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A B S T R A C T   

Intracerebral hemorrhage (ICH), as a type of life-threatening and highly disabled disease, has limited therapeutic 
approaches. Here, we show that exosomes derived from young healthy human plasma exhibiting typical exo
somes features could facilitate functional recovery of ICH mice. When these exosomes are intraventricularly 
delivered into the brain after ICH, they mainly distribute around the hematoma and could be internalized by 
neuronal cells. Strikingly, exosomes administration markedly enhanced the behavioral recovery of ICH mice 
through reducing brain injury and cell ferroptosis. MiRNA sequencing revealed that microRNA-25-3p (miR-25- 
3p) was differentially expressed miRNA in the exosomes from young healthy human plasma, compared with 
exosomes from the old control. Importantly, miR-25-3p mimicked the treatment effect of exosomes on behavioral 
improvement, and mediated the neuroprotective effect of exosomes against ferroptosis in ICH. Furthermore, 
luciferase assay and western blotting data illustrated that P53 as assumed the role of a downstream effector of 
miR-25-3p, thereby regulating SLC7A11/GPX4 pathway to counteract ferroptosis. Taken together, these findings 
firstly reveal that exosomes from young healthy human plasma improve functional recovery through counter
acting ferroptotic injury by regulating P53/SLC7A11/GPX4 axis after ICH. Given the easy availability of plasma 
exosomes, our study provides a potent therapeutic strategy for ICH patients with quick clinical translation in the 
near future.   

1. Introduction 

Intracerebral hemorrhage (ICH), a serious disease that threatens life, 
accounts for 15–20% of strokes [1], and most survivors suffer from 
life-long disability [2,3]. Pathological bases contributing to the poor 
prognosis of ICH are primary and secondary brain injury (SBI) [2], 
among which SBI is characterized by a complex range of pathologies, 
such as oxidative stress, inflammation, and apoptosis [4]. Ferroptosis, a 

newly found process of cell death, is different from other cell death 
modes [5], with a vital role in various brain diseases, including neuro
degenerative diseases [6,7]. One of its characteristics is reactive oxygen 
species (ROS) accumulation and lipid peroxidation [8]. Especially in 
ICH, ferrous iron from hematoma degradation contributes to ROS 
accumulation from Fenton reaction, while ferrous also works as a 
prosthetic group of lipoperoxidase [9]. Therefore, ROS accumulation 
and iron deposition are easy to induce ferroptosis after ICH [10]. Indeed, 
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recent studies also suggest that ferroptosis in peri-hematoma site plays a 
crucial role in the SBI after ICH [11]. Thus, strategies that specially 
inhibit ferroptosis after ICH would be more promising. 

Exosomes, a kind of cell derived small vesicle with the diameter of 
50–150 nm, possesses the capacities of delivering nutrition and RNA 
sequences among different kinds of cells [12–14]. Studies have shown 
that exosomes from mesenchymal stem cells, neural stem cells, astro
cytes, and microglia [15–17] could preserve neurocytes from many in
sults such as ICH via different pathways [18]. However, whether 
exosomes could protect neurocytes from ferroptosis remains unclear 
[19]. 

Exosomes are present in the circulation and their yield in plasma (or 
serum) was greatly higher than those secreted by a single cellular type 
[20,21]. Previously, convalescent plasma therapy has become an 
attractive treatment strategy for infectious and immunological diseases 
[22]. Traditionally, plasma therapy is believed to provide antibodies and 
nutrition to patients. Recently, studies have revealed that blood derived 
exosomes have lots of therapeutic effects [21], especially from young 
healthy plasma, which has been reported to be promising for treating 
inflammation [23] and COVID-19 [24]. However, the effect of exosomes 
from young healthy plasma on stroke (especially ICH) and its underlying 
mechanisms remain largely unknown. 

Here, exosomes derived young healthy human plasma were deliv
ered to ICH mice through intraventricular injection. Behavioral and 
molecular assays indicate that exosomes prevent cell ferroptosis from 
ICH and thereby improve functional recovery through miR-25-3p/P53/ 
SLC7A11/GPX4 pathway. As far as we know, our study is the first to 
reveal that exosomes from healthy young human could inhibit ferrop
totic injury after ICH and provide a new treatment approach. 

2. Materials and methods 

2.1. Young healthy human plasma collection 

The corresponding peripheral blood samples were taken from 5 
healthy young people aged 18–25 years and 5 healthy elderly people 
aged 65–70 years. The blood collection was approved by the Ethics 
Committee of Southwest Hospital of Third Military Medical University 
(AKY2022128), and each participant provided informed consent. Blood 
samples were placed in an EDTA anticoagulant tube, gently mixed, and 
centrifuged at 2500 g for 15 min at 4 ◦C, and the supernatant was taken. 
The supernatant was centrifuged again at 2500 g for 15 min, and the 
supernatant plasma was taken and kept at − 80 ◦C for later application. 

2.2. Exosomes characterizations 

Freshly thawed plasma (2 mL) was centrifuged at 2000 g for 10 min 
and 12,000 g for 30 min at 4 ◦C to remove cell debris and larger vesicles, 
and was then filtered with a 0.22 μm syringe filter (SLGPO33RB, Milli
pore, UA). The filter was washed with 3 mL PBS (diluted to reduce 
viscosity). The diluted plasma was ultra-centrifuged at 120,000 g for 2 h 
at 4 ◦C. The precipitate was resuspended in 100 μL PBS to obtain exo
somes solution. Transmission electron microscopy (TEM, JEM- 
1400FLASH, JEOL, Japan) was employed to identify exosomes forms. 
Nanoparticle tracking analysis (NTA, ZetasizerNanoZSP, US) was 
adopted for measurement of diameter and exosome concentration. The 
protein content was determined by BCA protein assay (P0011, Beyotime, 
Shanghai, China), and exosomes markers [25]. Western blotting analysis 
was used to for detecting CD9, CD63, CD81 and tumor susceptibility 
gene 101 (TSG101). Fluorescence labeling exosomes were synthesized 
using the DiD kit (C1039, Beyotime, Shanghai, China). In brief, DiD dye 
was incubated in the appeal resuspension for 10 min for exosomes 
staining. The dye in the solution was then removed by centrifugation of 
100,000 g at 4 ◦C for 2 h. After centrifugation at 100,000 g for 2 h, the 
precipitate was rinsed using PBS to give dye-stained exosomes. 

2.3. Mice ICH model 

All experimental procedures were under the supervision of the Ethics 
Committee of the Southwest Hospital, Third Military Medical Univer
sity, and complied with the guidelines of the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals (approval no. 
AMUWEC20224040). ICH autologous blood injection model. Mice were 
first anesthetized with a 2% isoflurane/air mixture [26]. Then the 
anterior fontanelle and posterior fontanelle were exposed. A hole was 
drilled at 0.8 mm in front of the anterior fontanelle and 2 mm lateral to 
the midline. The tails of mice were disinfected with 75% alcohol and 25 
μL of autologous blood was collected in the tails of mice with a micro 
syringe (Hamilton, Romania) and slowly injected into the basal ganglia 
as deep as 3.5 mm with a 2 μL/min rate. For the sham mice, we per
formed the same operation but injected the same volume of saline. 
During operation, the body temperature of the mice was maintained at 
37 ◦C ± 0.3 ◦C with a constant temperature heating plate until the mice 
woke up. The operation was performed by skilled researchers to mini
mize pain or pain during the experiment. After surgery, the mice were 
allowed to obtain food and water freely under constant photoperiod 
(12-h light/dark cycle), temperature (22–25 ◦C) and water (55–60%). 

2.4. Animal experimental design 

In total, 180 adult C57BL/6 mice (male, 24–26 g, 9–10 weeks, 168 
were included in experiments and 12 did not survive during experi
ments) were used in the study. This study included seven parts (Fig. 1E). 
In the first part, DiD-labeled exosomes were injected into the lateral 
ventricle, and tissues were collected after 1 day for immunostaining. In 
the second part, after ICH, exosomes of different doses were injected into 
the lateral ventricle for three consecutive days. The mice received 
behavioral tests on days 1,3,7,14, and 28, and then the mice were 
euthanized. In the third part, after ICH, 40 μg exosomes were injected 
into the lateral ventricle for three consecutive days. On day 7, tissue was 
collected for immunostaining, Nissl staining, HE staining, and TEM 
detection. In the fourth part, RNA sequencing of plasma exosomes from 
young and elderly people was performed. Elder plasma exosomes were 
injected into the lateral ventricle for three consecutive days. Behavioral 
tests were carried out on days 1, 3, 7, 14, and 28, and mice were 
euthanized. In the fifth part, we injected miR25-3p of different doses 
into the lateral ventricle for three consecutive days, behavioral tests 
were carried out in mice on days 1,3,7,14, and 28, and euthanasia was 
performed on mice. In the sixth part of this study, 40 μg exosomes and 2 
μM miR25-3p were injected into the lateral ventricle for three consec
utive days. On day 7, the tissues were collected for Western blotting, 
PCR, MDA, GSH and immunostaining. 

2.5. Behavioral tests 

2.5.1. Open field test 
The open field test (OFT) [27] was carried out for assessing overall 

locomotion of mice. The open field used an open three-dimensional 
space with a length of 50 cm × width of 50 cm × height of 50 cm. 
The mice were put in the open field, were able to move without re
striction for 5 min, and the video was recorded. Then we cleaned up the 
smell left by the previous mouse and put it into the next mouse for 
experiment. The data analysis was carried out by two independent tes
ters and software (ViewPoint behavioral technology, Lyon, France) was 
used for measuring the distance of the entire free movement. 

2.5.2. Beam walking test 
The beam walking test (BWT) [28] was carried out for the mea

surement of the motor coordination of mice after ICH. In brief, a 100 cm 
long and 1 cm wide wooden beam was erected 50 cm from the ground, 
and cotton was laid on the ground to prevent mice from falling. The mice 
were trained 3 days before ICH surgery to walk from one side of the 
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beam to the other side until they could overcome the fear of heights and 
pass smoothly. After surgery, each mouse passed the beam three times 
under video recording. Then, two independent examiners who were 
unaware of the experimental group calculated the slip ratio of the 
contralateral limbs during the entire three walks from the video. 

2.5.3. Modified Garcia score 
Gross motor function was evaluated using the modified Garcia 

behavior score [29]. It is a comprehensive assessment of the scores of 
motor, reflex and balance tests after ICH in mice. The severity score was 
0–21 points, of which 21 points represent normal, and the lower the 
score, the more serious the injury. The experiment was evaluated by a 

researcher unaware of the experimental design before and after ICH in 
mice. 

2.6. Transmission electron microscopy (TEM) 

TEM was adopted for observation of the ultrastructure of mito
chondria from different groups. In short, after the end of perfusion, 
about 1 mm3 of brain tissue around the hematoma was immediately 
placed in 3% glutaraldehyde fixative, fixed at 4 ◦C for 10 h, and rinsed 
with PBS for three times. Subsequently, acetone was dehydrated step by 
step, resin embedding and polymerization, ultra-thin sections of 60–80 
nm (EM UC7, Leica) were made and placed on a 300mesh nickel mesh. A 

Fig. 1. Characterization of exosomes from 
young healthy man plasma. 
(A) Transmission electron microscopy im
aging of young human plasma-derived 
exosomes (Scale bars = 100 nm). (B) Zeta 
potential of young human plasma-derived 
exosomes. (C) Expression of exosomal 
markers CD63，CD9, CD81 and TSG101 in 
young human plasma-derived exosomes. 
(D) Particle size distribution of young 
human plasma-derived exosomes 
measured by DLS analysis. (E) Experiment 
design and timeline. Behavior training was 
started 3 days before ICH. Baseline infor
mation was collected 1 day before ICH. 
Behavioral tests (Open field, Beam- 
walking and Modified Garcia Score) were 
conducted on days 1, 3, 7, 14 and 28. DiD- 
labeled exosomes were injected for immu
nostaining to evaluate the distribution and 
uptake of exosomes in the ICH brain. Then, 
exosomes, miR-25-3p and miR-25-3p in
hibitors were injected on the first day after 
ICH in mice. Immunofluorescence staining, 
transmission electron microscopy, immu
noblotting, qRT-PCR, MDA and GSH were 
performed on the 7th day to assess fer
roptosis after ICH. HE and Nissl staining 
were performed to assess tissue and cell 
injury after ICH. The red rectangle in
dicates the location of the hematoma, and 
the black rectangle indicates the area used 
for experimental sampling.   
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layer of parafilm was attached to the staining plate in the staining wet 
box, and 3% hydrogen peroxide was dropped on the parafilm to form 
water droplets. The sliced nickel mesh was etched downward on the 
water droplets for 30 min, and then was washed using double distilled 
water and PBS for 5 times. After this, it was incubated with 1% calf 
serum at room temperature for 20 min. Following the removal of the calf 
serum, the first antibody was incubated at 4 ◦C for 20 h, washed with 
PBS for 5 times, and then incubated with 1% calf serum at room tem
perature for 20 min. The calf serum was sucked out. Next, the second 
antibody labeled with colloidal gold was incubated at room temperature 
for 2 h and washed with PBS for 5 times. Finally with uranyl acetate, 
lead citrate mild counterstaining, double distilled water washed 5 times, 
natural drying, electron microscopy (Hitachi HT7700, Japan) was used 
to observe these samples. 

2.7. H&E and nissl staining 

The brain tissue was first perfused with 0.9% normal saline, fixed 
with 4% paraformaldehyde, and finally dehydrated using 30% sucrose 
solution prepared with 0.01 M PBS for two days. We serially sliced (5 
μm) the brain slices with a cryostat microtome (CM1860UV, Wetzlar, 
Germany), and stained coronal sections with 0.1% cresyl violet (Nissl) or 
hematoxylin and eosin (H&E) [30], and finally mounted with neutral 
resin. The samples were studied through an image processing software 
(Case viewer, 3DHISTEC, Budapest, Hungary). Then the hematoma size 
was quantified by software. 

2.8. GSH and MDA analyses 

MDA and GSH assays were performed using MDA and GSH kits 
(A020–2, A003-1-2, Jian Cheng, Nanjing, China). Briefly, ipsilateral 
brain tissue around the hematoma on day 7 was collected, lysed, and 
centrifuged, the working solution was added, and OD values were 
measured with a spectrophotometer (Varioskan Flash, Thermo Scienti
fic, Walsam, MA, USA). By fitting a standard curve, MDA and GSH levels 
were calculated. 

2.9. Immunostaining 

The brain tissue was first perfused with 0.9% normal saline, fixed 
with 4% paraformaldehyde, and finally dehydrated with 30% sucrose 
solution prepared with 0.01 M PBS for two days. The brain slices were 
serially sliced (30 μm) with a cryostat microtome (CM1860UV, Wetzlar, 
Germany). The brain slices were blocked (0.5% Triton for 30min, 5% 
BSA for 2 h) and incubated in the presence of the following primary 
antibodies: Rb anti-GPX4 (1:500, Cat:52,455, Cell Signaling Technol
ogy, MA, USA); Ms anti-NeuN (1:200, Cat: 94,403, Abcam, Cambridge, 
UK); Ms anti-GFAP (1:500, Cat: 3670, Cell Signaling Technology, MA, 
USA); Rb anti-Iba-1 (1:200, Cat: 17,198, Cell Signaling Technology, MA, 
USA). Further, the antibodies were washed with PBS for 3 times with at 
least 3 min each and were administrated at room temperature for 2 h: 
Goat anti MS H&L 488 (1:500, Cat: ab150113, Abcam, Cambridge, UK); 
Goat anti Rb H&L 488 (1:500, Cat: ab150077, Abcam, Cambridge, UK). 
After washing with 0.01 M PBS, DAPI was stained in dark at room 
temperature for 10 min, and finally sealed with an anti-fluorescence 
quenching tablet (P0126, Beyotime, Shanghai, China). Photographing 
was performed using the confocal microscope (LSM 880, Carl Zeiss, 
Weimar, Germany). The image analysis was performed using Image J 
(Image J 1.8, NIH, USA). 

2.10. Western blotting 

Mouse brain tissue on day 7 post-ICH was obtained from salt 
perfusion. Peri-hematoma site was obtained through homogenate 
centrifugation at 4 ◦C, 12,000 rpm for 30 min. The protein concentration 
was determined using a Bicinchoninic Acid (BCA) method (Beyotime, 

Shanghai, China) before it was mixed with loading buffer (Zen-bio, 
Chengdu, China). A total of 30 μg protein was separated by 10% or 
12.5% SDS-PAGE under 80V electrophoresis and electro-blotted to 
polyvinylidene difluoride (PVDF, Roche, IN, USA) membranes. Then, 
the incubation of membranes was performed in 10% non-fat dry milk 
(Beyotime, Shanghai, China) in PBS at room temperature for 2 h. After 
that, the following primary antibodies were independently incubated 
under 4 ◦C overnight: Rb anti-GPX4 (1:1000, Cat：52,455, Cell 
Signaling Technology, MA, USA); Rb anti-SLC7A11 (1:1000, Cat:12,691, 
Cell Signaling Technology, MA, USA); Rb anti-P53 (1:1000, Cat: A5761, 
ABclonal, Wuhan, China); Rb anti-CD63 (1:1000, Cat: ab134045, 
Abcam, Cambridge, UK); Rb anti-CD81 (1:1000, Cat:109,201, Abcam, 
Cambridge, UK); Rb anti-CD9 (1:1000, Cat: A19027, ABclonal, Wuhan, 
China); Rb anti-TSG101 (1:1000, Cat: A5789, ABclonal, Wuhan, China). 
Then, after PVDF membrane was washed using TBST for three times, it 
was immersed in the relevant secondary antibody (1:10,000, Wuhan 
Boster, China) and incubated for 2 h at room temperature. The optical 
density was presented via an imaging system (Evolution-Capt Edge, 
Vilber, France) and an immunoblotting chemiluminescence kit (Thermo 
Fisher Scientific, Walsam, MA, USA). Images are studied with the im
aging system (Evolution-Capt Edge, Vilber, France). 

2.11. Real-time fluorescence quantitative polymerase chain reaction 

Total RNA was obtained from ICH mice on day 7 after anesthesia, 
and mice brain on injury site was obtained by transcardiac perfusion. 
Then the trizol reagent (Tiangen, Beijing, China) was used for RNA 
extraction following product manual. The RNA was reverse-transcribed 
into cDNA using a reverse transcription kit (Takara Bio Inc., Shiga, 
Japan) and then subjected to real-time quantitative-polymerase chain 
reaction (qRT-PCR) with a real-time fluorescent quantitative PCR in
strument (Bio-Rad, Hercules, CA, USA) using SYBR-green Premix Ex 
TaqTM (Takara Bio Inc., Shiga, Japan). The reaction system of 25 μL 
(12.5 μL premix Taq, 8.5 μL RNAase-free water, 2 μL primers, 2 μL 
cDNA) was added to each well of the 96-well plate, and detection of each 
sample was performed for three times. Threshold cycle (CT) readings 
were obtained, and the relative expression of target gene mRNA un
derwent calculation using 2-ΔΔCT method and normalization to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level in all sam
ples was performed. The related expression was normalized to sham 
group.  

Gene Forward (5′–3′) Reverse (5′–3′) 

SLC7A11 TCTCCAAAGGAGGTTACCTGC AGACTCCCCTCAGTAAAGTGAC 
GPX4 GAGGCAAGACCGAAGTAAACTAC CCGAACTGGTTACACGGGAA 
GAPDH CCAATGTGTCCGTCGTGGATCT GTTGAAGTCGCAGGAGACAACC  

The prime used were list below: 

2.12. miR-25-3p and miR-25-3p inhibitor administration 

miR-25-3p inhibitors and negative control (NC) were synthesized by 
GenePharma (Shanghai GenePharma, Shanghai, China). The sequence 
of miR-25-3p was 5′-CAUUGCACUUGUCUCGGUCUGA-3′, 3′-AGACC
GAGACAAGUGCAAUGUU-5’. MiR-25-3p was directly injected into the 
lateral ventricle after intracerebral hemorrhage. The miR-25-3p inhibi
tor sequence was 5′-UCAGACCGACAAGUGCAAUG-3′, and 40 μg EXO 
and 2 μM miR-25-3p inhibitor were mixed and injected into the lateral 
ventricle of mice after ICH. 

2.13. Luciferase reporter assay 

We performed luciferase activity assays based on previous report 
[31]. We assayed luciferase activity via the Dual-Luciferase® Reporter 
Assay System (YEASEN, Shanghai, China), and calculated the ratio of 
Renilla luciferase to firefly luciferase activity. The reporter gene vector 
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was transfected into 293T cells, and then the firefly luciferase reaction 
working solution and Renilla luciferase reaction solution were prepared 
and incubated at room temperature. A total of 20 μL cell lysate was 
taken, 100 μL firefly luciferase reaction solution was added, and the 
shake plate was mixed to determine the activity of firefly luciferase. A 
total of 100 μL of Renilla luciferase reaction solution was added, and the 
shake plate was mixed. After standing for 10 min, the activity of Renilla 
luciferase was detected. The results were expressed as firefly luciferase 
detection value/Renilla luciferase detection value. 

2.14. Statistical analysis 

All statistical analyses were performed using SPSS 18.0 software 
(SPSS, Inc., Chicago, USA). For group comparison, the two-tailed inde
pendent Student’s t-test was used. To compare more than three groups, 
one-way analysis of variance (ANOVA) and Tukey ’s post-hoc test were 
used. All statistical graphs were created with Graph Pad Prism 8.0. 
Unless otherwise stated, data are expressed as mean values in SEM. P <
0.05 was considered statistically significant. 

3. Results 

3.1. Extraction and identification of exosomes from the plasma of young 
healthy human 

To obtain exosomes from healthy young man, we took the plasma 
from young volunteers to centrifuge at ultrahigh speed. Identification of 
exosomes was performed by Western blot, zeta analysis and trans
mission electron microscopy (Fig. 1A–C). Nanoparticle tracking analysis 
(NTA) showed that the obtained exosomes have a mean diameter of 110 
nm (100–150 nm. Fig. 1D) and a negative zeta potential of − 9.74 mV 
(Fig. 1B). The detection of CD63, CD9, CD81 and TSG101 expressions 
(exosomal surface markers) was conducted using Western blot analysis 
(Fig. 1C). The above data demonstrated that exosomes from young 
healthy man were successfully extracted and exhibited typical exosomes 
features. 

3.2. Exosomes distribution and internalization in the hemorrhagic brain 

To evaluate the therapeutic effect of exosomes from young man 
plasma on ICH mice, we first studied the biodistribution of exosomes 
after administration. Exosomes were first stained with DiD and then 
intraventricularly injected into the brain. Surprisingly, we found most of 
the exosomes accumulated primarily in the area adjacent to hematoma 
in the hemorrhagic brain while no obvious positive signal was detected 
in the sham brain except the wall of ventricle (Fig. 2A). Next, to deter
mine which type of neural cells would internalize the exosomes, various 
kinds of cell types were specifically immunofluorescently labeled. Data 
showed that exosomes were predominantly internalized by neurons and 
microglia around the hematoma [32,33], while few colocalization was 
found in GFAP positive cells (Fig. 2B). 

3.3. Exosomes from young healthy man plasma enhance locomotion 
recovery of ICH mice 

To examine the therapeutic effect of exosomes from young man 
plasma on ICH, we established a mouse model of ICH with autologous 
blood injection (Figs. S1A and S1B). Several behavioral tests were taken 
to evaluate the overall behavior performance of mice in different groups. 
Compared with sham group, mice in ICH group showed markedly 
impaired motor function at each time point (day 1, day 3, day 7, day 14, 
day 28 after ICH, Fig. 3). Interestingly, intraventricular injection of 
exosomes with different concentrations (20, 40, 60 μg) promoted loco
motion recovery of mice with ICH (Fig. S2), whereas the saline vehicle 
treatment produced no effect on functional recovery of ICH mice. The 
overall behavioral performance showed that middle dosage (40 μg) held 

the best effect, while other dosages also showed effectiveness 
(Figs. S2B–D). Thus, middle dosage (40 μg) was selected for the 
following experiments. 

3.4. Exosomes from young healthy man plasma reduce brain injury and 
cell ferroptosis after ICH 

To elucidate the pathological base underlying the therapeutic effect 
of exosomes on ICH, Hematoxylin eosin (H&E) and Nissl staining of 
brain sections were performed. H&E staining (Fig. 4A) did not show 
damage in the sham group, while cells and extracellular matrix around 
the injury zone were disorganized after ICH or ICH + saline Vehicle. It 
was also observed that ICH + EXO (exosomes) group significantly 
ameliorated the neuronal disorganization and increased the cell number 
in the brain tissue. Furthermore, based on Nissl staining, we found that 
the number of Nissl bodies dropped significantly, neuronal morphology 
was disturbed, and neuronal staining intensity was significantly lower in 
the ICH or ICH + Vehicle groups than in the sham group. In contrast, the 
number of Nissl bodies grew with improvement of morphology in the 
ICH + EXO group, and significantly more intense staining was observed 
(Fig. 4B and C). 

Recent evidence has indicated that ferroptosis plays a key role in the 
secondary injury after ICH. To examine whether exosomes exert neu
roprotective effect via inhibiting ferroptosis, we performed immuno
fluorescent staining of GPX4, a crucial upstream negative regulator of 
ferroptosis [34], among different groups. As shown in Fig. 4D and E, the 
intensity of GPX4 was dramatically diminished in the ICH group in 
contrast to the sham group, whereas the exosomes robustly suppressed 
the reduction of GPX4 intensity. Moreover, transmission electron 
microscopic assay was executed for observing the mitochondria 
morphology, which showed that the percentage of shrunken or rounding 
mitochondria was greatly increased in ICH group (Fig. 4F), while the 
addition of exosomes prominently downregulated the percentage 
around hematoma in ICH + EXO group (Fig. 4F). Together, these data 
suggest that exosomes from young healthy man extenuate brain injury 
and cell death in ICH mice through counteracting ferroptosis. 

3.5. Micro-RNA 25-3p is an active molecule inside exosomes from young 
healthy man plasma promoting locomotion recovery of ICH mice 

Exosomes are known to transfer various bioactive molecules, such as 
microRNAs (miRNAs), to recipient cells. To dissect the molecular basis 
for the neuroprotective effect of exosomes, RNA sequencing was 
employed in this study. Meanwhile, to effectively identify the likely 
active microRNA, we isolated exosomes from the plasma of old people as 
control, which was tested to be ineffective for behavioral recovery of 
ICH mice (Fig. S3). We compared the miRNA profiling of exosomes from 
young man and old controls. According to the profiling results, 
exosomes-associated miRNAs with significant differences between 
young and old ones were screened. We found that miR-25-3p was stably 
different between exosomes from young man and old controls (Fig. 5A). 
The pathway analysis of differential expressed transcripts gave signifi
cant hits on many signaling pathways, such as P53 [35], cGMP-PKG, 
Ras, PI3K-Akt [36], etc (Fig. 5B). 

To test whether miR-25-3p exerts similar effect of exosomes of young 
healthy man on functional recovery of ICH mice, the same behavioral 
tests were applied to miR-25-3p treated mice. To determine the optimal 
dose for ICH, dose response assay of miR-25-3p was carried out, which 
revealed that middle concentration (2 μM) of miR-25-3p treatment 
displayed best performance (Fig. S4). Intriguingly, miR-25-3p treatment 
presented similar effect to exosomes on behavioral recovery of ICH mice, 
which included incremental locomotion distance in open field (Fig. 5C 
and F), less foot-false in beam walking test (Fig. 5D), and higher score in 
the Modified Garcia score (Fig. 5E). 
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Fig. 2. Distribution and absorption of young plasma-derived exosomes in mouse brain after ICH. 
(A) Confocal images showing the distribution of DiD-labeled exosomes in vivo in sham mouse brain and ICH mouse brain (Scale bars = 1000 μm). (B) Confocal 
photographs showing that DiD-labeled exosomes were uptaken by in vivo neurons and microglias, but not by astrocytes (Scale bars = 5 μm, n = 3 animals for 
each group). 
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Fig. 3. Young human plasma-derived exosomes improve functional recovery of ICH mice. 
(A) Representative open field movement trajectory of mice in different groups. (B) Summary data showing the distance travelled in the open field from experiment 
(A). (C) Gross motor function was evaluated using the modified Garcia behavior score. (D) Beam-walking test showing the slip ratio of the contralateral limbs in 
different groups. n = 6 animals for each group, **p < 0.01, ***p < 0.001 for ICH vs. sham; #p < 0.05 for ICH + EXO (40 μg) vs. ICH + Vehicle. 

W. Yang et al.                                                                                                                                                                                                                                   



Bioactive Materials 27 (2023) 1–14

8

Fig. 4. Young human plasma-derived exosomes reduce brain injury and cell ferroptosis after ICH. 
(A) HE staining images showing the gross damage of the mouse brain from Sham, ICH and EXO administered groups. (B) Representative photomicrographs of Nissl 
staining from different groups. (C) Quantification of Nissl-positive neurons in experiment (B) (n = 3 animals for each group). (D) Representative immunofluorescent 
images of GPX4 around hematoma from different groups. (E) Quantitative analysis of GPX4 staining (Scale bars = 50 μm, n = 4 animals for each group). (F) 
Transmission electron microscopy images showing the changes of mitochondria from different groups. Scale bars = 500 nm, n = 3 animals for each group, **p <
0.01, ***p < 0.001 for ICH vs. sham; #p < 0.05, ##p < 0.01 for ICH + EXO vs. ICH + Vehicle. 
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Fig. 5. miR-25-3p mimics the effect of young plasma-derived exosomes on the motor recovery in ICH mice. 
(A) Heat map of abundant miRNAs in young and old people plasma derived exosomes by miRNA-seq. (B) The miRNA expression profile of young human plasma- 
derived exosomes was analyzed, and the target genes of differentially expressed miRNAs in different processes were analyzed by GO. (C) Representative open field 
movement trajectory of mice in different groups. (D) Beam-walking test showing the slip ratio of the contralateral limbs in different groups. (E) Gross motor function 
was tested using the modified Garcia behavior score. (F) Summary data showing the distance travelled in the open field from experiments in (C). n = 6 animals for 
each group, **p < 0.01, ***p < 0.001 for ICH vs. sham; #p < 0.05 for ICH + miR-25-3p or ICH + EXO vs. ICH + Vehicle. 
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3.6. miR-25-3p mediates the neuroprotective effect of exosomes from 
young healthy man plasma against ferroptosis after ICH 

To further verify whether miR-25-3p treatment could ameliorate 
ferroptosis after ICH, immunofluorescence staining with GPX4 was 
performed. The intensity of GPX4 was dramatically diminished in the 
ICH group compared with the sham group, whereas the exosomes and 
miR-25-3p robustly suppressed the reduction of GPX4 intensity (Fig. 6A 
and B). Lipid-peroxidation in the tissue surrounding hematoma was 
measured using malondialdehyde (MDA) and glutathione (GSH) assays, 
and most important factors were associated with ferroptosis which were 

widely reported before. Data showed that GSH was exhausted in day 7 
after ICH; however, exosomes or miR-25-3p administration substantially 
rescued the loss of GSH (Fig. 6C). In contrast, ICH led to pronounced 
elevation of MDA while both exosomes or miR-25-3p impeded the 
upregulation of MDA level (Fig. 6D). Furthermore, miR-25-3p inhibitor 
diminished the effect of exosomes on MDA and GSH. Taken together, 
these results robustly suggest that hemorrhagic stroke causes elevated 
lipid peroxidation and decreased anti-oxidation component, thereby 
inducing ferroptosis in the brain tissue surrounding hematoma, while 
miR-25-3p, a vital molecule of exosomes, mediates the neuroprotective 
effect of exosomes against ferroptosis after ICH. 

Fig. 6. Young plasma-derived exosomes and miR-25-3p counteract ferroptosis after ICH. 
(A) Representative immunofluorescent images of GPX4 around hematoma from different groups. (B) Quantitative analysis of GPX4 staining (Scale bars = 50 μm, n =
4 animals for each group). (C) Quantitative analysis of GSH around hematoma from different groups (n = 5 animals for each group). (D) Quantitative analysis of MDA 
around hematoma from different groups (n = 5 animals for each group). **p < 0.01, ***p < 0.001 for ICH vs. sham; #p < 0.05, ##p < 0.01, for ICH + EXO or ICH +
miR-25-3p vs. ICH + EXO-miR-25-3p inhibitor and ICH + NC. 
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3.7. Exosomes-encapsulated miR-25-3p counteracts ferroptotic injury in 
response to ICH via regulating P53/SLC7A11/GPX4 pathway 

To disclose the underlying mechanism whereby exosomes and miR- 
25-3p counteract ferroptosis after ICH, PCR and western blotting were 
firstly employed to observe the changes in SLC7A11 and GPX4 expres
sion. ICH resulted in the downregulation of SLC7A11 and GPX4 at levels 
of mRNA and protein (Fig. 7A–E). However, exosomes or miR-25-3p 
reversed the SLC7A11 and GPX4 expression, suggesting that ICH acti
vates ferroptosis through activating SLC7A11/GPX4 pathway [37,38], 
whereas exosomes or miR-25-3p counteracts this signaling pathway. As 
aforementioned, RNA-sequence profiling analysis showed that P53 
signaling pathway might be associated with miR-25-3p. Thus, we 

supposed that P53 might be miR-25-3p′s downstream target [39]. To 
test this hypothesis, we first used western botting to observe the change 
of P53 expression after ICH. The data showed increased P53 level in the 
tissue surrounding hematoma on 7 days after ICH (Fig. 7F and G). After 
exosomes or miR-25-3p treatment, P53 was down regulated signifi
cantly. Second, we used complimentary mRNA sequences to look for 
possible miR-25-3p targets based on miRbase [40]. The P53 3′UTR 
matched 6 nucleotides of miR-25-3p 5′UTR (Fig. 7H). We fused the 
wild-type (WT) and mutated (MUT) sequences of the P53 3′UTR into 
pGL3-luciferase reporter constructs, and co-transfected the resultant WT 
or MUT constructs into 293T cells receiving the treatment of miR-25-3p 
mimic or mimic NC. We observed lower luciferase activity resulting 
from the P53 3′UTR WT in 293T cells transfected with the miR-25-3p 

Fig. 7. Exosome-encapsulated miR-25-3p 
counteracts ferroptotic injury in response 
to ICH via regulating p53/SLC7A11/GPX4 
pathway. 
(A–B) Real-time quantitative polymerase 
chain reaction (qRT-PCR) was used to 
detect the mRNA expression levels of 
SLC7A11 and GPX4 around hematoma from 
different groups (n = 3 animals for each 
group). (C) Representative Western blotting 
bands showing the level of SLC7A11 and 
GPX4 around hematoma from different 
groups. β-actin and β-Tubulin was served as 
a loading control. (D–E) Quantitative anal
ysis of GPX4 and SLC7A11 expression level. 
(F) Representative Western blot of P53 
around hematoma from different groups. 
GAPDH was served as a loading control. (G) 
Quantitative analysis for the level of P53. n 
= 6 animals for each group, *p < 0.05, **p 
< 0.01, ***p < 0.001 for ICH vs. sham; #p 
< 0.05, ##p < 0.01, for ICH + EXO or ICH 
+ miR-25-3p vs. ICH. (H–I) Luciferase re
porter assay demonstrating direct interac
tion of miR-25-3p with 3′UTR of the P53 
gene. One-way ANOVA and Tukey’s post 
hoc test, n = 3, **P < 0.01.   
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mimics, while no significant change was detected in cells transfected 
with the mimic NC (Fig. 7I). Therefore, these data suggest that 
miR-25-3p encapsulated by exosomes counteracts ferroptotic injury by 
modulating P53/SLC7A11/GPX4 signaling pathway after ICH [41]. 

4. Discussion 

ICH is one of most dreadful brain disease with high mortality and 
disability. Except intensive antihypertensive therapy [42,43], no avail
able treatment has been proven to be effective for ICH patients. We re
ported that exosomes from young healthy human plasma could 
significantly facilitate the functional recovery of ICH mice, whereby 
miR-25-3p mediates the neuroprotective role by modulating 
P53/SLC7A11/GPX4 signaling pathway. As far as we know, we are the 
first to show that exosomes from young healthy man plasma improve 
functional recovery of ICH, which suggests strong translational potential 
for the treatment of ICH patients. 

If young blood is transferred to the old, rejuvenated, protective and 
regenerative effects can be generated. Zhang et al. built heterochronic 
parabiosis models, confirming the hypothesis that juvenile factors can 
rejuvenate aged systems [44]. Further study showed that cognitive 
deficits during normal aging can be reversed by exposure to young blood 
circulation or administration of young blood plasma by improving 
vascular function, synaptic plasticity and neurogenesis [45,46]. How
ever, we need to clarify the identity or the mechanism of 
youth-dependent factors with reparative effects in the blood. Youthful 
circulatory components have been believed to mediate the effect and 
mechanisms of rejuvenation, regeneration, immunology, and other do
mains across organ systems [47,48]. It will be interesting to know 
whether extracellular vesicles including exosomes exert the aforemen
tioned effects of young plasma. This study leveraged the exosomes from 
young plasma to treat ICH and gained unexpected effect, not only 
shedding light on the role of exosomes in the potential benefit of young 
plasma, but also paving a new way for treating hemorrhagic stroke. 

Secondary brain injury following ICH plays an essential role in the 
pathological consequences, such as motor or language disability, 
paresthesia, and neurological pain. In animal ICH models, ferrous 
deposition has been found to induce reactive oxygen species (ROS) 
formation through Fenton reaction, which could cause lipid peroxida
tion, playing a vital role in ferroptosis [49,50]. Indeed, recent studies 
have shown pronounced ferroptosis after ICH [51,52]. In this study, we 
observed increased MDA level and reduced GSH level after ICH. Upre
gulation of both GPX4 and SLC7A11 was also observed. These data 
suggest that ferroptotic pathway is activated after ICH. 

Exosome is a kind of newly found cellular vesicle that works as a 
vehicle to deliver message and nutrition through the cell membrane. 
Exosomes have typical bi-layer membrane structure to make them easily 
pass through cell membrane. Content inside exosomes was complicated, 
including RNA sequence, protein and lipid. Apart from nutrient role of 
exosomes, their signaling transduction role has been gradually figured 
out [53]. Exosomes are derived from the nanoscale vesicle-like struc
tures of cells with a natural biological origin. Compared with other 
systems, exosomes are considered one of the most promising drug de
livery carriers, due to their selectivity, safety, stability, and 
long-distance transport of substances. Therefore, exosomes used in the 
clinical treatment of patients with cerebral hemorrhage is a safe, effec
tive and feasible potential treatment strategy, and its clinical application 
has a very broad prospect. 

Recent years, exosomes derived RNAs, including microRNA, are 
highly related to signaling transduction. MicroRNAs are noncoding 
single stranded RNA molecules of about 22 nucleotides long encoded by 
endogenous genes. It was reported to regulating gene expression at post- 
transcriptional level. Mechanically, by means of binding with the target 
mRNA, microRNA could decrease the gene expression by inhibiting 
translation. Through sequencing, we confirmed that young human 
plasma-derived exosomes contain abundant miR-25-3p. Previous 

studies on miR-25-3p have focused on cancer-related biological func
tions [54,55]. Recent study revealed anti-apoptotic effects of miR-25-3p 
on cultured primary neurons [56]. However, the association between 
miR-25-3p and ferroptosis has been less investigated [57], to our best 
knowledge, this is the first study reveals the effect of miR-25-3p on ICH 
related ferroptosis. 

Similar to apoptosis, ferroptosis, known as programmed cell death, is 
regulated by a number of pathways [58,59]. SLC7A11-GPX4 pathway is 
the most typical ferroptosis pathway that was widely studied [60,61]. 
SLC7A11 is a transmembrane transporter located in intracellular mem
brane system importing glutamate and exporting cysteine at the same 
time. Glutamate then inhibits ROS through GPX4, a reduction enzyme 
inside cell. However, the upstream regulator of SLC7A11 has been less 
examined. Our results showed that P53 could negatively regulate 
SLC7A11 expression, suggesting that P53 acts as an upstream regulator 
of SLC7A11 boosting ferroptosis. Indeed, recent studies [62,63] reported 
the same results. Furthermore, luciferase assay indicated that miR-25-3p 
would bind P53 3′UTR to lower its expression at post-transcriptional 
level. Together, exosomes derived miR-25-3p is an inhibitor of P53 
expression and could counteract ferroptotic death from ICH through 
regulating SLC7A11/GPX4 pathway. 

5. Conclusions 

In summary, this study demonstrates that exosomes from the plasma 
of young healthy man enhance functional recovery from ICH via 
decreasing the injury size and cell death. Mechanistically, exosomes 
derived miR-25-3p inhibits P53 expression by binding 3′UTR of P53 and 
then saves the SLC7A11-GPX4 pathway to protect cells from ferroptosis 
after ICH. To our best knowledge, this is the first work disclosing that 
exosomes derived from young plasma counteract ferroptosis in ICH 
through microR-25-3p/P53/SLC7A11/GPX4 axis, which paves a new 
way to the future treatment of ICH patients. 
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