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Abstract: Background: Traumatic brain injury (TBI) poses a significant threat to human health.
Ferroptosis has been reported to promote secondary brain damage, but whether ferroptosis affects
injury severity is currently unknown. Objective: We aim to explore the relationship between
ferroptosis in brain and neurological deficits in TBI models. Methods: Male Sprague-Dawley rats
were randomly divided into four groups: a sham group, a mild TBI group (mTBI), a mild-moderate
TBI group (mmTBI), and a severe TBI group (sTBI). Rat model of TBI was established, neurological
function deficits were evaluated using modified Neurological Severity Score (mNSS). Magnetic
resonance imaging (MRI), transmission electron microscopy (TEM), and Prussian blue staining were
employed to observe ferroptosis in the rat brains. Western blot analysis was used to detect the
expression of ferroptosis-related proteins, and the correlation between mNSS scores and the
expression of these markers was analyzed. Results: 1) MRI scans showed the TBI groups exhibited
high itensity in the T2WI sequence and low intensity in the T2*WI sequence, indicating iron
deposition. 2) TEM and Prussian blue staining showed neurons in the TBI group exhibited iron-
positive cells and morphological changes of ferroptosis. 3) Western blot showed ferroptosis-related
proteins were significantly reduced in the mmTBI and sTBI groups. 4) MDA levels were significantly
elevated in TBI groups, and mNSS scores increased with injury severity. Correlation analysis
revealed a significant negative correlation between mNSS scores and ferroptosis inhibitors
expression, and a positive correlation with MDA levels. Conclusion: Iron deposition and ferroptosis
occur in brain tissue after TBI, and they are closely associated with the severity of neurological
impairment.

Keywords: Traumatic brain injury; Magnetic resonance imaging; Iron deposition; Ferroptosis;
Neurological impairment

1. Introduction

Traumatic brain injury (TBI) is one of the leading causes of death and disability worldwide,
particularly among young and middle-aged adults [1]. Every year, over 50 million individuals suffer
from TBI globally, resulting in severe reductions in quality of life and imposing significant economic
burdens on families and society [2,3]. Depending on the severity of the injury, TBI can be classified
as mild, moderate, or severe, with varying outcomes for each classification. Understanding the
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molecular events associated with secondary brain injuries across different severities of TBI is critical
for advancing precise treatments [4].

TBI involves both primary and secondary injury phases. Primary injuries are caused by the
immediate mechanical forces exerted on the brain, leading to structural damage that occurs
instantaneously and is often irreversible. Secondary injuries, however, result from subsequent
biochemical changes and are the primary focus of therapeutic interventions. Previous studies have
identified multiple pathways for neuronal death following TBI, including necrosis, apoptosis,
pyroptosis, and autophagy dysfunction[5]. Researchers have extensively studied these processes to
identify potential therapeutic targets, but clinical interventions targeting these mechanisms have
yielded unsatisfactory results.

Ferroptosis, a novel form of programmed cell death that differs from traditional apoptotic
mechanisms, was first reported in 2012 by Dixon et al [6]. It is characterized by the accumulation of
lipid reactive oxygen species (ROS) and excessive iron deposition. Subsequent research has
demonstrated that the ferroptotic pathway is activated following TBI, contributing to neuronal cell
death [7]. Initial findings of ferroptosis in central nervous system were observed in tumor models,
and later studies confirmed its occurrence in models of stroke and spinal cord injury [8,9]. However,
the relationship between ferroptosis and the degree of neuronal injury following TBI, especially in
models of varying injury severity, remains unclear [10]. Therefore, this study aims to establish a rat
model of TBI with different severities (mild, mild-moderate, and severe) to investigate the correlation
between cortical ferroptosis and neurological impairment, thereby providing a theoretical basis for
ferroptosis research in neurotrauma[11].

2. Materials and Methods

The Materials and Methods should be described with sufficient details to allow others to
replicate and build on the published results. Please note that the publication of your manuscript
implicates that you must make all materials, data, computer code, and protocols associated with the
publication available to readers. Please disclose at the submission stage any restrictions on the
availability of materials or information. New methods and protocols should be described in detail
while well-established methods can be briefly described and appropriately cited.

2.1. Experimental Animals

Specific pathogen-free (SPF) grade healthy adult male Sprague-Dawley (SD) rats, weighing
between 250 and 300 grams, were used in the experiments. The rats were housed in a standard
environment with a controlled temperature of 20-25°C, humidity levels of 40%-55%, and a 12-hour
light/dark cycle for one week prior to the experiment. Food and water were provided ad libitum.
Twelve hours before surgery, the rats were fasted but allowed access to water. The experimental
protocol was approved by the Ethics Committee of Kunming Medical University (Approval number:
kmmu?20220651), and all efforts were made to minimize the suffering of the experimental animals
during the study.

2.2. TBI Animal Model

The TBI model was established using the Feeney free-fall impact method. Rats were anesthetized
with an intraperitoneal injection of 3% pentobarbital sodium (30-40 mg/kg). Once anesthetized, the
rats’ scalps were shaved and disinfected. The rats were then secured on a stereotaxic frame, and a
midline incision of approximately 3 cm was made on the scalp to expose the skull. A dental drill was
used to create a 6 mm diameter bone window 2 mm posterior to the coronal suture and 2.5 mm lateral
to the sagittal suture on the right side of the skull, ensuring the dura mater remained intact.

For the sham group, only the bone window was drilled without applying any impact. For the
TBI groups, a 40-gram weight was dropped vertically onto the exposed dura mater from different
heights: 15 cm for the mild TBI group (mTBI), 20 cm for the mild-moderate TBI group (mmTBI), and
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25 cm for the severe TBI group (sTBI). This impact resulted in contusion and laceration of the brain
tissue. After the injury was induced, hemostasis was ensured, and the scalp was closed with
interrupted sutures. Post-surgery, the rats were placed in an incubator to recover from anesthesia
before being returned to their cages. Standard postoperative care included routine wound
disinfection and antibiotic administration to prevent infection.

Twenty-four hours post-injury, the modified Neurological Severity Score (mNSS) was used to
assess the neurological function of the rats. The mNSS evaluates sensorimotor function through five
tests: tail suspension, motor function, sensory function, beam balance, and reflexes/abnormal
movements. Scores range from 0 (normal) to 18, with higher scores indicating greater neurological
impairment. Scores of 1-6 reflect mild injury, 7-12 moderate injury, and scores above 13 indicate
severe injury.

2.3. Experimental Groups

The rats were randomly divided into four groups (n=9):
e  Sham group
e  Mild TBI group (mTBI)
e  Mild-moderate TBI group (mmTBI)
e  Severe TBI group (sTBI)
Neurological function was assessed using the mINSS test 24 hours after TBI induction, and rats
that met the injury criteria were included in the subsequent experiments.

2.4. Magnetic Resonance Imaging (MRI)

Seven days after inducing TBI, the rats underwent MRI scanning to assess brain tissue injury.
The MRI scanner used was a Philips Ingenia 3.0T from the Netherlands. Scanning parameters were
as follows:
e  Coronal T2-weighted imaging (T2WI): Resolution 0.3 x 0.33 x 2 mm, Repetition Time (TR) 2000
ms, Echo Time (TE) 80 ms.
e  Coronal T2* imaging (T2*WI): Resolution 0.53 x 0.53 x 2 mm, TR 510 ms, TE 16 ms, Flip Angle
18°.

2.5. Prussian Blue Staining

Prussian blue staining was used to detect non-heme iron deposition in the cortical tissue of the
rats. Paraffin-embedded tissue sections (3-5 um thick) were deparaffinized and rehydrated through
the following series: xylene I for 20 min, xylene II for 20 min, absolute ethanol I for 5 min, absolute
ethanol II for 5 min, and 75% ethanol for 5 min. Sections were rinsed in tap water and washed with
distilled water three times. The sections were then stained for 1 hour in a freshly prepared Prussian
blue staining solution, which was a mixture of potassium ferrocyanide and hydrochloric acid. After
washing twice with distilled water, the sections were counterstained with hematoxylin for 1-5
minutes and rinsed in running water. Finally, the sections were dehydrated through graded ethanol
and cleared in xylene before mounting with neutral gum. Iron deposition appears as brown granules,
while nuclei stain light blue.

2.6. Transmission Electron Microscopy (TEM)

Seven days post-TBI, the rats were sacrificed, and the brain tissues surrounding the injury site
were harvested. The cortex was trimmed into 1 mm? tissue blocks and preserved in electron
microscope fixative. Transmission electron microscopy was outsourced to Wuhan Servicebio
Technology Co., Ltd.

2.7. Western Blot Analysis
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Western blot analysis was used to assess the expression of ferroptosis-related proteins. The
proteins were quantified using the bicinchoninic acid (BCA) method, and 10% SDS-PAGE was used
for protein separation. The proteins were transferred to PVDF membranes at 100 V for 1 hour. After
transfer, the membranes were washed twice with TBST for 5 minutes each and then blocked with 5%
skimmed milk for 2 hours at room temperature with gentle shaking. After blocking, the membranes
were washed again with TBST for 5 minutes and then incubated overnight at 4°C with the following
primary antibodies diluted in 0.1% TBST: FTH1 (1:1000) and GPX4 (1:1000). The next day, the
membranes were washed three times with TBST for 15 minutes each and incubated with a secondary
antibody (goat anti-rabbit, 1:5000) for 2 hours at room temperature. After incubation, the membranes
were washed three times with TBST, followed by chemiluminescent detection using the Amersham
Imager 600 system. Densitometric analysis was performed using Image] software.

2.8. MDA (Malondialdehyde) Content Measurement

Lipid peroxidation was assessed by measuring malondialdehyde (MDA) levels using an MDA
assay kit (Suzhou Keming, MDA-1-Y). The brain tissue was homogenized in ice-cold extraction buffer
at a ratio of 1:5-10 (g tissue: mL buffer). The homogenate was centrifuged at 8000 rpm for 10 minutes
at 4°C, and the supernatant was collected. MDA levels were measured at 532 nm and 600 nm using
a spectrophotometer, and the MDA concentration was calculated using a standard curve.

2.9. Statistical Analysis

Each experiment was repeated at least three times. Data were expressed as mean + standard
error of the mean (SEM). Pearson correlation analysis was used to analyze the correlation between
two groups, and one-way ANOVA was used for comparisons among multiple groups. A p-value of
<0.05 was considered statistically significant. Graphs were generated using GraphPad Prism 8.4.3
software.

3. Results

3.1. MRI Shows Iron Deposition in the Brain Tissue Surrounding the Injury Site in TBI Rats

Seven days after TBI induction, magnetic resonance imaging (MRI) was performed on the rats.
Compared with the sham group, the brain tissue in the injury region of the TBI groups showed high
signal intensity on T2-weighted imaging (T2WI) sequences, indicating brain injury, edema, and
hemorrhage (Figure 1). Additionally, low signal intensity was observed on T2*WI sequences around
the injury area, suggesting possible iron deposition in the brain tissue (Figure 1).
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Figure 1. Coronal MRI scans of rat brain tissue, with images A and B representing the sham group (T2WI and

T2WI sequences), and images C and D representing the TBI group (T2WI and T2WI sequences).

3.2. TEM Shows Evidence of Ferroptosis in Neurons of TBI Rats

Transmission electron microscopy (TEM) was used to observe neuronal mitochondria
morphology. The results showed that in the sham group, neurons exhibited normal morphology with
intact mitochondrial membranes and normal cristae structure. However, in the TBI group, neurons
exhibited significant morphological changes, including mitochondrial atrophy, deepened matrix
color, thickened membranes, and some outer membrane rupture accompanied by expansion and
reduction of internal cristae (Figure 2). These findings suggest that ferroptosis occurred in the
neurons of the TBI group.
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Figure 2. Transmission electron microscopy images of neurons. Images A-C represent sham group neurons, and
images D-F represent neurons from the TBI group. The scale bars in A, D are 5.0 um; in B, E, 5.0 um; in C, F, 500

nm.

3.3. Prussian Blue Staining Shows Iron Deposition in the Cortex of TBI Rats

Prussian blue staining was used to detect non-heme iron deposition in the cortical tissue
surrounding the injury sites in TBI rats. In the sham group, no iron deposition was observed. In the
mTBI group, mild iron deposition (brown regions) was observed in the cortex around the injury site.
In the mmTBI and sTBI groups, progressively higher levels of iron deposition were observed, with
the sTBI group exhibiting the most significant iron accumulation (Figure 3).

sham mTBI mmTBI sTBI

Figure 3. Prussian blue staining images showing iron deposition in the cortical tissue surrounding the injury
area. Images A, E represent the sham group, B, F the mTBI group, C, G the mmTBI group, and D, H the sTBI
group. The scale bars in A-D are 50 um, and in E-H are 10 um.

3.4. Decreased Expression of Ferroptosis Negative Regulators in the Cortex Corresponds to Increased
Neurological Damage

Twenty-four hours post-TBI induction, the expression levels of ferroptosis negative regulators
FTH1 and GPX4 in the cortical tissue surrounding the injury area were assessed by Western blot.
Compared to the sham group, the expression levels of FTH1 and GPX4 showed a decreasing trend in
the mTBI group, though the differences were not statistically significant. However, in the mmTBI and
sTBI groups, the expression levels of FTH1 and GPX4 were significantly reduced compared to the
sham group (P <0.05). Additionally, GPX4 expression in the sTBI group was significantly lower than
in the mTBI group (P <0.05) (Figure 4).
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Figure 4. Western blot analysis of ferroptosis negative regulators FTH1 and GPX4 in the cortex of TBI rats. A:
Immunoblot showing protein levels; B, C: Relative quantification of FTH1 and GPX4 protein expression. *P <

0.05 vs. sham, **P < 0.01 vs. sham, #P < 0.05 vs. mTBI.

3.5. Increased Lipid Peroxidation in the Cortex Corresponds to Greater Neurological Damage

Twenty-four hours post-TBI, malondialdehyde (MDA), a marker of lipid peroxidation and
oxidative stress, was measured in the cortical tissue surrounding the injury site. Compared with the
sham group, MDA levels were significantly elevated in the mTBI, mmTBI, and sTBI groups (P <0.001).
There was a trend toward increased MDA levels in the mmTBI group compared to the mTBI group,
and MDA levels were significantly higher in the sTBI group compared to both the mmTBI and mTBI
groups (P <0.05) (Table 1, Figure 5).

Table 1. Changes in malondialdehyde (MDA) levels in cortical tissue (nmol/mg prot).

Group MDA (nmol/mg prot)

sham 0.13+0.02

mTBI 0.25+0.01
mmTBI 0.29+0.01

sTBI 0.34+0.02
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Figure 5. MDA levels in the cortical tissue of TBI rats. ***P < 0.001 vs. sham, ##P < 0.01 vs. mTBI, &P < 0.05 vs.
mmTBI.
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3.6. Increased mNSS Scores Correlate with Increased Ferroptosis and Oxidative Stress

Twenty-four hours post-TBI, neurological function was assessed using the mNSS scale. The
mNSS scores, indicating neurological impairment, were significantly higher in the mTBI, mmTBI,
and sTBI groups compared to the sham group (P < 0.001) (Table 2, Figure 6).

Table 2. Modified Neurological Severity Scores (mNSS).

Group mNSS
sham 0.00+0.00
mTBI 4.67+1.15

mmTBI 10.67+0.58

sTBI 15.33+£0.58
204 8&&
*kkk
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m *kkk
2 10-
£
*%
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& QO QO
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Figure 6. mNSS scores in TBI rats. **P < 0.01 vs. sham, ****P < 0.0001 vs. sham, ##P <0.01 vs. mTBI, &&&P <0.001

vs. mmTBI.

Correlation analysis showed a significant negative correlation between mNSS scores and the

relative expression levels of the ferroptosis negative regulators FTH1 and GPX4 (r = -0.8587 and -
0.9445, P < 0.001), and a significant positive correlation between mNSS scores and MDA content (r =

0.9349, P < 0.0001) (Figure 7).
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Figure 7. Correlation between mNSS scores and the relative expression levels of ferroptosis markers in the cortex
of TBI rats. A: Correlation between mNSS score and FTH1 protein expression; B: Correlation between mNSS

score and GPX4 protein expression; C: Correlation between mNSS score and MDA levels.
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4. Discussion

Traumatic brain injury (TBI) is a leading cause of death and disability worldwide, particularly
in young adults, imposing significant economic and societal burdens. The primary causes of TBI
include traffic accidents, falls from heights, violent assaults, and slip-and-fall accidents. TBI can be
categorized into primary and secondary injuries based on the timing and nature of the damage.
Primary injury results from external mechanical forces that cause immediate and irreversible damage
to brain structures, such as disruption of the blood-brain barrier, axonal injury, and neuronal death.
Current clinical treatments for TBI primarily focus on decompressive craniectomy and hypothermia
therapy; however, these treatments only address immediate concerns and fail to significantly reduce
mortality and disability rates.

Secondary injury refers to a series of biochemical changes that occur following primary injury,
leading to further tissue damage. Traditionally, it was believed that secondary injury involved
mechanisms such as excitotoxicity from the release of glutamate, oxidative stress from the
accumulation of reactive oxygen species (ROS), inflammatory cascades triggered by cytokines and
chemokines, vasogenic and cytotoxic edema resulting in brain swelling, blood-brain barrier
disruption, and mitochondrial dysfunction leading to abnormal energy metabolism [12]. These
mechanisms have been extensively studied to identify potential therapeutic targets. However, clinical
treatments targeting these pathways have shown limited success in preventing the progression of
TBI

Ferroptosis, a newly discovered form of regulated cell death, was first reported in 2012 by Dixon
et al. It is a type of programmed, non-apoptotic cell death characterized by the accumulation of lipid
reactive oxygen species (ROS) and iron deposition. Research has shown that the ferroptosis pathway
is activated following TBI and contributes to neuronal cell death. In 2017, ferroptosis was first
observed in central nervous system tumor models, and it has since been reported in animal models
of stroke and spinal cord injury. Ferroptosis is distinct from other forms of cell death, such as
apoptosis, necrosis, and autophagy, in that it cannot be inhibited by traditional inhibitors of these
pathways but can be suppressed by antioxidants and iron chelators [13].

In this study, we aimed to investigate the role of ferroptosis in TBI and its correlation with the
severity of neurological impairment. Using a rat model of TBI, we induced brain injuries of varying
severity and assessed iron deposition, ferroptosis markers, and neurological function. The results
demonstrated that iron deposition and ferroptosis occurred in the cortical tissue of TBI rats and were
associated with the degree of neuronal damage. Our findings support the hypothesis that ferroptosis
plays a critical role in secondary injury following TBI and that its severity is directly correlated with
the extent of neurological impairment[14].

Iron is an essential trace element involved in many physiological and biochemical processes,
including oxygen transport, DNA synthesis, and energy metabolism [15]. However, excess iron
accumulation is a key factor in triggering ferroptosis[16]. Normally, extracellular iron ions bind to
transferrin receptors and are internalized by cells through clathrin-mediated endocytosis. Within
endosomes, iron is reduced to ferrous ions (Fe?*) and transported into the cytosol, where it is stored
in the labile iron pool or sequestered in ferritin complexes. Under normal conditions, iron
homeostasis is tightly regulated to prevent oxidative damage. However, in conditions such as TBI,
disrupted cellular metabolism and hypoxia can lead to excessive accumulation of ferrous ions, which
catalyze the Fenton reaction, generating highly reactive hydroxyl radicals. These radicals initiate lipid
peroxidation, damaging cell membranes and eventually causing cell death.

Our MRIresults showed that TBI-induced brain tissue damage and iron deposition were evident
seven days after injury. This was further supported by transmission electron microscopy (TEM),
which revealed mitochondrial atrophy, membrane thickening, and rupture in neurons, characteristic
features of ferroptosis. Prussian blue staining also confirmed that iron accumulation increased with
the severity of brain injury. These results indicate that ferroptosis plays a significant role in TBI-
related neuronal damage and that iron deposition is closely linked to the extent of injury.
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Lipid peroxidation is a hallmark of ferroptosis, characterized by the accumulation of lipid ROS
and malondialdehyde (MDA), a byproduct of lipid peroxidation[17]. In this study, we found that
MDA levels were significantly elevated in the cortical tissue of TBI rats, and the severity of TBI was
positively correlated with MDA levels. This suggests that oxidative stress and lipid peroxidation are
key contributors to ferroptosis in TBI.

Ferroptosis is regulated by key proteins, including ferritin heavy chain 1 (FTH1) and glutathione
peroxidase 4 (GPX4). FTH1 plays a critical role in iron storage and detoxification by sequestering
excess iron, thereby preventing iron-mediated oxidative damage. GPX4 is an essential enzyme that
protects cells from lipid peroxidation by reducing lipid hydroperoxides to non-toxic lipid
alcohols[18]. In our study, the expression levels of FTH1 and GPX4 were significantly reduced in the
brain tissue of TBI rats, particularly in the groups with more severe injuries. This reduction in FTH1
and GPX4 expression suggests that the protective mechanisms against ferroptosis are compromised
in TBI, leading to increased oxidative stress and neuronal death.

The modified Neurological Severity Score (mNSS) was used to assess the degree of neurological
impairment in TBI rats. The mNSS scores were significantly higher in rats with more severe injuries,
indicating greater neurological dysfunction. Correlation analysis revealed a significant negative
correlation between mNSS scores and the expression levels of FTH1 and GPX4, and a positive
correlation between mNSS scores and MDA levels. These findings further support the hypothesis
that ferroptosis contributes to neurological deficits following TBI and that the severity of ferroptosis
is closely associated with the degree of brain injury [19].

5. Conclusions

In conclusion, this study demonstrates that ferroptosis plays a crucial role in secondary brain
injury following TBI. Iron deposition, lipid peroxidation, and the downregulation of ferroptosis
inhibitors FTH1 and GPX4 are all closely associated with the extent of neuronal damage and
neurological impairment. Targeting ferroptosis may represent a novel therapeutic approach for
reducing neuronal death and improving outcomes in TBI patients. Further research is needed to
explore potential interventions that can modulate ferroptosis and mitigate its effects on brain injury.
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