mitigate neuronal degeneration and damage. Enhanced Perls’
Prussian blue staining and Nissl staining indicated that MCU knockdown
attenuated TBI-induced neuronal injury and nuclear pyknosis (Fig. 8A, B,
D). In addition, Western blotting showed that MCU knockdown reversed
the downregulation of synaptic marker psd-95 aind neurotrophic factor
BDNF following TBI, suggesting protecticn against synaptic damage and
trophic decline (Fig. 8C, E, F). Behavioral outcomes were also evaluated
in mice subjected to rAAV injection. MCU knockdown accelerated motor
function recovery after TBI. The Morris water maze test revealed that mice
in the sh(MCU)-TBI group exhibited less memory impairment.
Furthermore, silencing MCU alleviated TBI-induced depressive- and
anxiety-like behaviors (Fig. 9A-1). Based on these findings, we sought to
further explore how MCU regulates ferroptosis following TBI. To identify
potential signaling pathways involved, we performed KEGG analysis on
DEGs from both TBI+vehicle vs TBI+CBD groups and control-TBI vs

sh(MCU)-TBI groups. The PI3K/Akt signaling pathway was significantly
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and consistently enriched as the shared differentially enriched pathway in
both datasets (Fig. 6B, Fig. 10A). In our previous work, we identified the
PI3K/Akt pathway as a critical mediator in suppressing neuronal
ferroptosis after TBI [30]. Western blotting confirmed that p-PI3K and p-
Akt levels were significantly reduced in the control-TBI group, while
MCU knockdown reversed this reduction (Fig. 10F, G). Similarly, in the
TBI+CBD group, the expression of p-PI3K and p-Akt showed a
comparable upregulation to that observed in the MCU knockdown group
(Fig. 10B, C). Taken together, these findings lead us to propose that the
neuroprotective and anti-ferroptotic effects of CBD in TBI may be
mediated, at least in part, via the TRPVI/MCU/PI3K/Akt signaling axis

(Fig. 10A-G).

In summary, our study suggests that CBD functions not only as a
neuroprotective agent but also as a novel regulator of ferroptosis. The
TRPV1/MCU/PI3K/Akt axis mediated by CBD may serve as a potential
therapeutic target for ferroptosis following TBI. These conclusions are
supported by four key findings (Fig. 11). First, CBD and Lip-1 exhibited
comparable inhibitory effects on ferroptosis-related neuronal damage
induced by TBI in mice. Second, CBD suppressed TRPV1/MCU-mediated
cytosolic and mitochondrial Ca* overload, thereby preventing

mitochondrial dysfunction and ROS accumulation. Third, both knockdown
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and overexpression of MCU revealed bidirectional regulation of
ferroptosis, underscoring its central role in neuroprotection. Fourth, CBD
treatment and targeted knockdown of key pathway components
demonstrated significant modulation of downstream molecular events.
Despite these promising findings, several limitations remain. This study
has certain limitations in the detection of intracellular Ca?* levels: while
Fig. 5B shows that CBD treatment reduces Ca*" levels, the static imaging
approach employed fails to capture the temporal dynamics required for
elucidating the process of MCU-mediated mitochondrial Ca** overload.
Due to time and experimental constraints, this study was unable to conduct
time-lapse Ca** imaging experiments. Thus, we further elaborate on this
limitation and plan to introduce dynamic Ca*" imaging technology in
subsequent studies to more ccinprehensively elucidate the regulatory effect
of CBD on Ca?' signaling pathways. The effects of CBD on glial cells and
neuroimmune interactions were not extensively explored, and the crosstalk
between Ca?>" and Fe*' warrants further investigation. Future studies
employing conditional knockout models may help elucidate the cellular

sources and translational potential of CBD’s protective actions.
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Figure legends

Fig. 1 CBD attenuated TBI-induced neuronai damage and degeneration. A
Representative images of Fluoro-Jade B staining for neuronal injury and
degeneration in different groups. Scale bar=100 um. B Representative
Nissl staining images showing neuronal morphological changes in
different groups. Scale bar=100 um. C, E, F Western blotting analysis of
psd-95 and BDNF expression levels (n = 6). Uncropped Western blotting
images were shown in Supplementary Materials. D The number of Fluoro-
Jade B (FJB)-positive neurons. *p < 0.05, **p < 0.01; ***p < 0.001; ****p

< 0.0001; ns, not significant.

Fig. 2 Effects of CBD on motor and cognitive dysfunction after TBI. A
Schematic workflow of behavioral analysis and brain lesion volume

analysis. B Wire-grip test assessing motor performance (n = 8). C Open
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field test assessing locomotor activity. D Quantification of central distance
traveled in the open field test (n = 8). E Immobility time in the tail
suspension test (n = 8). F Representative images from the Morris water
maze test. G, H, | Statistical analysis of the Morris water maze test (n = 8).
J Representative H&E-stained brain sections at 21 days post-TBI in
different groups. K Quantification of brain lesion volume at 21 days post-
injury (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns,

not significant.

Fig. 3 CBD modulated iron metabolism and lipid peroxidation after TBI.
A Perls’ Prussian blue staining of brain sections at 1 day post-injury in
different groups. Scale bar = 100 um. B Representative images of
FerroOrange and Mito-FerroGreen staining in cells. Scale bar = 100 um. C
Representative images of BODIPY Y91 C11 staining for lipid

peroxidation in difterent groups. Scale bar = 100 pum.

Fig. 4 CBD reduced ferroptosis-associated markers following TBI. A
Western blotting analysis of proteins related to the ferroptosis pathway in
different groups (n = 6). Uncropped Western blotting images were shown
in Supplementary Materials. B Quantification of protein expression levels
in A, shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001; ns, not significant. C-E Representative immunofluorescence

images for 4hne, Fpn, and XCT in different groups. Scale bar: 100 um. F

59



Quantification of fluorescence intensity, presented as mean = SD.

Fig. 5 CBD regulated mitochondrial function and calcium homeostasis in
cells. A JC-1 staining to evaluate mitochondrial membrane potential. Scale
bar = 100 um. B Fluorescence images showing cytosolic and mitochondrial
Ca?" levels in HT-22 cells under different treatments. Scale bar=100 um. C
Western blotting analysis of TRPV1 and MCU expression in different
groups (n = 6). Uncropped Western blotting images were shown in
Supplementary Materials. D Quantification of TRPV1 and MCU protein

levels, shown as mean + SD. *p < 0.05, ****p < 0.0001; ns, not significant.

Fig. 6 MCU knockdown reduced iron accumulation and lipid peroxidation
after TBI. A Distribution of differentially expressed genes between the
control-TBI and sh(MCU)-TBf groups. B KEGG enrichment analysis of
differentially expressea genes. C GSEA analysis of lipid metabolism—
related pathways.D Perls’ Prussian blue staining of brain sections at 1 day
post-injury in different groups. Scale bar = 100 um.E Representative
images of FerroOrange and Mito-FerroGreen staining in cells. Scale bar =
100 um. F Representative image of BODIPY 581/591 C11 staining for

lipid peroxidation. Scale bar = 100 pm.

Fig. 7 Effects of MCU knockdown and overexpression on ferroptosis after
TBI. A Western blotting analysis of ferroptosis-related proteins after MCU

knockdown in different groups (n = 6). Uncropped Western blotting images
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were shown in Supplementary Materials. B, C Quantification of protein
expression levels, shown as mean £ SD. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001; ns, not significant. D Western blotting analysis of
ferroptosis-related proteins after MCU overexpression in different groups
(n = 6). Uncropped Western blotting images are shown in Supplementary

Materials.

Fig. 8 MCU knockdown alleviated TBI-induced neuronal injury and
degeneration. A Representative FJB staining images indicating neuronal
degeneration. Scale bar = 100 um.B Nissl staining showing neuronal
morphological changes in different groups. Scale bar = 100 um. C, E, F
Western blotting analysis of psd-95 and EDNF protein levels (n = 6). B-
Tubulin served as the internal controi. Uncropped Western blotting images
were shown in Supplementary Materials. D The number of Fth-positive

neurons. *p < 0.05, **p < 0.01,***p < 0.001; ns, not significant.

Fig. 9 MCU knockdown improved motor and cognitive performance after
TBI. A Schematic timeline of behavioral and brain lesion volume analyses.
B Wire-grip test for motor function (n = 8). C Open field test assessing
locomotor activity (n = 8).D Quantification of central distance traveled in
the open field test (n = 8). E Immobility time in the tail suspension test (n
= 8). F Representative images from the Morris water maze test. G, H, |

Statistical analysis of the Morris water maze test (n = 8). J H&E-stained
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brain sections at 21 days post-injury. J Quantification of brain lesion
volume at 21 days post-TBI (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001; ns, not significant.

Fig. 10 CBD inhibited ferroptosis signaling pathways activated by TBI. A
Top 25 significantly enriched KEGG pathways based on DEGs from
transcriptomic analysis. B, D, F Western blotting bands of key pathway
proteins (n = 6). Uncropped Western blotting images were shown in
Supplementary Materials. C, E, G Quantification of protein levels, shown

as mean £ SD. *p < 0.05, **p < 0.01, ****p < 0.0001; ns, not significant.

Fig. 11 Summary diagram of research results.
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Fig. 1 CBD attenuated TBI-induced neuronal damage and degeneration. A
Representative images of Fluoro-Jade B statiiing for neuronal injury and
degeneration in different groups. Scaie bar=100 um. B Representative
Nissl staining images showtiig neuronal morphological changes in
different groups. Scale bar=100 um. C, E, F Western blotting analysis of
psd-95 and BDNF expression levels (n = 6). Uncropped Western blotting
images were shown in Supplementary Materials. D The number of Fluoro-
Jade B (FJB)-positive neurons. *p < 0.05, **p < 0.01; ***p < 0.001; ****p

< 0.0001; ns, not significant.
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Fig. 2 Effects of CBD on motor and cognitive dysfunction after TBI. A
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Schematic workflow of behavioral analysis and brain lesion volume
analysis. B Wire-grip test assessing motor performance (n = 8). C Open
field test assessing locomotor activity. D Quantification of central distance
traveled in the open field test (n = 8). E Immobility time in the tail
suspension test (n = 8). F Representative images from the Morris water
maze test. G, H, | Statistical analysis of the Morris water maze test (n = 8).
J Representative H&E-stained brain sections at 21 days post-TBI in
different groups. K Quantification of brain lesion volume at 21 days post-
injury (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns,

not significant.
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Fig. 3 CBD modulated iron metabolism and lipid peroxidation after TBI.
A Perls’ Prussian blue staining of brain sections at 1 day post-injury in
different groups. Scale bar = 100 um. B Representative images of
FerroOrange and Mito-FerroGreen staining in cells. Scale bar = 100 um. C
Representative images of BODIPY 58151 C11 staining for lipid

peroxidation in different groups. Scale bar = 100 um.
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Fig. 4 CBD reduced ferroptosis-associated markers following TBI. A

Western blotting analysis of proteins related to the ferroptosis pathway in
different groups (n = 6). Uncropped Western blotting images were shown
in Supplementary Materials. B Quantification of protein expression levels

in A, shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
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0.0001; ns, not significant. C-E Representative immunofluorescence
images for 4hne, Fpn, and XCT in different groups. Scale bar: 100 um. F

Quantification of fluorescence intensity, presented as mean = SD.
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Fig. 5 CBD regulated mitochondrial function and calcium homeostasis in
cells. A JC-1 staining to evaluate mitochondrial membrane potential. Scale
bar =100 um. B Fluorescence images showing cytosolic and mitochondrial
Ca?* levels in HT-22 cells under different treatments. Scale bar=100 pm. C
Western blotting analysis of TRPV1 and MCU expression in different
groups (n = 6). Uncropped Western blotting images were shown in

Supplementary Materials. D Quantification of TRPV1 and MCU protein
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levels, shown as mean = SD. *p < 0.05, ****p < 0.0001; ns, not significant.
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Fig. 6 MCU knockdown reduced iron accumulation and lipid peroxidation

after TBI. A Distribution of differentially expressed genes between the
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control-TBI and sh(MCU)-TBI groups. B KEGG enrichment analysis of
differentially expressed genes.C GSEA analysis of lipid metabolism—
related pathways.D Perls’ Prussian blue staining of brain sections at 1 day
post-injury in different groups. Scale bar = 100 um.E Representative
Images of FerroOrange and Mito-FerroGreen staining in cells. Scale bar =
100 um. F Representative image of BODIPY 581/591 C11 staining for

lipid peroxidation. Scale bar = 100 um.
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Fig. 7 Effects of MCU knockdown and overexpression on ferroptosis after
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TBI. A Western blotting analysis of ferroptosis-related proteins after MCU
knockdown in different groups (n = 6). Uncropped WB images were shown
in Supplementary Materials. B, C Quantification of protein expression
levels, shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001; ns, not significant. D Western blotting analysis of ferroptosis-
related proteins after MCU overexpression in different groups (n = 6).
Uncropped Western blotting images were shown in Supplementary

Materials.
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Fig. 8 MCU knockdown alleviated TB!-induced neuronal injury and
degeneration. A Representative FJB staining images indicating neuronal
degeneration. Scale bar = 100 um.B Nissl staining showing neuronal
morphological changes in different groups. Scale bar = 100 um. C, E, F
Western blotting analysis of psd-95 and BDNF protein levels (n = 6). B-
Tubulin served as the internal control. Uncropped Western blotting images
were shown in Supplementary Materials. D The number of Fth-positive

neurons. *p < 0.05, **p < 0.01,***p < 0.001; ns, not significant.
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Fig. 9 MCU knockdown improved motor and cognitive performance after
TBI. A Schematic timeline of behavioral and brain lesion volume analyses.
B Wire-grip test for motor function (n = 8). C Open field test assessing
locomotor activity (n = 8).D Quantification of central distance traveled in
the open field test (n = 8). E Immobility time in the tail suspension test (n
= 8).F Representative images from the Morris water maze test. G, H, |
Statistical analysis of the Morris water maze test (n = 8). J H&E-stained
brain sections at 21 days post-injury. J Quantification of brain lesion

volume at 21 days post-TBI (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001,
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****p < 0.0001; ns, not significant.
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Fig. 10 CBD inhibited ferroptosis signaling pathways activated by TBI. A
Top 25 significantly enriched KEGG pathways based on DEGs from
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transcriptomic analysis. B, D, F Western blotting bands of key pathway
proteins (n = 6). Uncropped Western blotting images were shown in
Supplementary Materials. C, E, G Quantification of protein levels, shown

as mean £ SD. *p < 0.05, **p < 0.01, ****p < 0.0001; ns, not significant.
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Fig. 11 Summary diagram of research results.
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