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Abstract
The incidence of repetitive mild traumatic brain injury (rmTBI), one of the main risk factors for predicting neurodegenerative disorders, is increasing; however, its underlying mechanism remains unclear. As suggested by several studies,
ferroptosis is possibly related to TBI pathophysiology, but its effect on rmTBI is rarely studied. Mesenchymal stromal
cells (MSCs), the most studied experimental cells in stem cell therapy, exert many beneficial effects on diseases of the
central nervous system, yet evidence regarding the role of MSCs in ferroptosis and post-rmTBI neurodegeneration
is unavailable. Our study showed that rmTBI resulted in time-dependent alterations in ferroptosis-related biomarker
levels, such as abnormal iron metabolism, glutathione peroxidase (GPx) inactivation, decrease in GPx4 levels, and
increase in lipid peroxidation. Furthermore, MSC treatment markedly decreased the aforementioned rmTBI-mediated
alterations, neuronal damage, pathological protein deposition, and improved cognitive function compared with
vehicle control. Similarly, liproxstatin-1, a ferroptosis inhibitor, showed similar effects. Collectively, based on the above
observations, MSCs ameliorate cognitive impairment following rmTBI, partially via suppressing ferroptosis, which
could be a therapeutic target for rmTBI.
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Background
A traumatic cerebral concussion can induce mild traumatic brain injury (mTBI), accounting for 75% of all
reported cases of head injury, and mTBI can cause various debilitating symptoms, including headaches, irritability, fatigue, attention deficits, sleep disturbances,
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depression, and anxiety [1, 2]. However, the incidence
of mTBI is grossly underestimated since most individuals completely recover within the first days to weeks after
injury, preventing them from seeking medical treatment
[3]. People with sustained single mTBI have an increased
risk of developing repetitive mTBI (rmTBI) [4]. RmTBI
has been identified as the main risk factor for neurodegenerative disorders, including Parkinson’s disease (PD),
Alzheimer’s disease (AD), chronic traumatic encephalopathy, frontotemporal dementia, and is of particularly
high relevance to military personnel, athletes, elderly and
people with mobility impairments [5]. The incidence of
rmTBI is increasing; however, little is known about its
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underlying mechanism, seriously affecting the progress of
research on therapies for rmTBI and the prognosis of the
disease. During the pathological process of rmTBI, different forms of cell death, such as apoptosis, autophagy, and
necrosis, have been reported [6]. We wondered whether
completely new forms of cell death exist during this
process.
Ferroptosis, a recently discovered programmed cell
death form caused by lipid damage under iron catalysis, is probably one of the most ancient and widespread
forms of cell death [7–9]. Ferroptosis shows a significant
difference compared with additional cell death pathways,
in which ATP consumption, mitochondrial reactive oxygen species (ROS) production (necroptosis mediators),
caspases (apoptosis and pyroptosis mediators), and
increased levels of intracellular Ca2+ or Bax/Bak (necessary outer mitochondrial membrane permeabilization
mediators) levels are not involved [10]. The main hallmarks of ferroptosis are mitochondrial shrinkage, iron/
lipid ROS accumulation, and glutathione peroxidase 4
(GPx4) inactivation [11, 12].
Iron, an important component of hemoglobin and
many enzymes, plays an important role in different basic
metabolic processes. However, its aberrant homeostasis
is related to ferroptosis, which can induce central nervous system (CNS) pathology [13]. Multiple proteins
maintain iron homeostasis in cells, regulation of transferrin receptor-1 (Tfr1) maintains iron consumption, and
ferroportin (Fpn) regulates iron export [14, 15]. GPx4, a
selenoprotein glutathione peroxidase, plays a crucial role
in the regulation of ferroptosis, which exhibits a direct
detoxification effect on hydroperoxides in membrane
lipids; thus, decreasing membrane functional impairment
while suppressing the production of reactive products,
such as 4-hydroxynonenal (4-HNE), obtained from lipid
peroxidation [16]. The failure of GPx4 action will lead
metabolic disturbance of lipid oxide within cells under
iron ion catalysis, which will cause ROS accumulation on
membrane lipids, redox imbalance in cells, and ferroptosis induction [17]. Erastin and glutamate can trigger ferroptosis [18], and liproxstatin-1 (Lip-1) can suppress it
[19]. Ferroptosis is related to different disorders such as
cancer, lung ischemia–reperfusion injury, brain stroke,
ischemic heart disease, intracerebral hemorrhage, and
TBI [17]. Ferroptosis has been suggested to directly or
indirectly contribute to a variety of persistent effects after
TBI, including cognitive deficits, neurodegeneration,
post-trauma epilepsy, and psychiatric symptoms [13].
Taking into account the potentially significant effect of
ferroptosis on the course of persistent impaired cognition
after rmTBI, in this study, we explored the occurrence of
ferroptosis after rmTBI and developed novel methods to
suppress ferroptosis-associated cell death to attenuate
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tissue damage from rmTBI and improve persistent cognitive function.
Stem cells (SCs) have attracted a great deal of attention
as a potent candidate in tissue engineering and regenerative medicine. Since their initial test in humans as a
cell pharmaceutical agent in 1995, mesenchymal stromal cells (MSCs) have been extensively used in clinical experiments due to their high self-renewal capacity,
multidirectional differentiation potential, extremely low
immunogenicity, and remarkable clinical safety [20–22].
MSCs can produce neurotrophic growth factors, regulate immunity while helping wound healing, and promote
nerve cell health through mitochondrial donation [23].
Therefore, MSCs can be a possible way to treat acute
damage or progressive CNS degenerative disorders [24–
26], including TBI, AD, PD, and multiple system atrophy
[23]. Although MSCs have therapeutic potential in many
disorders, it is unclear whether MSCs inhibit ferroptosis
and reduce neurodegeneration after rmTBI.
In the present study, we focus on investigating the
appearance of ferroptosis following rmTBI and the role
of the MSC intervention in inhibiting ferroptosis and
improving persistent cognitive function in rmTBI.

Methods
Animals

We obtained a total of 300 adult male C57BL/6J mice
(8–12 weeks old, weight 22–24 g) from the Chinese
Academy of Military Sciences (Beijing, China). Each
experiment was performed according to the NIH Guide
for the Care and Use of Laboratory Animals. The Animal Care and Use Committee of Tianjin Medical University approved our study protocols. All animals were
raised and adaptively fed for one week before further
experiments.
rmTBI mouse model induced by controlled cortical impact
(CCI)

To study whether ferroptosis occurs after rmTBI, we
used an as-reported rmTBI model [27–29]. A molded
acrylic cast was designed to fix the mice and provided
3.0 mm of space below their heads for acceleration and
deceleration beneath the point of impact. The mice
were anesthetized with 4.6% isoflurane and secured in
the prone position to acrylic plaster with surgical tape
across their shoulders. Following head shaving, we
attached a self-designed standard manufacturing concave metal disc (diameter = 3 mm) to the skull caudally
to the bregma as a helmet to transmit the hitting power
to the entire brain, resulting in a mild diffused brain
injury, but not focal brain injury, thus exerting the
pathological change similar to clinical rmTBI. In addition, a scalp incision was not made in order to better
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simulate the injured procedure in rmTBI patients. For
CCI (model 6.3, American Instruments, Richmond,
VA, United States), the extension of its impounder tip
(diameter = 3 mm) was performed to the full impact
distance, which was later located in the center of the
disc surface and was reset to produce the impact. Subsequently, we charged the impact head at 5.0 m/s and
the impact depth was 2.5 mm. After the impact, each
mouse was put in the cage at 37 °C under good ventilation until recovery from consciousness. We performed
a total of four impacts at 48-h intervals to establish a
repetitive mild injury model. The sham mice underwent
the same operating procedures except for the impact
of all four times. During and after modeling, mice with
impaired movement or difficulty eating were removed
from the study, as were those with skull fractures or
parenchymal injury (such as visible cerebral hemorrhage) found during brain harvesting.
Experimental groups and treatment

To investigate time-dependent iron accumulation in
cells, protein levels associated with iron metabolism, GPx
activity, mitochondrial morphology, and neurodegeneration after rmTBI, we randomized mice in sham and
other 6 groups according to different time points after
rmTBI (1, 3, 7, 14, 28, 42 days post-injury). We further
performed a Western blot (WB) assay, iron assay, GPx
activity assay, transmission electron microscopy (TEM),
fluoro-jade C (FJC) staining, and immunofluorescence
(IF) assay (Fig. 1A).
To determine how MSCs affected iron metabolic disturbance, GPx inactivation, nerve cell injury, behavioral
deficits, and protein levels after rmTBI, we classified the
mice into 4 groups, including Sham, rmTBI + Vehicle
(Vehicle), rmTBI + MSCs (MSCs), and rmTBI + Lip-1
(Lip-1, positive control). Vehicle mice were administered 0.9% saline (100 µL) via the tail vein, while MSCs
mice were injected with 100 µL of suspension containing 1 × 106 MSCs through the tail vein 24 h after rmTBI
and once a week until killing [30, 31]. Lip-1 (S7699, Selleckchem), a specific and strong ferroptosis inhibitor,
was diluted by 2% DMSO, 40% PEG 300, 2% Tween 80,
and ddH2O. Mice in the Lip-1 group (10 mg/kg) were
injected intraperitoneally 24 h after rmTBI and once
every two days before killing [32]. Mice were subjected
to the rotarod test on days 3 and 7 post-rmTBI. On day
28 post-rmTBI, some mice underwent a positron emission tomography/computed tomography (PET/CT) and
behavioral tests, including the novel object recognition
test (NOR) and Morris water maze (MWM) test, while
others were killed for an iron assay, IF, FJC staining, GPx
activity assay, and WB assay (Fig. 1B).
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MSC preparation

We obtained human umbilical cord blood-derived
(hUCB) MSCs (CP-H165, Procell), enzymes (PB180229),
and corresponding growth-supporting medium (CMH165) from Procell Life Science & Technology Co. Ltd.
Cell preparation and subculture were carried out following the specific instructions as reported [30]. The main
steps are as follows: in the biosafety cabinet or superclean platform, remove the original culture medium, add
about 2 ml of PBS, gently shake the culture bottle to rinse
the cells, remove the PBS, and discard. Add about 1 ml
of trypsin, gently shake the culture bottle to infiltrate all
cells, and keep it in the incubator for digestion for about
30 s. See that the cells are obviously separated and round
under the microscope, then add 3 ml of hMSC culture
medium to terminate digestion, blow the cells off and
blow the cells in the liquid repeatedly to make them as
single cell suspension as possible, collect cell suspension
and centrifuge at 1000 rpm for 3 min, suck the supernatant and discard, add 10 ml of hMSC culture medium
to resuspend the cells. Inoculate in a new culture flask,
replenish the medium and use a breathable bottle cap for
culture. Culture in a 37℃ constant temperature cell incubator with 5% CO2. The cell status was observed 24 h
later and the fresh medium was replaced, and then the
culture medium was replaced every 2–3 days. We used
cells in the second and third passages for injection.
NOR test

We performed the NOR test to evaluate the recognition
memory of mice on days 28–30 post-rmTBI as reported
[33]. The NOR tests are performed every morning in
a quiet behavioral testing room (temperature 25 °C,
humidity 56%). The experimental platform was an open
field box (40 cm × 40 cm × 50 cm) (CleverSys, Reston,
VA, USA), and we measured the time required for object
recognition by each mouse within 10 min. This experiment included three steps: day 1, habituation phase: mice
could study territory with freedom for 5 min with no
object; day 2, recognition phase: two objects of the same
shape, size, and color were placed on the left and right
ends of a side wall, about 10 cm away from the two sides
of the wall. Place the mice in the box with their backs to
the two objects, each mouse explored to became familiar with these two objects in 10 min; day 3, test phase:
a new object with different colors and shapes was used
to replace one object, then the mice explored them for
10 min. An Anymaze video tracking system (Stoelting)
equipped with a computer-connected digital camera
was used to track the whole course of animal activities
in training and experimental sessions of the NOR tests.
We video-recorded all animal tests and determined the
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Fig. 1 Schematic diagram of the study experimental design. Chart illustrating our study design including experimental groups, CCI, drug
administration, WB, IF, FJC, iron content, GPx activity, TEM, PET/CT, rotarod test, MWM, NOR

time spent exploring every object and the total time
spent exploring the two objects. Then, we calculated the
NOR index (NORI) to evaluate alterations in the recognition memory of mice in different groups. NORI = t
(new)/t (old + new)*100%, where ’t’ represents the time
spent exploring each object. Statistical analysis was also
performed.
Rotarod test

The rotarod test was performed on days 3 and 7 postrmTBI as reported [34]. The test is performed every
morning in a quiet behavioral testing room (temperature 25 °C, humidity 56%). Mice were trained for 2 days
prior to the rotarod test. Each mouse was trained on a

rotating rod machine (YLS-4D, Yiyan Technology Development, Jinan, China) at a speed of 4–40 rpm for at least
200 s, three times a day. The test was conducted on the
third day, the maintenance of each mouse on the rod at
40 rpm for 10 min, and each mouse was given three tests,
the average latency to fall from the rotating rod (rotarod
latency) was recorded, and the mice unable to grasp the
rod were given a latency of 0 s.
MWM test

The MWM test was performed on days 28–32 postrmTBI to determine changes in spatial memory and
learning in four groups of mice (sham, vehicle, MSCs,
Lip-1) as reported [29]. Consequently, each mouse was
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trained to find a hidden platform in opaque water. During
the initial 4 days (training phase), we placed the platform
(diameter = 10 cm) 1 cm below the water surface. Each
mouse received 4 trials (90 s each) every day. Each mouse
started in different quadrants in different trials under an
identical starting pattern. This test measured the escape
latency or time needed to find the hidden platform, which
is the memory and spatial learning index (maximum
90 s). The mouse that was unable to find the platform
within the initial 90 s was gently guided to the platform.
Once a mouse was on the platform, it was allowed to sit
on it for 15 s. On the fifth day, we performed the spatial
probe test (SPT). We removed the platform and each
mouse swam for 90 s. Thereafter, the video tracking system (Stoelting) was used to determine the frequency of
platform crossing, the first latency to arrive at the platform location, and swimming speed.
Glucose metabolism determined
by 18F‑fluoro‑2‑deoxy‑D‑glucose (FDG) and TAU
metabolism determined by 18F‑S16‑TAU using PET/CT

After anesthesia administration, each mouse was given
an intraperitoneal injection of 18F-fluoro-2-deoxy-d-glucose ([18F] FDG) or a tail vein injection of [18F] S16-TAU
at 5 MBq. After 30 min, 2% isoflurane gas was applied
within the oxygen flow to the mouse anesthesia. The
mice were then placed on a micro-PET/CT scanner bed
(Novel Medical, Beijing, China). The parameters for PET
scan were as follows: matrix = 140 × 140; field of view
(FOV) = 70 mm; and reconstruction agreement = PETOSEM-Recon for 40 iterations. The parameters for CT
examination were the following: tube current = 0.5 mA;
tube voltage = 80 V; layer thickness = 0.18 mm; and FOV:
70 mm.
Preparation of specimens

To perform IF staining, each mouse received 4% paraformaldehyde (PFA) transcardial perfusion and cold
phosphate-buffered saline (PBS) for killing. Subsequently,
we collected brain samples and kept them on ice, followed by 24-h PFA fixation, then dehydration with 15%
sucrose for 24 h, and finally dehydration with 30% sucrose
for 24 h. Each brain was then subjected to ice embedding
within an optimal cutting temperature (Sakura, Torrance,
CA, USA). Brain samples were cut into 8 µm and 12 µm
coronal sections using a − 20 °C frozen slicer for FJC
staining and IF staining, respectively.
For Western blotting, evaluation of iron levels, and
determination of GPx activity, we killed the mice using
cold PBS transcardial perfusion. We then harvested the
brain tissues on ice, removed the microvessels, and preserved them using liquid nitrogen until measure.
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TEM

We used 2% PFA and 2% glutaraldehyde in 0.1 M
sodium cacodylate to perfuse specimens collected from
rmTBI 28 d group and sham group, followed by fixation
with 2% osmium tetroxide and 1.6% potassium ferrocyanide in 0.1 M sodium cacodylate. The samples were
cut to 1 mm3 thickness and stained with 2% uranyl acetate, followed by dehydration with ethanol along with
the embedding of Eponate. Each section was placed on
copper slot grids, followed by staining with lead citrate
and uranyl acetate (2%). Images were acquired using
a transmission electron microscope (7600; Hitachi,
Tokyo, Japan).
IF staining

After 30 min of fixation with 4% PFA at room temperature, each section was rinsed twice with PBS (5
min each). The section was then treated with 3% BSA
for 30 min at room temperature to block nonspecific binding sites. Sections were incubated overnight
at 4 °C with the following primary antibodies: GPx4
(1:1000; ab125066; Abcam) and MAB1281 (1:200;
Sigma-Aldrich). The next day, the sections were rinsed
with PBS, followed by another 1 h of incubation with
secondary antibodies at room temperature. The nuclei
were then stained with 4’,6-diamidino-2-phenylindole
(DAPI) (ab104139; Abcam). A fluorescence microscope
(Olympus, Heidelberg, Germany) was used for viewing
the stained sections and acquiring images. GPx4-positive cells were in three separate slides from each brain,
with each slide containing three 200 × magnification
fields from cerebral cortex and hippocampus.
FJC staining

For detecting nerve cell degeneration, we used the FJC
Ready-to-Dilute Staining Kit (FJC, TR-100-FJ, Biosensis, CA) for FJC staining according to specific protocols
[35]. Briefly, brain sections were sequentially immersed
with 1% NaOH, 70% ethanol, distilled water, and 0.06%
potassium permanganate. After being washed with distilled water, the sections were stained with 0.0001% FJC
working solution and DAPI. The sections were then
rinsed and dried in the dark. Finally, they were cleared
in xylene and slipped on the slices. Stained slices were
observed and images were acquired under a fluorescence microscope (Olympus, Heidelberg, Germany).
The number of FJC-positive cells was counted under a
microscopic field of 400 × magnification in three visual
fields that were randomly selected from three discrete
sections of each sample.
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Evaluation of iron levels

The Iron Assay Kit (ab83366; Abcam) was used to
assess iron levels. The detection process was performed
according to the manufacturer’s protocol. The main
steps are as follows: harvest tissue and wash tissue in
cold PBS, then homogenize tissue in 4–10 volumes of
Iron Assay Buffer using a Dounce homogenizer sitting
on ice. Centrifuge at 16,000×g for 10 min. Collect the
supernatant and keep on ice. Set up reaction wells:
standard wells = 100 µL standard dilutions. Sample
wells = 2–50 µL samples (adjust volume to 100 µL/well
with Iron Assay Buffer). Add 5 µL Iron Reducer to each
standard well, add 5 µL of Assay buffer to each sample.
Mix and incubate standards and samples at 37 °C for
30 min. Add 100 µL Iron Probe to each well containing
the iron standard and test samples. Mix and incubate at
37 °C for 60 min protected from light. Measure the output immediately on a colorimetric microplate reader
(OD 593 nm).
Evaluation of GPx activity

GPx activity was determined using the Glutathione Peroxidase Assay Kit (ab102530; Abcam). The detection
process was performed according to the manufacturer’s
protocol. The main steps are as follows: harvest tissue
samples and wash tissue with cold PBS. Resuspend samples in 200 µL of cold Assay Buffer. Homogenize the samples quickly and centrifuge for 15 min at 4 °C at 10,000g
using a cold microcentrifuge. Collect the supernatant and
keep on ice. Set up reaction wells: Standard wells = 100
µL standard dilutions. Sample wells = 2–50 µL samples
(adjust volume to 50 µL/well with Assay Buffer). Reagent

control wells = 50 µL Assay Buffer. Immediately prior
to use, prepare reaction mix for each reaction and mix
enough reagents for the number of to be performed. Prepare a master mix of the reaction mix to ensure consistency. Add 40 µL of the reaction mixture to the sample
and reagent control wells. Mix well and incubate at room
temperature for 15 min. Add 10 µL cumene hydroperoxide solution, to the sample and reagent control wells. Mix
well. Measure the output (A1) on a microplate reader at
OD340 nm at T1. Incubate at 25ºC for 5 min. Protect
against light. Measure the output (A2) on a microplate
reader at OD340 nm at T2.
Western blotting

We performed sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) along with immunoblotting according to a previous description [27]. Amyloid precursor protein (APP; 1:1000; ab12269; Abcam),
phospho-tau (p-Tau; 1:1000; 11,834; Cell Signaling Technology), Fpn (1:1000; NBP1–21502SS; NOVUS), tau-5
(1:1000; ab80579; Abcam), transferrin receptor (1:1000;
ab214039; Abcam), and 4-hydroxynonenal (1:1000;
ab46545; Abcam) were detected using 10% SDS-acrylamide gel. Meanwhile, NeuN (1:1000; ab177487; Abcam),
glutathione peroxidase 4 (1:1000; ab125066; Abcam) and
beta-amyloid 1–42 (Aβ1–42; 1:1000; ab201061; Abcam)
were detected using 12% SDS-acrylamide gel. β-Actin
(1:1000; ab8226; Abcam) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:2000; 2118; Cell Signaling Technology) were used as endogenous references.
The details of the antibodies are shown in Table 1. We
used the ChemiDoc XRS + Imaging System (Bio-Rad,

Table 1 Details of the reagents used
Reagents

Brand

Catalogue number

Anti-APP Antibody

Abcam

ab12269

Phospho-TAU Antibody

Cell Signaling Technology

11834

Ferroportin Antibody

NOVUS

NBP1–21502SS

Anti-TAU Antibody

Abcam

ab80579

Anti-Transferrin Receptor Antibody

Abcam

ab214039

Anti-4 Hydroxynonenal Antibody

Abcam

ab46545

Anti-NeuN Antibody

Abcam

ab177487

Anti-Glutathione Peroxidase 4 Antibody

Abcam

ab125066

Anti-beta Amyloid 1–42 Antibody

Abcam

ab201061

Anti-beta Actin Antibody

Abcam

ab8226

GAPDH

Cell Signaling Technology

2118

DAPI

Abcam

ab104139

Liproxstatin-1

Selleckchem

S7699

FJC Ready-to-Dilute Staining Kit

Biosensis

TR-100-FJ

Iron Assay Kit

Abcam

ab83366

Glutathione Peroxidase Assay Kit

Abcam

ab102530
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Hercules, CA, USA) for the densitometric analysis. Image
J software was used to measure the band area.
Statistics analysis

Data are represented as mean ± standard deviation (SD).
GraphPad Prism 9.0 (GraphPad Software) and SPSS 26.0
were used for plotting and statistical analysis. Except
for escape latency, all data were analyzed using oneway analysis of variance (ANOVA) followed by Dunnett’s post hoc test, Tukey’s post hoc test, Dunnett’s T3
post hoc test, and LSD post hoc test. Escape latency data
were compared using repeated-measures ANOVA and
multicomparison. Spearman’s correlation analyses were
used to correlate GPx activity and FJC-positive cells. A P
value < 0.05 was considered statistically significant.

Results
The occurrence of ferroptosis was detected after rmTBI

Aberrant iron homeostasis is associated with ferroptosis,
which induces the pathology of the CNS. To determine
whether abnormal iron homeostasis occurs after rmTBI,
western blotting was performed and non-heme iron levels were evaluated. We first evaluated the levels of iron
metabolism-associated proteins including Tfr1 and Fpn
in rmTBI groups of 1, 3, 7, 14, 28, 42 days post-injury
and the sham group. As shown in Fig. 2A, B, the Tfr1
level increased significantly on day 28 post-rmTBI compared with those in the sham group. The difference was
not significant between the sham and other time points
groups. On the contrary, the levels of Fpn decreased significantly after day 1 post-rmTBI until day 42 post-rmTBI
compared with those in the sham group. We then evaluated the F
 e2+ levels, which indicated iron overload and
produced hydroxyl radicals with high reactivity by the
Fenton reaction [36]. We found that F
 e2+ levels in rmTBI
mice were significantly higher than those of mice in the
sham group after day 7 post-rmTBI, and peaked on day
28 post-rmTBI (Fig. 2C). Together, abnormal Tfr1 and
Fpn levels led to an imbalance in iron transport and promoted iron accumulation after rmTBI. These results suggested that iron metabolism disorder occurs after rmTBI.
A deficiency in GPx activity is assumed to be one of the
causes of ferroptosis in cells [18, 36]. We detected GPx
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activity at different time points after rmTBI and found
that GPx activity decreased significantly on day 3 postrmTBI compared with the sham group. The lowest GPx
activity was detected on day 28 post-rmTBI (Fig. 2D). IF
staining was used to evaluate the number of GPx4-positive cells. We found that the number of GPx4-positive
cells decreased significantly from day 1 to day 42 postrmTBI in the hippocampus and decreased significantly
from day 3 to day 42 post-rmTBI in cortex (Fig. 2E). Similarly, GPx4 protein levels decreased significantly from day
3 to day 42 post-rmTBI after injury compared with those
of the sham group (Fig. 2F, G). These results indicate that
both activity and the quantity of GPx4 decreased significantly after rmTBI.
A reactive product derived from lipid peroxidation,
4-HNE, can indicate the occurrence of ferroptosis. The
levels of 4-HNE protein increased considerably on days
28 and 42 post-rmTBI compared with those of the sham
group (Fig. 2F, G). TEM was used to determine ferroptosis-related morphology. Mitochondrial shrinkage and
mitochondrial cristae decreased or disappeared on day
28 post-rmTBI compared with those of the sham group
(Fig. 2H, I).
To summarize, we detected characteristic changes in
ferroptosis after rmTBI, such as abnormal iron metabolism, GPx inactivation, decreased expression of GPx4,
increased lipid peroxidation products, and mitochondrial
shrinkage. These results suggest the occurrence of ferroptosis after rmTBI.
Neuronal loss and neurodegeneration increased
after rmTBI

To determine neuronal loss and neurodegeneration
after rmTBI, we performed a western blot assay and FJC
(degenerating neuron marker) staining. We found that
the NeuN protein levels were significantly lower than
that of the sham group from day 7 post-rmTBI to day 42
post-rmTBI (Fig. 3A, B). This result suggested a significant increase in neuronal loss after rmTBI.
We performed FJC staining to evaluate nerve cell
degeneration within the hippocampus and cortex.
According to the results of the FJC staining, compared with the sham group, the number of FJC-positive

(See figure on next page.)
Fig. 2 The occurrence of ferroptosis was detected after rmTBI. A, B Western blot was performed to observe the time course of changes in the
expression of iron metabolism-related proteins (Tfr1 and Fpn). Protein expression was normalized to GAPDH and expressed as fold change of sham.
C, D The time course of changes in F e2+ content and GPx activity. E Representative immunofluorescence staining of GPx4-positive cells in the
cortex and hippocampus at different time points after rmTBI and quantitative analysis of GPx4-positive cells. Red indicates positive GPx4 staining,
and blue indicates positive DAPI nuclear staining. Scale bars = 100 μm. F, G Western blot was performed to observe the time course of changes
in the expression of 4-HNE and GPx4. Protein expression was normalized to GAPDH and expressed as fold change of sham. H The ultrastructure of
the cortex on day 28 after rmTBI in mice was captured by transmission electron microscopy. The white arrow indicates mitochondria. I Histogram
showing the frequency of mitochondrial area in the cortex. Number of mitochondria, sham: n = 101; rmTBI 28 d: n = 128. Scale bars = 1.0 μm. Data
are expressed as mean ± SD (n = 6) and analyzed using one-way ANOVA with Dunnett’s post hoc test (B-E, G). *P < 0.05, **P < 0.01, and ***P < 0.001
versus sham

Wang et al. Journal of Neuroinflammation

Fig. 2 (See legend on previous page.)

(2022) 19:185

Page 8 of 19

Wang et al. Journal of Neuroinflammation

(2022) 19:185

cells increased significantly within both the cortex and
the hippocampus from day 3 post-rmTBI to day 42
post-rmTBI (Fig. 3C, D). Therefore, we hypothesized
that significant neuronal loss and neurodegeneration
occurred after rmTBI associated with persistent cognitive
impairment.
Linear correlation analysis showed that GPx activity
was negatively correlated with the number of FJC-positive cells, suggesting that ferroptosis was may be associated with neurodegeneration (Fig. 3E).
MSC treatment attenuates persistent cognitive deficits
induced by rmTBI in mice

IF staining detected the surface-specific marker CD90 of
MSCs (Fig. 4A). MAB1281(human nuclear antibody) can
be used to identify human cells in xenotransplantation
models, because it reacts specifically with human cells
and does not respond to mouse cells. MAB1281 staining was performed to measure exogenous MSCs within
the mice. MAB1281 + cells were found in the brains of
mice treated with MSC (Fig. 4B). This result showed that
MSCs can penetrate the blood–brain barrier (BBB) after
rmTBI, which is consistent with a previous study [37] and
may be related to increased BBB permeability after injury.
The rotarod task was performed on days 3 and 7 after
rmTBI to assess mouse motor coordination. The performance of the rotarod did not show significance difference
among the four groups, suggesting that rmTBI mice did
not have impaired motor coordination (Fig. 4C).
To determine the effect of MSCs on rmTBI-induced
cognitive impairment, NOR and MWM tests were performed to evaluate mouse memory and learning ability.
The NOR test was conducted on days 28–30 after rmTBI,
the effect of MSCs on rmTBI mouse recognition memory
was evaluated by calculating the NORI. The NORI value
of the vehicle group decreased markedly compared with
the sham group, indicating impaired memory. Compared
with the vehicle group, the MSCs and Lip-1 groups had
a long time for novel object recognition and had significantly higher NORI. This indicated that impaired cognitive faculties in rmTBI mice were attenuated by MSC or
Lip-1 treatment (Fig. 4D).
The MWM test was conducted on days 28–32 after
rmTBI, vehicle mice exhibited an impaired spatial learning and memory capacity compared with sham mice,
and treatment with MSC or Lip-1 significantly improved
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spatial learning in rmTBI mice, as evidenced by their
swimming path and their learning curve (Fig. 4E, F). The
results revealed that during the training phase, sham
mice showed a training-related reduction in escape
latency, while vehicle mice showed significantly longer
escape latency compared with sham mice, and the escape
latency of MSC- or Lip-1-treated mice was significantly
shorter compared with vehicle counterparts (Fig. 4F).
Furthermore, in the probe test, compared with the sham
group, the vehicle group showed a significant decrease
in platform-crossing frequencies (Fig. 4G) and a marked
increase in the first latency time to reach the platform
(Fig. 4H), indicating impaired spatial learning and memory function. However, significantly increased platformcrossing frequencies (Fig. 4G) and markedly decreased
the first latency time to reach the platform (Fig. 4H) were
shown in the MSCs and Lip-1 groups compared with
vehicle counterparts, indicating recovery of spatial learning and memory functions. Furthermore, we compared
the average swim speeds between the four groups of mice
and found no significant differences (Fig. 4I).
Taken together, vehicle mice showed impaired spatial learning and memory function compared with sham
mice, whereas MSC or Lip-1 treatment significantly
attenuated persistent cognitive deficits induced by rmTBI
in mice.
MSC treatment reduced pathological protein deposition
and promoted glucose metabolism after rmTBI

RmTBI is a critical risk factor for the occurrence and
development of neurodegeneration, which is characterized by increased deposition of Aβ and tau proteins
and cognitive impairment [38]. WB was used to verify
changes in pathological proteins after rmTBI and the
effect of MSCs on these changes. We observed that
pathological protein levels, including APP, Aβ1–42, and
p-Tau / Tau-5, were significantly elevated in the vehicle
group compared with the sham group, while their levels decreased significantly within the MSCs and Lip-1
groups compared with the vehicle group (Fig. 5A–D).
Furthermore, we used small animal PET/CT to observe
alterations in mouse cerebral imaging. Cerebral Tau
expression was detected using the [18F] S16-tau probe
and as a result, the standardized uptake value (SUV)
values of S16-tau increased markedly within the cortices and hippocampi in the vehicle group compared with

(See figure on next page.)
Fig. 3 Neuronal loss and neurodegeneration increased after rmTBI. A, B Western blot was performed to observe the time course of changes in the
expression of NeuN. Protein expression was normalized to β-actin and expressed as a fold change of sham. C Representative immunofluorescence
staining of FJC-positive cells in the cortex and hippocampus at different time points after rmTBI. Green indicates FJC-positive staining, and blue
indicates positive DAPI nuclear staining. Scale bar = 25 μm. D Quantitative analysis of FJC-positive cells. Data are expressed as mean ± SD (n = 6)
and analyzed using one-way ANOVA followed by Dunnett’s post hoc test (B, D). **P < 0.01, and ***P < 0.001 versus sham. E The correlations between
FJC-positive cells in the cortex and hippocampus and GPx activity were evaluated using Spearman’s correlation analysis (r = − 0.8765, P < 0.0001)
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Fig. 4 MSC treatment attenuates persistent cognitive deficits induced by rmTBI in mice. A Representative immunofluorescent images of
CD90 + cells were used to identify MSCs. Scale bar = 50 µm. B Representative immunofluorescent images of MAB1281 + cells were used to observe
the migration of MSCs. Scale bar (left) = 100 µm; Scale bar (right) = 15 µm. C The rotarod test was tested on days 3 and 7 post-rmTBI. D The NOR
test was tested on days 28–30 post-rmTBI. E–I The MWM test was performed on days 28–32 post-rmTBI. Representative training and spatial probe
traces of mice in the sham, vehicle, MSCs, and Lip-1 groups (E). Escape latencies during the training period of MWM (F). The frequency of crossing
the hidden platform during the probe trial of MWM (G). The first latency time to reach the platform during the probe trial of MWM (H). Swim speed
during the probe trial of MWM (I). Data are expressed as mean ± SD and analyzed using one-way ANOVA with Dunnett’s T3 post hoc test and
Tukey’s post hoc test (C, D, G, H, I). Repeated measures ANOVA with multiple comparisons was used for comparisons of escape latency (F). For
vehicle group: **P < 0.01, ***P < 0.001 vs sham group; for MSCs group: #P < 0.05, ##P < 0.01, ###P < 0.001 vs vehicle group; for Lip-1 group: ##P < 0.01,
###
P < 0.001 vs vehicle group

the sham group. However, these values were significantly
lower in the MSCs and Lip-1 groups compared with the
vehicle group (Fig. 5E, F), suggesting increased Tau protein deposition in the brain of rmTBI mice, which could
be significantly reduced by MSC or Lip-1 treatment. Furthermore, from the [ 18F] FDG-SUV perspective, the vehicle group had significantly lower SUV values within the
cortices and hippocampi compared with the sham group;
these values were much higher in the MSCs and Lip-1
groups compared with the vehicle group (Fig. 5E, G),

suggesting that the treatment with MSC or Lip-1 rescued
the reduction induced by rmTBI in glucose metabolism.
All these results suggest that MSC treatment reduces
intracerebral pathological protein levels while promoting
glucose metabolism after rmTBI.
MSCs treatment rescued rmTBI‑induced
neurodegeneration and neuronal loss

To better study the effect of MSCs on rmTBI-mediated
neuronal damage, FJC staining and WB were performed
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Fig. 5 MSC treatment reduced pathological protein deposition and promoted glucose metabolism after rmTBI. A–D Western blot for APP, Aβ1-42,
p-Tau, Tau-5 was performed on day 28 after rmTBI. Protein expression was normalized to GAPDH and expressed as a fold change in sham. Data are
expressed as mean ± SD (n = 6) and analyzed using one-way ANOVA with Tukey’s post hoc test (B) and one-way ANOVA with Dunnett’s T3 post
hoc test (D). E–G Reconstructed S16-TAU PET/CT images and [18F] FDG PET/CT images of mice in the sham, vehicle, MSCs and Lip-1 groups (E).
Bar graph showing maximum SUV values in different regions of the brain of mice, including the cortex and hippocampi. Data are expressed as
mean ± SD (n = 3) and analyzed using one-way ANOVA with the LSD post hoc test (F, G). For vehicle group: **P < 0.01, and ***P < 0.001 vs sham
group; for MSCs group: #P < 0.05, ##P < 0.01, and ###P < 0.001 vs vehicle group; for Lip-1 group: ##P < 0.01, ###P < 0.001 vs vehicle group

to detect neurodegeneration and neuronal survival.
In terms of FJC, the number of FJC-positive cells
decreased significantly after MSC or Lip-1 treatment,
suggesting decreased neurodegeneration (Fig. 6A, B).
The WB results showed that MSC and Lip-1 treatments
could significantly rescued rmTBI-induced neuronal
loss (Fig. 6C, D). This indicated that MSC treatment

could promote neuronal survival and reduce neurodegeneration after rmTBI.
MSC treatment inhibits rmTBI‑induced ferroptosis

To determine the role of MSCs in the rescue of rmTBImediated ferroptosis, iron levels, GPx activity assays,
and WB were performed. As a result, MSC treatment
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Fig. 6 MSCs treatment rescued rmTBI-induced neurodegeneration and neuronal loss. A Representative immunofluorescence staining of
FJC-positive cells in the cortex and hippocampus of sham, vehicle, MSCs, and Lip-1 groups. Green indicates FJC-positive staining, and blue indicates
positive DAPI nuclear staining. Scale bar = 25 μm. B Quantitative analysis of FJC-positive cells. C, D Western blot analysis of NeuN proteins in the
sham, vehicle, MSCs, Lip-1 groups. Protein expression was normalized to β-actin and expressed as a fold change of sham. Data are expressed as
mean ± SD (n = 6) and analyzed using one-way ANOVA with Tukey’s post hoc test. For vehicle group: **P < 0.01, and ***P < 0.001 vs sham group; for
MSCs group: ##P < 0.01, and ###P < 0.001 vs vehicle group; for Lip-1 group: #P < 0.05, ###P < 0.001 vs vehicle group

remarkably suppressed rmTBI-induced up-regulation
of Tfr1 and down-regulation of Fpn (Fig. 7A, B). We
also found that MSC treatment significantly inhibited
the up-regulation of Fe2+ content induced by rmTBI
and markedly mitigated the decrease in GPx activity
(Fig. 7C, D). Similarly to the result of the GPx activity
assays, compared with the vehicle group, MSC treatment markedly increased GPx4 protein expression
(Fig. 7E, F). Subsequently, MSC treatment significantly
prevented the expression of 4-HNE proteins (Fig. 7E,
F). Similar results were obtained in the Lip-1 group.
Taken together, MSC treatment potently regulates
protein levels associated with iron metabolism, inhibits iron accumulation, restores GPx activity and GPx4
quantity, and prevents lipid peroxidation, thus rescuing rmTBI-induced ferroptosis. These suggest that ferroptosis inhibition may be an important mechanism
for MSCs to reduce neurodegeneration and ameliorate
persistent cognition impairment post-rmTBI.

Discussion
To date, none of the neuroprotective therapies are
effective for persistent impaired cognition among
patients with rmTBI. Understanding the complicated
mechanisms of rmTBI and chronic sequelae is of great
importance, and it is urgent to find new effective therapeutic strategies. MSCs, pluripotent SCs, have been
extensively investigated and are the preferred SCs for
regenerative therapy. Here, we provide evidence that
MSCs improve persistent cognitive function within
the mouse model of rmTBI, partially by suppressing
ferroptosis.
Several studies have evaluated how MSCs affect cellular, histopathological, and behavioral processes in many
CNS diseases in the context of ROS markers, inflammatory factors, pathological proteins, and impaired cognition [39, 40]. MSCs have several protective activities in
the management of CNS diseases through the production of exosomes and growth factors or the mitigation
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Fig. 7 MSCs treatment inhibit rmTBI-induced ferroptosis. A, B Western blot analysis of the Fpn, Tfr1 proteins in sham, vehicle, MSCs, Lip-1 groups.
Protein expression was normalized to GAPDH and expressed as fold change of sham. C, D The levels of F e2+ content and GPx activity in the sham,
vehicle, MSCs, Lip-1 groups. E, F Western blot analysis of the 4-HNE and GPx4 proteins in sham, vehicle, MSCs, Lip-1 groups. Protein expression was
normalized to GAPDH and expressed as fold change of sham. Data are expressed as mean ± SD (n = 6) and analyzed using one-way ANOVA with
Tukey’s post hoc test. For vehicle group: ***P < 0.001 vs sham group; for MSCs group: #P < 0.05, ##P < 0.01, ###P < 0.001 vs vehicle group; for Lip-1
group: #P < 0.05, ##P < 0.01, ###P < 0.001 vs vehicle group

of neuroinflammation [23]; however, data on how MSCs
affect cognitive function post-rmTBI are not available.
Ferroptosis has been discovered as a new form of cell
death in recent years, which has an important effect on
cancer occurrence and embryogenesis [10, 41]. Ferroptosis is present in various models of CNS disease, such
as PD, AD, intracerebral hemorrhage, and post-traumatic
epilepsy [13]. According to previous studies, ferroptosis participates in secondary injury after TBI, but its
exact role in TBI and rmTBI and the effect of MSCs on
resisting ferroptosis are unclear [18, 19]. According to
this study, rmTBI caused alterations in ferroptosis-associated biomarker levels, and treatment with both MSC

and Lip-1 (the ferroptosis inhibitor) markedly mitigated
rmTBI-mediated ferroptosis, nerve cell injury, pathological protein deposition, and cognitive impairment.
This study used hUCB-MSC because they exhibit great
benefits for cell storage, transplantation, and procurement compared with bone marrow-derived MSCs [42,
43]. Two recent studies have supported the approach to
MSC administration in our study [30, 31]. Ferroptosis is
inhibited by inhibitors of lipid ROS (Lip-1 and ferrostatin-1), lipophilic antioxidants (α-tocopherol, β-carotene,
and butylated hydroxytoluene), as well as iron chelators (desferrioxamine) [18]. The researchers tested more
than 40,000 drug-like small molecules in drug-inducible
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ferroptosis mice models and found a yet unrecognized
class of spiroquinoxalinamine derivatives, including Lip1. Compared with other ferroptosis inhibitors, Lip-1 can
inhibit ferroptosis in the low nanomolar range and significantly improve cell viability without interfering with
other classical types of cell death, showing significant
effectiveness and specificity for ferroptosis [44].
Iron accumulation is a characteristic feature of ferroptosis. Iron is the fundamental element in nearly all organisms, as it participates in various metabolic processes
[45]. Under physiological conditions, iron exists in nerve
cells in the form of transferrin (Tf ) as F
 e3+, and the complex of the Tf–transferrin receptor (Tf–Tfr) functions in
absorbing Fe3+ within the brain. The low pH value within
the endosome disrupts the Tf-Fe3+–Tfr complex, which
releases Fe3+, and subsequently F
 e3+ will be reduced to
2+
Fe and transferred to the cytoplasmic labile iron pool.
On the other hand, Fpn modulates Fe2+ export and maintains the balance of iron metabolism together with the
Tf–Tfr complex [13]. The imbalance of iron metabolism
can lead to aberrant iron accumulation, which generates
toxicity to brain-specific cells (including microglial cells,
astrocytes, and neurons) [46]. The present study suggested that rmTBI resulted in a decrease in Fpn level and
an increase in Tfr1 level and F
 e2+ content. Interestingly,
both MSCs and Lip-1 attenuated these aforementioned
alterations. It is speculated that MSCs may reduce Fe2+
accumulation by regulating iron transport. However, the
specific molecular mechanism by which MSCs prevent
the up-regulation of the Tfr1 level and the down-regulation of the Fpn level after rmTBI is unclear and should be
further investigated in future studies.
Lipid peroxidation is another characteristic of ferroptosis. Excessive F
 e2+ generation after TBI breaks cell
homeostasis and accelerates ROS generation through
Fenton reactions, thus inducing cell injury. The brain
shows a high vulnerability to excessive ROS production
due to low antioxidants and high metabolism. Intracerebral oxidative injury is presented primarily as lipid
peroxidation due to the increase in the content of polyunsaturated fatty acids within the membrane-abundant
structure [47]. Lipid peroxides will degrade to toxic aldehydes such as 4-HNE and malonaldehyde, thus affecting
cell membrane permeability and fluidity. Gpx4 inhibits
lipid peroxidation by directly reducing hydroperoxides
within membrane lipids and is considered a key regulator
or target of ferroptosis [48]. Previous studies have shown
that inhibiting GPx4 by gene knockout or drug inactivation caused ferroptosis [49]; however, whether GPx4
is dysfunctional after rmTBI has not been investigated.
We found that 4-HNE protein expression increased
on days 28 and 42 post-rmTBI, but less 4-HNE expressions were observed within the Lip-1 and MSCs groups
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compared with the vehicle group, indicating that MSCs
could reduce lipid peroxidation. Furthermore, this study
found that the expression of the GPx4 protein and GPx
activity decreased significantly on day 3 post-rmTBI and
continued to decrease gradually thereafter. MSCs and
Lip-1 inhibited overexpression of 4-HNE, inactivation of
GPx, and decrease in the protein levels of GPx4 induced
by rmTBI. Through TEM, we observed distinct morphological changes characteristic of ferroptosis in the cerebral cortex of mice on day 28 post-rmTBI, manifested by
mitochondrial shrinkage and disappearance of the mitochondrial bilayer membrane structure. In conclusion,
iron accumulation, decrease in GPx4 protein levels and
GPx activity, increase in lipid peroxidation products, and
changes in mitochondrial ultrastructure provide potent
evidence of ferroptosis induced by rmTBI. Furthermore,
MSCs can inhibit ferroptosis by regulating iron metabolism, GPx activation, and lipid peroxidation (Fig. 8).
As suggested in several reports, ferroptosis occurs during cognitive impairment. The up-regulation of 4-HNE
was observed within some regions of the brain in patients
with slightly impaired cognition indicates lipid peroxidation [50]. On the other hand, iron accumulation is associated with impaired cognition among mTBI patients [51].
Furthermore, GPx4 depletion aggravated impaired cognition [52]. Many studies have indicated the protection of
suppressing ferroptosis during cognitive impairment. For
example, Fer-1 injected into the cerebral ventricle markedly decreased nerve cell degeneration while improving
the long-time cognition in the mouse model of CCI [53].
Similarly, GPx4BIKO mice fed the vitamin E-deficient
diet exhibited a faster rate of hippocampal neurodegeneration and cognitive impairment compared with their
healthy counterparts; however, mice injected with ferroptosis inhibitor exhibited reduced neurodegeneration
[52]. These findings indicated that ferroptosis was the
neurodegeneration-deriving mechanism. Through the
MWM and RR tests, we found that rmTBI mice showed
significant impairments in learning and memory function without accompanying persistent impairment of
motor coordination; however, the Lip-1 and MSCs
groups were remarkably superior to the vehicle group
in persistent learning and memory function. Furthermore, we also observed increased neuronal degeneration
and loss within the cortices and hippocampus in rmTBI
mice, whereas treatment with MSC and Lip-1 significantly rescued neuronal degeneration and loss. Neuronal
degeneration was negatively correlated with GPx activity.
Therefore, we speculated that cognitive impairment and
neurodegeneration in rmTBI mice are closely related to
ferroptosis, and the therapeutic effect of MSCs can also
be achieved by inhibiting ferroptosis after rmTBI. However, more studies are needed to explore the precise
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Fig. 8 The schematic representation of MSC treatment inhibits rmTBI-induced ferroptosis

pathway of ferroptosis involved in impaired cognition
after rmTBI.
AD is a common neurodegenerative disease after
rmTBI and has similar characteristics to ferroptosis,

such as iron overload, lipid peroxidation, and GPx4 inactivation [13]. Tau hyperphosphorylation, resulting in a
neurofibrillary tangle, as well as the eventual axonal dysfunction, has been commonly observed among AD cases.
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Interestingly, tau hyperphosphorylation may result in
ferroptosis [54]; however, the underlying mechanism is
unclear. Another pathological feature of AD is Aβ deposition. A study found that hUCB-MSC co-culture with BV2
microglial cells treated with Aβ1–42 decreased Aβ within
the medium, which was related to up-regulation of
Aβ-degrading enzyme neprilysin within microglial cells
[55]. According to our results, APP, Aβ, and Tau protein hyperphosphorylation levels increased after rmTBI,
while levels decreased significantly in the MSC and Lip-1
groups compared with the vehicle group. Furthermore,
the expression of Tau in the brain was analyzed by small
animal PET/CT, and Tau levels within the cortices and
hippocampi decreased in the MSCs and Lip-1 groups
compared with the vehicle group. These results suggest that MSC treatment reduced pathological protein
accumulation. Therefore, future studies will be needed
to explore the mechanism of ferroptosis with additional
pathological features to target anti-neurodegenerative
disorder treatment.
Based on our findings, ferroptosis participates in
the persistent cognitive impairment disease process of
rmTBI; therefore, inhibiting ferroptosis may be an effective target to improve cognitive function after rmTBI.
Taking into account the different mechanisms of ferroptosis, promising therapies targeting ferroptosis pathways
could exhibit antioxidant or iron chelating characteristics [13]. This study suggested that MSCs exhibited antioxidant and iron chelating activities within rmTBI mice,
similar to the ferroptosis inhibitor Lip-1. Therefore, this
study suggested that MSCs suppress ferroptosis, demonstrating the potential role of MSCs as a ferroptosis
inhibitor. This result has been confirmed by two latest
studies [45, 56]. Our research found that MSCs may play
a neuroprotective role partly by inhibiting ferroptosis.
Previous studies have reported that MSCs can inhibit
neuroinflammation and promote brain remodeling in
TBI [57]. We will explore whether the inhibitory effect
of MSCs on ferroptosis after rmTBI will affect other
neuropathology using GPx4 knockout mice (ferroptosis
over-activated) in future studies. However, while ferroptosis emerges as a critical cell death form in rmTBI, other
programmed cell death pathways, including apoptosis,
pyroptosis, necroptosis, and autophagy will be also activated after brain injury and determine the neuropathology as well as the cognitive prognosis [58–60]. The results
of this research suggested that MSCs exert a neuroprotective effect by possibly inhibiting ferroptosis but also
possible, by manipulating other cell death pathways. The
purpose of this research is to provide a novel therapeutic strategy using MSCs transplantation to improve the
cognitive outcome of rmTBI. More research is needed to
explore which specific modes of cell death predominate
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in the pathological progression of rmTBI, which will lay
the foundation for the clinical transformation of MSCs.
Many studies have found that a combination treatment
using inhibitors for various cell death pathways exhibited
higher protective effects on neuroinflammation and neurological outcome than targeting a single pathway [13].
More research on combination strategies for the treatment of rmTBI is urgently needed.
The limitation of this study is that the optimal dose
and frequency of MSC administration to reduce cognitive impairment of rmTBI, as well as the half-life and
distribution of MSCs in vivo were not studied. Preclinical studies are needed to further explore the optimal
dose and frequency of MSC administration, as well as
the distribution and metabolism of MSCs. In addition,
future studies will also need to focus on whether rmTBI
results in peripheral dysfunction, and whether MSCs can
eventually enter other tissues (immune tissue, liver, lung,
gut, etc.) to mitigate the secondary effects of rmTBI. Furthermore, only male mice were used in this research, and
female mice were not involved. Therefore, the gender differences of rmTBI and the therapeutic effects of MSC in
mice of different sex have not been elucidated. Follow-up
studies in female mice should be supplemented to reduce
experimental bias caused by gender factors. Moreover,
our research found that RR did not show differences
in motor function. RR may not be sensitive enough to
detect smaller changes in locomotor function, and further studies could consider using more test methods (e.g.,
catwalk) for validation.

Conclusions
To summarize, this study demonstrated the presence of
ferroptosis after rmTBI, characterized by iron accumulation, abnormal GPx4, increased lipid peroxidation, and
shrunken mitochondria. In addition, MSCs could reduce
neuronal degeneration and loss, decrease pathological
protein deposition, and ameliorate persistent cognitive
impairment of rmTBI, possibly by inhibiting ferroptosis.
We believe that the results of this study provide insight
on post-rmTBI cell death and lay the fundamental basis
for future research on cell death targeting therapies for
rmTBI.
Abbreviations
rmTBI: Repetitive mild traumatic brain injury; mTBI: Mild traumatic brain
injury; MSCs: Mesenchymal stromal cells; GPx: Glutathione peroxidase; PD:
Parkinson’s disease; AD: Alzheimer’ s disease; ROS: Reactive oxygen species;
GPx4: Glutathione peroxidase 4; CNS: Central nervous system; Tfr1: Transferrin
receptor-1; Fpn: Ferroportin; 4-HNE: 4-Hydroxynonenal; SCs: Stem cells; hUCB:
Human umbilical cord blood; WB: Western blot; TEM: Transmission electron
microscopy; FJC: Fluoro-Jade C; IF: Immunofluorescence; NOR: Novel object
recognition; MWM: Morris water maze; PET/CT: Positron emission tomography/computed tomography; NORI: Novel object recognition index; SPT:
Spatial probe test; FDG: 18F-fluoro-2-deoxy-d-glucose; FOV: Field of view; PFA:

Wang et al. Journal of Neuroinflammation

(2022) 19:185

Paraformaldehyde; PBS: Phosphate-buffered saline; DAPI: 6-Diamidino-2-phenylindole; SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; APP: Amyloid precursor protein; Aβ: Beta-amyloid; p-Tau: Phospho-tau;
SD: Standard deviation; ANOVA: Analysis of variance; BBB: Blood–brain barrier;
SUV: Standardized uptake value; Tf: Transferrin; Tf–Tfr: Tf–transferrin receptor.
Acknowledgements
The authors appreciate Chunsheng Kang, Xiao Liu, Weiyun Cui, Lei Zhou
(Tianjin Neurological Institute) for their technical support.

Page 18 of 19

5.
6.
7.
8.

Author contributions
PL and SSZ were responsible for study design. PL supervised the experiment.
DW developed methodology. DW, XTG, ZYY, MML, MTG, TPH, ZLH, XDK, DL, JZ,
and LW carried out the experiments. FLC provided technical support. SSZ and
DW interpreted the results, performed data analysis, and prepared the figures
and tables. XTG contributed to the language modification and guidance.
DW and SSZ wrote the manuscript. PL and QL supervised the study. DW, SSZ,
and XTG contributed equally to this work and should be considered co-first
authors. All authors read and approved the final manuscript.

9.

Funding
This study was supported by the Haihe Laboratory of Cell Ecosystem Innovation Fund (Grant Number HH22KYZX0048), National Natural Science Foundation of China (Grant Numbers 82072166, 82071394, 82102318), Science and
Technology Project of Tianjin Municipal Health Commission (Grant Number
KJ20177, ZC20184, TJWJ2021QN005), Natural Science Foundation of Tianjin
(Grant Number 19JCQNJC10200), and Tianjin Key Medical Discipline (Specialty)
Construction Project.

13.

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The animal study was reviewed and approved by Tianjin Medical University
Animal Care and Use Committee.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Haihe Laboratory of Cell Ecosystem, Department of Geriatrics, Tianjin Medical
University General Hospital, Tianjin, China. 2 Tianjin Geriatrics Institute, Tianjin
Medical University General Hospital, Tianjin, China. 3 Tianjin Neurological Institute, Tianjin Medical University General Hospital, Tianjin, China.
Received: 14 May 2022 Accepted: 6 July 2022

10.
11.

12.

14.

15.

16.

17.
18.
19.

20.
21.

22.
23.
24.

References
1. Leung A. Addressing chronic persistent headaches after MTBI as a neuropathic pain state. J Headache Pain. 2020;21:77.
2. Bigler ED. Volumetric MRI Findings in Mild Traumatic Brain Injury (mTBI)
and Neuropsychological Outcome. Neuropsychol Rev. 2021;34:45.
3. Vaughn MN, Winston CN, Levin N, Rissman RA, Risbrough VB. Developing
biomarkers of mild traumatic brain injury: promise and progress of CNSderived exosomes. Front Neurol. 2021;12: 698206.
4. Clark AL, Weigand AJ, Bangen KJ, Merritt VC, Bondi MW, Delano-Wood
L. Repetitive mTBI is associated with age-related reductions in cerebral
blood flow but not cortical thickness. J Cereb Blood Flow Metab.
2021;41:431–44.

25.
26.

27.
28.

Schwab N, Ju Y, Hazrati LN. Early onset senescence and cognitive impairment in a murine model of repeated mTBI. Acta Neuropathol Commun.
2021;9:82.
Eyolfson E, Khan A, Mychasiuk R, Lohman AW. Microglia dynamics in
adolescent traumatic brain injury. J Neuroinflammation. 2020;17:326.
Distefano AM, Martin MV, Cordoba JP, Bellido AM, D’Ippolito S, Colman
SL, Soto D, Roldan JA, Bartoli CG, Zabaleta EJ, et al. Heat stress induces
ferroptosis-like cell death in plants. J Cell Biol. 2017;216:463–76.
Bogacz M, Krauth-Siegel RL. Tryparedoxin peroxidase-deficiency commits
trypanosomes to ferroptosis-type cell death. Elife. 2018;7:e20.
Shen Q, Liang M, Yang F, Deng YZ, Naqvi NI. Ferroptosis contributes to
developmental cell death in rice blast. New Phytol. 2020;227:1831–46.
Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, Kang R, Tang D. Ferroptosis:
process and function. Cell Death Differ. 2016;23:369–79.
Mizuno H, Kubota C, Takigawa Y, Shintoku R, Kannari N, Muraoka T, Obinata H, Yoshimoto Y, Kanazawa M, Koshiishi I, Torii S. 2,2,6,6-Tetramethylpiperidine-1-oxyl acts as a volatile inhibitor of ferroptosis and neurological
injury. J Biochem. 2022. https://doi.org/10.1093/jb/mvac044.
Angeli J, Shah R, Pratt DA, Conrad M. Ferroptosis inhibition: mechanisms
and opportunities. Trends Pharmacol Sci. 2017;38:489–98.
Geng Z, Guo Z, Guo R, Ye R, Zhu W, Yan B. Ferroptosis and traumatic brain
injury. Brain Res Bull. 2021;172:212–9.
Liang H, Tang T, Huang H, Li T, Gao C, Han Y, Yuan B, Gao S, Wang H, Zhou
ML. Peroxisome proliferator-activated receptor-gamma ameliorates
neuronal ferroptosis after traumatic brain injury in mice by inhibiting
cyclooxygenase-2. Exp Neurol. 2022;354: 114100.
Gong F, Ge T, Liu J, Xiao J, Wu X, Wang H, Zhu Y, Xia D, Hu B. Trehalose
inhibits ferroptosis via NRF2/HO-1 pathway and promotes functional recovery in mice with spinal cord injury. Aging (Albany NY).
2022;14:3216–32.
Wang Y, Chen J, Lu J, Xi J, Xu Z, Fan L, Dai H, Gao L. Metal ions/nucleotide
coordinated nanoparticles comprehensively suppress tumor by synergizing ferroptosis with energy metabolism interference. J Nanobiotechnology. 2022;20:199.
Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and
role in disease. Nat Rev Mol Cell Biol. 2021;22:266–82.
Li Q, Han X, Lan X, Gao Y, Wan J, Durham F, Cheng T, Yang J, Wang Z, Jiang
C, et al. Inhibition of neuronal ferroptosis protects hemorrhagic brain. JCI
Insight. 2017;2: e90777.
Rui T, Wang H, Li Q, Cheng Y, Gao Y, Fang X, Ma X, Chen G, Gao C, Gu Z,
et al. Deletion of ferritin H in neurons counteracts the protective effect of
melatonin against traumatic brain injury-induced ferroptosis. J Pineal Res.
2021;70: e12704.
Galipeau J, Sensebe L. Mesenchymal Stromal Cells: Clinical Challenges
and Therapeutic Opportunities. Cell Stem Cell. 2018;22:824–33.
Neves AF, Camargo C, Premer C, Hare JM, Baumel BS, Pinto M. Intravenous
administration of mesenchymal stem cells reduces Tau phosphorylation
and inflammation in the 3xTg-AD mouse model of Alzheimer’s disease.
Exp Neurol. 2021;341: 113706.
Tan TT, Toh WS, Lai RC, Lim SK. Practical considerations in transforming MSC therapy for neurological diseases from cell to EV. Exp Neurol.
2022;349: 113953.
Scopetti M, Santurro A, Gatto V, La Russa R, Manetti F, D’Errico S, Frati
P, Fineschi V. Mesenchymal stem cells in neurodegenerative diseases:
Opinion review on ethical dilemmas. World J Stem Cells. 2020;12:168–77.
Fan X, Sun D, Tang X, Cai Y, Yin ZQ, Xu H. Stem-cell challenges in the treatment of Alzheimer’s disease: a long way from bench to bedside. Med Res
Rev. 2014;34:957–78.
Turgeman G. The therapeutic potential of mesenchymal stem cells
in Alzheimer’s disease: converging mechanisms. Neural Regen Res.
2015;10:698–9.
Karagyaur M, Dzhauari S, Basalova N, Aleksandrushkina N, Sagaradze G,
Danilova N, Malkov P, Popov V, Skryabina M, Efimenko A, Tkachuk V. MSC
Secretome as a Promising Tool for Neuroprotection and Neuroregeneration in a Model of Intracerebral Hemorrhage. Pharmaceutics. 2021;13:67.
Ge X, Guo M, Hu T, Li W, Huang S, Yin Z, Li Y, Chen F, Zhu L, Kang C, et al.
Increased Microglial Exosomal miR-124-3p Alleviates Neurodegeneration
and Improves Cognitive Outcome after rmTBI. Mol Ther. 2020;28:503–22.
Ge X, Yu J, Huang S, Yin Z, Han Z, Chen F, Wang Z, Zhang J, Lei P. A novel
repetitive mild traumatic brain injury mouse model for chronic traumatic
encephalopathy research. J Neurosci Methods. 2018;308:162–72.

Wang et al. Journal of Neuroinflammation

(2022) 19:185

29. Hu T, Han Z, Xiong X, Li M, Guo M, Yin Z, Wang D, Cheng L, Li D, Zhang
S, et al. Inhibition of exosome release alleviates cognitive impairment
after repetitive mild traumatic brain injury. Front Cell Neurosci. 2022;16:
832140.
30. Xu L, Xing Q, Huang T, Zhou J, Liu T, Cui Y, Cheng T, Wang Y, Zhou X, Yang
B, et al. HDAC1 silence promotes neuroprotective effects of human
umbilical cord-derived mesenchymal stem cells in a mouse model
of traumatic brain injury via PI3K/AKT Pathway. Front Cell Neurosci.
2018;12:498.
31. Jia Y, Cao N, Zhai J, Zeng Q, Zheng P, Su R, Liao T, Liu J, Pei H, Fan Z, et al.
HGF Mediates Clinical-Grade Human Umbilical Cord-Derived Mesenchymal Stem Cells Improved Functional Recovery in a SenescenceAccelerated Mouse Model of Alzheimer’s Disease. Adv Sci (Weinh).
2020;7:1903809.
32. Zhang W, Sun Y, Bai L, Zhi L, Yang Y, Zhao Q, Chen C, Qi Y, Gao W, He W,
et al. RBMS1 regulates lung cancer ferroptosis through translational
control of SLC7A11. J Clin Invest. 2021;131:22.
33. Dragomanova S, Pavlov S, Marinova D, Hodzev Y, Petralia MC, Fagone P,
Nicoletti F, Lazarova M, Tzvetanova E, Alexandrova A, et al. Neuroprotective Effects of Myrtenal in an Experimental Model of Dementia Induced in
Rats. Antioxidants (Basel). 2022;11:374.
34. Zhang Y, Kim MS, Jia B, Yan J, Zuniga-Hertz JP, Han C, Cai D. Hypothalamic stem cells control ageing speed partly through exosomal miRNAs.
Nature. 2017;548:52–7.
35. Zhang Y, Wu Z, Huang Z, Liu Y, Chen X, Zhao X, He H, Deng Y. GSK-3beta
inhibition elicits a neuroprotection by restoring lysosomal dysfunction
in neurons via facilitation of TFEB nuclear translocation after ischemic
stroke. Brain Res. 2022;1778: 147768.
36. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan VS, Cheah JH, Clemons PA, Shamji AF, Clish CB, et al. Regulation of
ferroptotic cancer cell death by GPX4. Cell. 2014;156:317–31.
37. Cerri S, Greco R, Levandis G, Ghezzi C, Mangione AS, Fuzzati-Armentero
MT, Bonizzi A, Avanzini MA, Maccario R, Blandini F. Intracarotid Infusion
of Mesenchymal Stem Cells in an Animal Model of Parkinson’s Disease,
Focusing on Cell Distribution and Neuroprotective and Behavioral Effects.
Stem Cells Transl Med. 2015;4:1073–85.
38. Iraji A, Khoshneviszadeh M, Firuzi O, Khoshneviszadeh M, Edraki N. Novel
small molecule therapeutic agents for Alzheimer disease: Focusing on
BACE1 and multi-target directed ligands. Bioorg Chem. 2020;97: 103649.
39. Wang X, Wu J, Ma S, Xie Y, Liu H, Yao M, Zhang Y, Yang GL, Yang B, Guo R,
Guan F. Resveratrol Preincubation Enhances the Therapeutic Efficacy of
hUC-MSCs by improving cell migration and modulating neuroinflammation mediated by MAPK signaling in a mouse model of Alzheimer’s
Disease. Front Cell Neurosci. 2020;14:62.
40. Boutajangout A, Noorwali A, Atta H, Wisniewski T. Human umbilical cord
stem cell xenografts improve cognitive decline and reduce the amyloid
burden in a mouse model of Alzheimer’s Disease. Curr Alzheimer Res.
2017;14:104–11.
41. Yang L, WenTao T, ZhiYuan Z, Qi L, YuXiang L, Peng Z, Ke L, XiaoNa J,
YuZhi P, MeiLing J, et al. Cullin-9/p53 mediates HNRNPC degradation to
inhibit erastin-induced ferroptosis and is blocked by MDM2 inhibition in
colorectal cancer. Oncogene. 2022;4:89.
42. Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and
disease. Nat Rev Immunol. 2008;8:726–36.
43. Lindvall O, Kokaia Z, Martinez-Serrano A. Stem cell therapy for
human neurodegenerative disorders-how to make it work. Nat Med.
2004;10(Suppl):S42–50.
44. Friedmann AJ, Schneider M, Proneth B, Tyurina YY, Tyurin VA, Hammond
VJ, Herbach N, Aichler M, Walch A, Eggenhofer E, et al. Inactivation of the
ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat Cell
Biol. 2014;16:1180–91.
45. Song Y, Wang B, Zhu X, Hu J, Sun J, Xuan J, Ge Z. Human umbilical cord
blood-derived MSCs exosome attenuate myocardial injury by inhibiting ferroptosis in acute myocardial infarction mice. Cell Biol Toxicol.
2021;37:51–64.
46. Glushakova OY, Johnson D, Hayes RL. Delayed increases in microvascular
pathology after experimental traumatic brain injury are associated with
prolonged inflammation, blood-brain barrier disruption, and progressive
white matter damage. J Neurotrauma. 2014;31:1180–93.

Page 19 of 19

47. Cheng Y, Qu W, Li J, Jia B, Song Y, Wang L, Rui T, Li Q, Luo C. Ferristatin II,
an iron uptake inhibitor, exerts neuroprotection against traumatic brain
injury via suppressing ferroptosis. Acs Chem Neurosci. 2022;13:664–75.
48. Yang L, Du B, Zhang S, Wang M. RXRgamma attenuates cerebral
ischemia-reperfusion induced ferroptosis in neurons in mice through
transcriptionally promoting the expression of GPX4. Metab Brain Dis.
2022;23:e56.
49. Imai H, Matsuoka M, Kumagai T, Sakamoto T, Koumura T. Lipid peroxidation-dependent cell death regulated by GPx4 and ferroptosis. Curr Top
Microbiol Immunol. 2017;403:143–70.
50. Shao L, Dong C, Geng D, He Q, Shi Y. Ginkgolide B protects against cognitive impairment in senescence-accelerated P8 mice by mitigating oxidative stress, inflammation and ferroptosis. Biochem Biophys Res Commun.
2021;572:7–14.
51. Qin D, Wang J, Le A, Wang TJ, Chen X, Wang J. Traumatic brain injury:
ultrastructural features in neuronal ferroptosis, glial cell activation and
polarization, and blood-brain barrier breakdown. Cells-Basel. 2021;10:89.
52. Hambright WS, Fonseca RS, Chen L, Na R, Ran Q. Ablation of ferroptosis
regulator glutathione peroxidase 4 in forebrain neurons promotes cognitive impairment and neurodegeneration. Redox Biol. 2017;12:8–17.
53. Xie BS, Wang YQ, Lin Y, Mao Q, Feng JF, Gao GY, Jiang JY. Inhibition of
ferroptosis attenuates tissue damage and improves long-term outcomes
after traumatic brain injury in mice. Cns Neurosci Ther. 2019;25:465–75.
54. Zhang YH, Wang DW, Xu SF, Zhang S, Fan YG, Yang YY, Guo SQ, Wang S,
Guo T, Wang ZY, Guo C. alpha-Lipoic acid improves abnormal behavior by
mitigation of oxidative stress, inflammation, ferroptosis, and tauopathy in
P301S Tau transgenic mice. Redox Biol. 2018;14:535–48.
55. Kim JY, Kim DH, Kim JH, Lee D, Jeon HB, Kwon SJ, Kim SM, Yoo YJ, Lee
EH, Choi SJ, et al. Soluble intracellular adhesion molecule-1 secreted by
human umbilical cord blood-derived mesenchymal stem cell reduces
amyloid-beta plaques. Cell Death Differ. 2012;19:680–91.
56. Xu J, Zhang M, Liu F, Shi L, Jiang X, Chen C, Wang J, Diao M, Khan ZU,
Zhang M. Mesenchymal stem cells alleviate post-resuscitation cardiac
and cerebral injuries by inhibiting cell pyroptosis and ferroptosis in a
swine model of cardiac arrest. Front Pharmacol. 2021;12: 793829.
57. Staff NP, Jones DT, Singer W. Mesenchymal stromal cell therapies for
neurodegenerative diseases. Mayo Clin Proc. 2019;94:892–905.
58. Wang F, Wang L, Sui G, Yang C, Guo M, Xiong X, Chen Z, Zhang Q, Lei P.
Inhibition of miR-129 improves neuronal pyroptosis and cognitive impairment through IGF-1/GSK3beta signaling pathway: an in vitro and in vivo
study. J Mol Neurosci. 2021;71:2299–309.
59. Zhao J, Wang Y, Wang D, Yan W, Zhang S, Li D, Han Z, Chen F, Lei P. MiR124-3p attenuates brain microvascular endothelial cell injury in vitro by
promoting autophagy. Histol Histopathol. 2022;37:159–68.
60. Ge X, Li W, Huang S, Yin Z, Xu X, Chen F, Kong X, Wang H, Zhang J, Lei P.
The pathological role of NLRs and AIM2 inflammasome-mediated pyroptosis in damaged blood-brain barrier after traumatic brain injury. Brain
Res. 2018;1697:10–20.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

