
Liu et al. Journal of Neuroinflammation           (2025) 22:48  
https://doi.org/10.1186/s12974-025-03382-x

RESEARCH

THBS1 in macrophage‑derived exosomes 
exacerbates cerebral ischemia–reperfusion 
injury by inducing ferroptosis in endothelial 
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Abstract 

Macrophages play a critical role in the development of acute ischemic stroke (AIS). Cerebral ischemia–reperfusion 
injury (CIRI) is a pivotal pathological process that exacerbates AIS, with exosomes act as crucial mediators. However, 
the effects and mechanisms of action of macrophage-derived exosomes on CIRI remain unclear. This study demon-
strated that macrophage-derived exosomes induce endothelial ferroptosis and barrier disruption during CIRI. Through 
proteomic sequencing and the reanalysis of transcriptomic and single-cell sequencing data, thrombospondin-1 
(THBS1) was identified as a key exosomal molecule. Elevated THBS1 was observed in exosomes and monocytes 
from the peripheral blood of patients with AIS in oxygen–glucose deprivation/reoxygenation (OGD/R)-stimulated 
THP-1 and RAW264.7, in their secreted exosomes, and in macrophages within the brains of transient middle cerebral 
artery occlusion (tMCAO) mice. Additionally, THBS1 expression in exosomes was positively correlated with vascu-
lar barrier injury biomarkers, including MMP-9 and S100B. Modulation of THBS1 in macrophage-derived exosomes 
affected exosome-induced ferroptosis in endothelial cells. The mechanism by which THBS1 binds directly to OTUD5 
and promotes GPX4 ubiquitination was elucidated using RNA interference, adeno-associated virus transfection, 
and endothelial-specific Gpx4 knockout mice. High-throughput screening of small-molecule compounds targeting 
THBS1 was performed. Molecular docking, molecular dynamics simulations, and cellular thermal shift assays further 
confirmed that salvianolic acid B (SAB) has a potent binding affinity for THBS1. SAB treatment inhibited the interaction 
between THBS1 and OTUD5, leading to reduced GPX4 ubiquitination. Further research revealed that SAB treatment 
enhanced the cerebral protective effects of THBS1 inhibition. In conclusion, this study explored the role of exosome-
mediated signaling between macrophages and cerebral vascular endothelial cells in CIRI, highlighting the THBS1-
OTUD5-GPX4 axis as a driver of endothelial ferroptosis and brain injury. Targeting this signaling axis represents 
a potential therapeutic strategy for treating CIRI.
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Introduction
Acute ischemic stroke (AIS), characterized by cerebral 
arterial occlusion, leads to an immediate energy crisis in 
brain tissue. The primary clinical approach for treating 
AIS is the early restoration of blood flow to the ischemic 
region to salvage tissue in the ischemic penumbra. 
However, reperfusion can induce secondary brain dam-
age, referred to as cerebral ischemia–reperfusion injury 
(CIRI), which significantly influences patient prognosis. 
The pathophysiology of CIRI is complex, and despite 
notable advancements in treatment over recent years, 
disability and mortality rates remain high [1, 2]. There-
fore, further exploration of the molecular mechanisms 
underlying CIRI and the search for novel therapeutic 
targets are essential for improving patient outcomes. The 
mechanisms underlying CIRI are complex, with blood–
brain barrier (BBB) disruption serving as a pivotal factor 
in the pathological process. An intact BBB plays a selec-
tive filtering role, which is crucial for maintaining central 
nervous system homeostasis. Endothelial cells and tight 
junctions are vital for preserving the typical structure 
and function. During CIRI, endothelial structural dam-
age and impaired barrier function provide a pathway for 
blood-borne substances to damage brain tissue during 
reperfusion [3–5]. Therefore, maintaining endothelial 
homeostasis and restoring endothelial barrier integrity 
are critical for CIRI treatment.

Ferroptosis is a distinct form of programmed cell death 
characterized by excessive production and accumulation 

of reactive oxygen species (ROS) and increased lipid 
peroxidation driven by iron overload [6, 7]. Glutathione 
peroxidase 4 (GPX4), a key regulator of ferroptosis, sup-
presses lipid peroxidation and maintains intracellular 
redox balance, thereby preventing the initiation and 
progression of the process [8]. In pathological condi-
tions such as ischemia, reperfusion, and infection, cel-
lular metabolism and molecular expression patterns are 
altered, and oxidative balance is disrupted, character-
ized by decreased GSH levels and increased ROS levels. 
These changes can interfere with the normal regulation 
of GPX4 through transcriptional control and post-trans-
lational modifications, leading to reduced expression, 
thereby increasing the cell’s susceptibility to ferroptosis 
[8, 9]. Recent studies have demonstrated that endothe-
lial cells are particularly sensitive to ferroptosis and show 
significantly elevated ferroptosis under oxygen–glucose 
deprivation/reoxygenation (OGD/R) conditions [10]. 
Our previous research and previous research of oth-
ers indicate that inhibiting endothelial ferroptosis effec-
tively alleviates CIRI and plays a crucial role in improving 
patient outcomes [11–13]. However, the regulatory 
mechanisms underlying ferroptosis in brain microvascu-
lar endothelial cells in CIRI remain unclear and require 
further investigation.

Various cell types contribute to the pathophysiology 
of CIRI through exosome secretion, with macrophages 
serving as a major source [14]. Macrophage infiltra-
tion increases in brain tissue during CIRI [15], and 
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exosomes from macrophages activated by hypoxic con-
ditions impair endothelial cell viability [16], indicating 
exosome-mediated signaling as a critical communication 
mechanism between macrophages and endothelial cells. 
Furthermore, pro-inflammatory macrophage-derived 
exosomes induce mitochondrial dysfunction in endothe-
lial cells and elevate intracellular ROS levels, processes 
closely associated with ferroptosis [17]. Studies have 
shown that pro-inflammatory macrophage-derived 
exosomes can induce ferroptosis in cells, including epi-
thelial and tumor cells [18, 19]. Although increasing 
evidence suggests that macrophage-derived exosomes 
contribute to ferroptosis, their impact on brain micro-
vascular endothelial cells during CIRI and the under-
lying mechanisms, as well as their potential role in 
mediating ferroptosis, remain unclear and require fur-
ther investigation.

This study investigated the effects and mechanisms 
of macrophage-derived exosomes on cerebral vascular 
endothelial cells and brain tissue during CIRI. Our find-
ings indicate that macrophages induce endothelial fer-
roptosis and barrier disruption via exosomal pathways 
during CIRI. Through proteomic sequencing, transcrip-
tomic data analysis, single-cell sequencing, and experi-
mental validation, thrombospondin-1 (THBS1) was 
identified as a key factor in this process. Mechanistically, 
THBS1 interacted with OTUD5 to promote GPX4 ubiq-
uitination, thereby increasing the sensitivity of endothe-
lial cells to ferroptosis and contributing to endothelial 
barrier disruption. Additionally, salvianolic acid B (SAB) 
was identified as a compound that effectively binds to 
THBS1, and SAB treatment potentiated the neuropro-
tective effects of THBS1 inhibition. This study revealed 
a novel pathological mechanism underlying cerebral vas-
cular injury during CIRI and highlights the potential of 
targeting THBS1 as a therapeutic strategy for mitigating 
CIRI.

Materials and methods
Reagent
Mouse IL-6 and TNF-α, and human THBS1, MMP-9, 
and S100B ELISA kits were purchased from Jingkang 
(Shanghai, China). Salvianolic acid B (HY-N1362), fer-
rostatin-1 (HY-100579), and GW4869 (HY-19363) were 
purchased from MedChemExpress (NJ, USA). PMA 
(P1585) and PKH67 were purchased from Sigma (USA). 
Lipofectamine 2000 was purchased from Invitrogen 
(Carlsbad, CA, USA). DiR (UR21017) was purchased 
from UmiBio (Shanghai, China). Phalloidin (MX4405) 
was purchased from MkBio (Shanghai, China). Propid-
ium iodide (PI), DAPI, Hoechst, JC-1, DHE, and ROS 
staining kits were purchased from Beyotime (Shanghai, 
China). Zombie NIR dye was obtained from BioLegend 

(CA, USA). CCK8 and Liperfluo were provided by 
DOJINDO (Kumamoto, Japan). AceQ qPCR SYBR Green 
Master Mix kit (Q111-03) was supplied by Vazyme (Nan-
jing, China). First-strand cDNA Synthesis Kit (FSK-101) 
was obtained from TOYOBO (Osaka, Japan).

Preparation and validation of animal models
Male C57BL/6 mice were purchased from the Animal 
Experiment Center of the Second Affiliated Hospital 
of Harbin Medical University and maintained under 
standardized conditions (25 ± 2  °C, 40–60% humid-
ity, 12-h light/dark cycle) with ad  libitum access to 
food and water. A cerebral ischemia–reperfusion injury 
(CIRI) model was established using the transient mid-
dle cerebral artery occlusion (tMCAO) method, as pre-
viously described [20]. The procedure was as follows: A 
midline neck incision was made, and the cervical glands 
and fascia were bluntly dissected to expose the common 
carotid artery (CCA), external carotid artery (ECA), and 
internal carotid artery (ICA). The ICA and its extracra-
nial branches, including the pterygopalatine artery, were 
carefully isolated to avoid damage while ensuring ICA 
patency as the sole branch of the CCA. The ECA trunk 
was isolated, and its branches were electrocoagulated 
and ligated distally before transection. A "V"-shaped 
incision was created at the distal ECA using ophthalmic 
scissors. The CCA and ICA were temporarily clamped 
with microvascular clips. A heparin-coated nylon fila-
ment (602256PK5Re, Doccol) was inserted into the ECA 
and advanced into the ICA after removing the ICA clip 
until it occluded the middle cerebral artery (MCA) ori-
gin. Cerebral blood flow was monitored, with a 70–80% 
reduction in cortical blood flow indicating successful 
occlusion. The filament was secured at the ECA bifur-
cation with a suture, and the clamps on the CCA were 
removed. The incision was closed in layers. After 90 min 
of MCA occlusion, the filament was removed to allow 
reperfusion and cerebral blood flow was recorded again. 
Sham-operated mice underwent the same procedures, 
excluding filament insertion.

The administration of exo and drug
Exosomes derived from mouse macrophages were iso-
lated by ultracentrifugation and resuspended in sterile 
PBS. Protein concentrations were determined using the 
BCA assay, and exosome samples were normalized to 
a uniform concentration. Exosome suspensions were 
injected via the tail vein at a dose of 5  μg/g, and their 
effects on mice were assessed at predefined time points. 
Based on previous study [21] of the ferroptosis-inhibitory 
effects and our preliminary experimental data, SAB was 
administered via tail vein injection at a dose of 15  mg/
kg for five consecutive days. Two hours after the final 
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injection, the tMCAO model was induced, and various 
indicators were evaluated at corresponding time points.

Cell culture
Cell lines THP-1 and RAW264.7 were obtained from the 
Cell Bank of the Chinese Academy of Sciences (Shang-
hai, China), while human brain microvascular endothe-
lial cells (HBMECs) were sourced from ScienCell. THP-1 
cells were cultured in RPMI 1640 medium supplemented 
with 10% FBS, and RAW264.7 cells were maintained in 
DMEM with 10% FBS. HBMECs were cultured in ECM 
supplemented with 5% FBS and 1% endothelial growth 
supplement. With reference to previous literature [22, 
23], HBMECs were co-cultured with exosomes (60  μg/
mL) for 24 h, and changes were observed with or without 
ferrostatin-1 (2  μM) treatment, which was applied 2  h 
before co-culture. The concentration of SAB applied to 
HBMECs was 10 μM.

Construction of the OGD/R cell model
THP-1 cells were differentiated into macrophages by 
exposure to PMA (50  ng/mL) for 24  h before further 
experiments. The OGD/R macrophage model was estab-
lished according to previously reported protocols [24]. 
Differentiated THP-1 and RAW264.7 cells were cultured 
in glucose-free DMEM at 37 °C under hypoxic conditions 
(1% O₂, 5% CO₂, 94% N₂) in a tri-gas incubator for 4 h. 
Subsequently, the medium was replaced with glucose-
containing DMEM, and the cells were incubated under 
normoxic conditions (21% O₂, 5% CO₂, 74% N₂) at 37 °C 
for 24 h to induce reoxygenation.

Collection of conditioned medium and exosome 
enrichment and identification
The cell culture supernatant was collected and centri-
fuged at 2000 rpm for 10 min to remove cell debris. The 
supernatant was then filtered through a 0.22 μm filter to 
obtain conditioned medium.

For exosome isolation, supernatants from cells cultured 
with exosome-free fetal bovine serum (EVs-free FBS) 
were transferred into clean centrifuge tubes and centri-
fuged at 2000 × g for 20 min at 4  °C to remove cells and 
dead cells. The resulting supernatant was centrifuged at 
10,000 ×g for 30 min at 4  °C to eliminate any remaining 
debris, followed by further collection of the superna-
tant. The supernatant was ultracentrifuged at 120,000 ×g 
for 70  min to pellet the crude exosomal fraction. The 
pellet was resuspended in cold PBS and centrifuged at 
120,000 ×g for 70  min. The supernatant was discarded, 
and the pellet was resuspended in an appropriate volume 
of cold PBS. The protein concentration was quantified 
using the BCA assay for further analysis.

Nanoparticle Tracking Analysis (NTA): Exosome sam-
ples were diluted in PBS for NTA. After automatic cali-
bration of the instrument, the exosome samples were 
further diluted with sterile PBS to achieve a particle 
count between 50 and 400 within the detection interface, 
at which point measurements were initiated.

Transmission Electron Microscopy (TEM): A 10  μL 
drop of exosome suspension was placed onto a copper 
grid and left for 1 min. Uranyl acetate was added to the 
grid and incubated for another minute. After drying, the 
samples were imaged under an electron microscope at 
100 kV.

Patient recruitment and sample collection
Healthy volunteers were recruited from the hospital staff 
through open-call advertisements. The inclusion crite-
ria included the following: patients aged 18 to 85 years, 
National Institutes of Health Stroke Scale (NIHSS) 
score (8 to 25), time from symptoms onset to endovas-
cular thrombectomy within 8  h, modified Rankin Scale 
(mRS) ≤ 1, and core infarct volume < 50  mL on mag-
netic resonance imaging or Alberta Stroke Program 
Early Computed Tomography Score (ASPECTS) ≥ 6. 
The key exclusion criteria included previous stroke 
within 30  days, unknown time of symptom onset, asso-
ciated myocardial infarction or severe infection (sepsis 
or endocarditis), any known hemorrhagic or coagulation 
deficiency, and stenosis or any occlusion in a proximal 
vessel that prevented access to the site of occlusion. All 
patients were diagnosed at the Second Affiliated Hospi-
tal of Harbin Medical University and received antiplate-
let therapy after admission. The baseline characteristics 
of AIS patients and healthy volunteers are summarized 
in Additional file  1: Table  S1. Blood samples from 32 
healthy volunteers and 56 AIS patients were collected, 
and peripheral PBMCs were isolated following the manu-
facturer’s instructions.

TTC staining
Twenty-four hours after reperfusion, the mice were 
euthanized, and brain tissues were collected. The brains 
were frozen for 15  min, sectioned into 1-mm slices, 
and stained with 2% TTC solution at 37  °C for 15  min, 
with intermittent flipping to ensure uniform staining. 
Infarcted regions appeared white, whereas non-infarcted 
regions were stained red.

Evans blue staining
Mice were administered 0.5% Evans blue dye via tail vein 
injection at a dose of 2  mL/kg. After 30  min, the mice 
were euthanized, and brain tissues were harvested. Each 
brain sample was placed in a 1.5 mL centrifuge tube, fol-
lowed by the addition of 1 mL of 50% trichloroacetic acid 
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(diluted with PBS). The tissue was rapidly homogenized 
using a tissue homogenizer and centrifuged at 10,000g 
for 20 min. The resulting supernatant was collected and 
diluted fourfold with absolute ethanol. Absorbance at 
620  nm was measured using a spectrophotometer to 
determine the optical density (OD). The Evans blue con-
centration in the samples was then calculated based on 
the standard curve.

Measurement of brain water content
Mice were euthanized 24  h after reperfusion, and brain 
tissues were rapidly harvested. The tissues were dried at 
100 °C for 48 h and weighed both before and after drying. 
Brain water content (%) was calculated using the follow-
ing formula: Brain water content (%) = [(wet weight–dry 
weight)/wet weight] × 100%.

Adhesive removal test
The adhesive removal test was performed according to 
previous literature [25, 26]. The test was performed using 
a 2 × 3  mm tape. Adhesive tape was applied to the ipsi-
lateral or contralateral forepaws of mice to evaluate their 
sensory and motor functions. Time was recorded when 
the mouse perceived the sticker attached to the foot and 
removed it as the time of contact and time of removal. 
The time to contact and time-to-remove the mouse were 
measured for up to 120 s.

Corner test
The corner test is a widely used functional assessment 
tool for unilateral sensorimotor cortical damage [27]. 
Two cardboard plates (30 × 20 cm) were attached at a 30° 
angle in the home cage. Each mouse was placed between 
the two plates and allowed to move freely toward the 
corners. The number of times the mice turned to the left 
over 10 trials was recorded. Only mice without a pref-
erence for turning left or right during the pre-training 
period were included. Normal mice make approximately 
equal numbers of left and right turns in their exploratory 
turning behavior. After ischemic and reperfusion insults 
to the sensorimotor cortex, mice showed biased turns 
consistent with the side of brain damage.

HE staining
Paraffin-embedded brain tissue sections were baked 
at 60  °C for 2  h, followed by standard deparaffinization 
with xylene and graded ethanol to water. The sections 
were stained with hematoxylin for 5  min, rinsed under 
running water, and counterstained with eosin, followed 
by another rinse. Finally, the sections were dehydrated, 
cleared, mounted, and imaged under a microscope.

Tunel staining
Paraffin-embedded brain tissue sections were baked 
at 60  °C for 2  h, followed by standard deparaffinization 
with xylene and graded ethanol to water. Each sam-
ple was incubated with 100 μL of Proteinase K working 
solution at room temperature for 20  min. The sections 
were washed three times with PBS for 5  min per wash. 
Equilibration Buffer was diluted 1:5 with ddH₂O, cover-
ing the sample area, and equilibrated at room tempera-
ture for 10–30  min. After discarding the buffer, 50  μL 
of TdT incubation buffer was applied, and the sec-
tions were incubated in a humid chamber at 37  °C for 
60 min. Following three additional PBS washes, the sec-
tions were counterstained with DAPI. A final PBS wash 
was performed before mounting with anti-fade mount-
ing medium. Fluorescence microscopy was used for 
observation.

DHE staining
Frozen brain tissue sections were thawed to room tem-
perature and washed three times with PBS. The sections 
were incubated with a 10 μM dihydroethidium [28] fluo-
rescent probe at 37 °C in the dark for 30 min. Following 
washing, the nuclei were counterstained with DAPI, and 
images were acquired using a fluorescence microscope.

Exosome tracing experiments
DiR dye working solution was prepared and added to the 
exosome suspension (100 μL of dye solution per 1000 
μL of exosome suspension). The mixture was vortexed 
for 1 min and incubated at 37 °C for 30 min. After add-
ing PBS, the solution was ultracentrifuged at 120,000 ×g 
for 70  min to obtain the labeled exosomes. DiR-labeled 
exosomes were injected via the tail vein, and the mice 
were euthanized 6 h later. Brain tissue was harvested for 
ex  vivo imaging to assess exosome distribution in the 
brain.

PKH67 dye was used for labeling. Mixture A was pre-
pared by adding 50 μL of exosomes to 0.5 mL of Diluent 
C, while Mixture B was prepared by mixing 0.5  mL of 
Diluent C with 4 μL of PKH67. Mixtures A and B were 
then combined and incubated for 15  min. The stain-
ing reaction was stopped by adding 1  mL of 0.5% BSA. 
Labeled exosomes were obtained by ultracentrifugation 
and either co-cultured with HBMECs or injected via the 
tail vein. Confocal microscopy was used to examine the 
distribution of exosomes in cells or brain tissue sections.

Cell transfection
The siRNA was synthesized and purified by GenePharma. 
Transfection was conducted with 50 nM Lipofectamine™ 
2000 when cell density reached 40–60%. Both siRNA and 
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transfection reagent were diluted in Opti-MEM and gen-
tly mixed by pipetting three to five times. The mixture 
was incubated at room temperature for 20 min and then 
slowly added dropwise to the culture medium. Follow-
ing incubation in a CO₂ incubator for 4–6 h, the medium 
was replaced with fresh culture medium, and subsequent 
treatments were applied. Transfection efficiency was 
evaluated at 24–72  h after transfection. Specific small 
interfering RNA sequences are provided in Additional 
file 1: Table S2.

RT‑qPCR
Trizol solution was added to the wells and incubated at 
room temperature for 10 min. Adherent cells were resus-
pended by gentle pipetting and transferred to nuclease-
free centrifuge tubes. Chloroform was added and mixed 
thoroughly to extract RNA, followed by isopropanol to 
precipitate RNA from the supernatant. After centrifuga-
tion, the supernatant was discarded, and the pellet was 
washed with ethanol. The sample was centrifuged again, 
and the supernatant was removed. The RNA pellet was 
air-dried at room temperature and dissolved in an appro-
priate volume of nuclease-free water. RNA concentra-
tion was measured, and cDNA was synthesized using a 
reverse transcription kit. The PCR procedure was carried 
out according to the kit instructions. Detailed primer 
information is provided in Additional file 1: Table S3.

PI staining
The cell culture medium was replaced with staining 
buffer containing 5  μL of Hoechst reagent and 5  μL of 
PI reagent per milliliter. The cells were incubated at 4 °C 
for 30 min. Following PBS washes, images were acquired 
using a fluorescence microscope.

Liperfluo staining
The culture medium was removed, and the cells were 
washed once with serum-free medium. Liperfluo work-
ing solution was added, and the cells were incubated at 
37  °C for 30  min. After removing the supernatant, the 
cells were washed twice with serum-free medium, and 
images were acquired using a confocal microscope.

JC‑1 staining
JC-1 staining was performed to assess mitochondrial 
membrane potential. The JC-1 solution was diluted 1:200 
in staining buffer and thoroughly mixed to prepare the 
working solution. Cells were incubated with the JC-1 
working solution at 37  °C for 20  min. After incubation, 
the cells were washed with staining buffer and counter-
stained with Hoechst. Finally, images were acquired using 
a confocal microscope.

ROS staining
Intracellular reactive oxygen species (ROS) levels were 
measured using the fluorescent probe DCFH-DA. The 
probe was diluted to 10  μM in DMEM. The culture 
medium was replaced with the DCFH-DA working solu-
tion, and the cells were incubated at 37  °C for 30  min. 
After removing the probe, the cells were counterstained 
with Hoechst, and ROS levels were visualized using a flu-
orescence microscope.

Nissl staining
The paraffin-embedded mouse brain sections were 
dewaxed to water. The sections were then immersed 
in toluidine blue staining solution and incubated at 
50–60  °C for 30  min. After a brief rinse with distilled 
water, rapid differentiation was performed using 95% 
ethanol. The sections were dehydrated with absolute 
ethanol, cleared with xylene, and mounted with neutral 
resin. The intensity of Nissl bodies in the cortical penum-
bra region of tMCAO mice (Sham group: cortex supplied 
by the left middle cerebral artery) was observed under a 
microscope to ensure consistency in imaging locations.

Western blot analysis
Protein samples were separated using sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis. The gel was 
cut and transferred to a 0.22  μm PVDF membrane at 
300 mA for 2 h under ice bath conditions. The membrane 
was blocked with 5% skim milk for 50 min and incubated 
with the primary antibody: ZO-1 (1:2000, AF5145, Affin-
ity, OH, USA), Claudin5 (1:1000, E8F3D, Cell Signaling 
Technology, MA, USA), Occludin (1:1000, 91,131, Cell 
Signaling Technology, MA, USA), β-actin (1:100,000, 
AC026, ABclonal, Wuhan, China), GAPDH (1:2500, 
ab9485, Abcam, Cambridge, UK), SLC7A11 (1:10,000, 
ab175186, Abcam, Cambridge, UK), GPX4 (1:10,000, 
ab125066, Abcam, Cambridge, UK), Calnexin (1:2000, 
AF5362, Affinity, OA, USA), TSG101 (1:3000, DF8427, 
Affinity, OA, USA), CD81 (1:2000, DF2306, Affinity, 
OA, USA), CD63 (1:1000, AF5117, Affinity, OA, USA), 
THBS1 (1:2000, 18,304–1-AP, Proteintech, IL, USA), and 
Ub (1:2000, PTM-1107, Jingjie, Hangzhou, China). After 
washing with TBST, the membrane was incubated with 
secondary antibodies (1:10,000, ab6712, Abcam, Cam-
bridge, UK; 1:100,000, AS003, ABclonal, Wuhan, China) 
for 1  h, followed by additional washing with TBST. 
Chemiluminescent imaging was performed using an ECL 
reagent.

Cellular thermal shift assay (CETSA)
The interaction between SAB and THBS1 was validated 
using a cellular thermal shift assay (CETSA). Cell lysates 
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treated with either vehicle or SAB were divided into ten 
equal aliquots and heated at temperatures ranging from 
37 °C and 64 °C. After two freeze–thaw cycles with liquid 
nitrogen, the supernatant was collected for further analy-
sis [29].

Virtual screening
The L6000 natural product library (L6000-Targetmol-
Natural Product Library for HTS, 4320 compounds) from 
TopScience was used for virtual screening. The 2D struc-
ture data files (SDF) were imported into Schrödinger 
software, where the LigPrep module was employed to 
generate 3D structures for each compound using the 
OPLS_4 force field. The Epik module was used to calcu-
late all possible stereoisomers and protonation states.

The docking grid center was positioned at the crys-
tallized ligand in the small-molecule GDP-binding 
pocket. The outer box size was adjusted to accommo-
date the crystallized ligand, while the inner box size was 
set to 10  Å. Molecular docking was performed using 
Schrödinger’s Virtual Screening Workflow module, with 
LigPrep-prepared 3D structures serving as the screening 
database.

The virtual screening process comprised four steps. (1) 
High-Throughput Virtual Screening (HTVS): All stere-
oisomeric states of each ligand were retained, with one 
conformer generated per stereoisomer. The top 50% of 
compounds based on scores were selected for further 
screening. [30] Standard Precision (SP): The highest-
scoring stereoisomer of each ligand was retained, and one 
conformer per stereoisomer was generated. The top 20% 
of compounds were selected for the subsequent round. 
(3) Extra Precision (XP): Only the best-scoring stereoi-
somer of each ligand was retained, and one conformer 
was generated. The top 100 compounds were selected 
for further analyses. (4) MM-GBSA: Final compounds 
were rescored using binding free energy calculations, and 
compounds with MM-GBSA scores above -50  kcal/mol 
or duplicates were removed.

Molecular dynamics simulation
Molecular dynamics simulations were performed using 
Gromacs 2022.3. Plantainoside D (PD) was pre-processed 
with AmberTools22, employing the GAFF force field, 
and hydrogen atoms were added using Gaussian 16W 
to calculate the RESP charges, which were subsequently 
incorporated into the system’s topology file. The simula-
tions were conducted at a constant temperature of 300 K 
and a pressure of 0.1 MPa using an Amber99sb-ildn force 
field. Water molecules modeled with TIP3P were used as 
the solvent, and Na + ions were added to neutralize the 
charge of the system [31, 32].

The system first underwent energy minimization using 
the steepest descent method, followed by 100,000 steps 
of NVT (constant volume) and NPT (constant pressure) 
equilibration, with a coupling constant of 0.1  ps and a 
duration of 100 ps. A free molecular dynamics simulation 
was then carried out for 5,000,000 steps with a 2 fs time 
step, totaling 100 ns. After the simulation, Gromacs tools 
were used to analyze the trajectory and calculate the root 
mean square deviation (RMSD) and root mean square 
fluctuation (RMSF) of amino acid motions.

Statistical analyses
Data analyses and graph generation were performed 
using GraphPad Prism 9.0 and ImageJ. Results are pre-
sented as the mean ± standard deviation (SD) from 
at least three independent experiments. Differences 
between two groups were analyzed using an independent 
sample t-test. For multiple group comparisons, one-way 
ANOVA followed by Tukey’s post-hoc test and repeated-
measures analyses were performed. A P-value < 0.05 
was considered statistically significant, with *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

Results
Conditioned medium from OGD/R‑treated macrophages 
induces ferroptosis in cerebral endothelial cells
The establishment of the transient middle cerebral artery 
occlusion (tMCAO) model was confirmed by laser 
speckle contrast imaging and TTC staining (Fig. 1A). To 
assess the integrity of the blood–brain barrier (BBB) at 
different times after tMCAO, mouse brain tissue from 
the peri-infarct region was collected at 6, 12, and 24  h 
after tMCAO. Western blot analysis revealed a progres-
sive disruption of BBB integrity with increasing reper-
fusion time, with BBB-related proteins ZO-1, occludin, 
and claudin-5 significantly downregulated at 24  h post-
reperfusion compared to the control group (Fig.  1B). 
Evans blue staining and brain water content measure-
ments demonstrated a significant increase in BBB per-
meability and brain edema 24  h post-tMCAO (Fig.  1C, 
D). Additionally, there was a notable increase in F4/80+ 
cells in the brain tissue of tMCAO mice compared to the 
Sham group, with these cells observed in close proxim-
ity to CD31+ cells (Fig.  1E). These findings suggest that 
macrophage infiltration increases following cerebral 
ischemia–reperfusion injury and that these infiltrating 
macrophages are spatially adjacent to endothelial cells.

The THP-1 cells were differentiated into macrophages 
and subjected to OGD/R to mimic AIS-associated mac-
rophages (AMφ), followed by collecting their condi-
tioned medium (CM) for co-culture with human brain 
microvascular endothelial cells (HBMECs) (Fig.  1F). 
After OGD/R treatment, macrophages exhibited 
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Fig. 1  Conditioned medium from OGD/R-treated macrophages induces ferroptosis in cerebral endothelial cells. A Laser speckle contrast imaging 
of cerebral blood flow and TTC staining images after tMCAO operation. B Representative immunoblotting and quantification of barrier-associated 
proteins (ZO-1, Occludin, and Claudin5) in mice brains either untreated or subjected to tMCAO surgery for 6, 12, and 24 h (n = 3). C Relative content 
of Evans blue in mouse brains (n = 8). D The brain water content of mice (n = 8). E Representative immunofluorescence images of DAPI/CD31/
F4/80 staining in mouse brains. Scale bar = 50 μm. F Schematic diagram illustrating the co-culture of septic macrophage-conditioned medium (CM) 
with human brain microvascular endothelial cells (HBMECs). G Representative immunoblotting and quantification of barrier-associated proteins 
in HBMECs co-cultured with CM, with or without GW4869 treatment (n = 3). H Representative images and quantification of PI staining in HBMECs 
(n = 3). Scale bar = 200 μm. I Representative images and quantification of liperfluo staining in HBMECs (n = 3). Scale bar = 50 μm. J Representative 
images for mitochondrial membrane potential of HBMECs (n = 3). Scale bar = 20 μm. K Representative immunoblotting and quantification 
of SLC7A11 and GPX4 in HBMECs (n = 3). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001



Page 9 of 24Liu et al. Journal of Neuroinflammation           (2025) 22:48 	

significant morphological changes, transitioning from 
round to spindle shape with increased projections (Addi-
tional file 1: Fig. S1A). Moreover, compared to the control 
group, OGD/R-treated macrophages showed a signifi-
cant increase in mRNA levels of inflammatory factors 
IL-6 and TNF-α, indicating an enhanced inflammatory 
response (Additional file  1: Fig. S1B, C). Barrier-related 
protein levels were reduced in HBMECs treated with CM 
compared with those in the control group (Fig. 1G). CM 
treatment also increased the proportion of PI-positive 
cells, elevated lipid peroxidation levels (Fig.  1H, I), and 
significantly reduced mitochondrial membrane potential 
(Fig.  1J). Additionally, the ferroptosis markers SLC7A11 
and GPX4 were markedly downregulated in the CM 
group compared to the control group (Fig. 1K). Pretreat-
ment of AMφ with the exosome synthesis/secretion 
inhibitor GW4869 significantly reversed these changes in 
HBMECs. These findings suggest that the mechanism by 
which AMφ mediates ferroptosis and barrier disruption 
in HBMECs may be related to exosome secretion.

AMφ‑derived exosomes induce ferroptosis in brain 
microvascular endothelial cells
To investigate the effects of AMφ-derived exosomes 
on HBMECs, exosomes were isolated from the culture 
medium of Mφ and AMφ via ultracentrifugation (Addi-
tional file  1: Fig. S2A). Both Mφ-exo and AMφ-exo 
exhibited the characteristic biconcave bilayer membrane 
structure typical of exosomes (Fig.  2A), with an aver-
age diameter of approximately 140  nm (Fig.  2B). They 
expressed exosomal markers TSG101, CD81, and CD63, 
with no calnexin detected (Fig. 2C). Immunofluorescence 
staining confirmed that PKH67-labeled exosomes were 
internalized by HBMECs during the co-culture (Fig. 2D). 
Co-culture with AMφ-exo significantly decreased 
HBMEC survival over time, as shown by CCK8 assays 
(Fig. 2E). Flow cytometry analysis revealed a significantly 
higher cell death rate in the AMφ-exo group compared to 
the Mφ-exo group. However, pretreatment of HBMECs 
with the ferroptosis inhibitor ferrostatin-1 (Fer-1) 
effectively mitigated cell death (Fig.  2F). Furthermore, 
AMφ-exo substantially downregulated barrier-related 
proteins and mitochondrial membrane potential lev-
els in HBMECs while elevating lipid peroxidation levels 
(Fig. 2G–L). In addition, ferroptosis-related protein lev-
els in HBMECs were significantly lower in the AMφ-exo 
group compared to the Mφ-exo group (Fig. 2M, N). Fer-1 
treatment partially reversed these changes (Fig. 2F–N).

Exosomes derived from OGD/R‑treated RAW264.7 cells 
mediate ferroptosis in mouse brains
To investigate the in  vivo effects of AIS-related mac-
rophage-derived exosomes, RAW264.7 cells were 

subjected to OGD/R treatment, and exosomes (exo) were 
subsequently isolated (Fig.  3A). DiR-labeled exosomes 
were administered to mice via tail vein injection, and 
ex vivo imaging confirmed the distribution of these exog-
enous exosomes in the brain (Fig.  3B). Colocalization 
of PKH67-labeled exosomes with CD31+ cells in brain 
sections further indicated that endothelial cells internal-
ized the exosomes (Fig. 3C). ELISA results revealed sig-
nificantly elevated levels of the inflammatory cytokines 
IL-6 and TNF-α in the cortical tissue of the Sham + exo, 
tMCAO, and tMCAO + exo groups compared to the 
Sham group. Moreover, the tMCAO + exo group dis-
played higher IL-6 and TNF-α levels than the tMCAO 
group (Fig.  3D). Additionally, barrier disruption was 
more severe in the tMCAO + exo group than the tMCAO 
group (Fig.  3E). An increased number of Tunel-posi-
tive cells, elevated superoxide anion fluorescence, and 
higher levels of oxidative stress markers (GSSG, GSH, 
and MDA) were observed in the Sham + exo, tMCAO, 
and tMCAO + exo groups compared to the Sham group, 
with the most pronounced changes observed in the 
tMCAO + exo group (Fig. 3F–H). TEM analysis demon-
strated mitochondrial cristae shrinkage and increased 
mitochondrial membrane density in the tMCAO- and 
exo-treated groups (Fig.  3I). Furthermore, the levels of 
GPX4 and SLC7A11 were significantly downregulated in 
the brains of the Sham + exo, tMCAO, and tMCAO + exo 
groups compared with those in the Sham group (Fig. 3J). 
These findings suggest that AIS-associated macrophage-
derived exosomes induce ferroptosis in the mouse brain 
and exacerbate brain injury.

Identification of potential regulators in AMφ‑exo 
that mediate brain injury in mice
To explore key proteins involved in AMφ-exosome 
(AMφ-exo)-mediated endothelial and brain injury, 
we conducted proteomics sequencing of AMφ-exo 
(Fig.  4A). To identify regulatory molecules in cerebral 
ischemia–reperfusion injury (CIRI), we analyzed AIS-
related datasets (GSE30655, GSE28731, and GSE32529) 
from the GEO database and performed differential 
expression analysis (Fig.  4B, C). By intersecting these 
datasets, 52 differentially expressed genes (DEGs) 
related to AIS were identified (Fig. 4D). A PPI network 
of these 52 DEGs was constructed using the STRING 
database to identify central molecules, with an empha-
sis on those with high connectivity (Fig. 4E). Literature 
searches on central molecules present in AMφ-exo 
revealed that THBS1 is closely associated with endothe-
lial dysfunction, inflammation regulation, and oxida-
tive stress, all of which are critical mechanisms in AIS 
pathology [33]. Additionally, THBS1 upregulation has 
been observed in ischemia–reperfusion injury models 
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[34]. To investigate THBS1 expression in ischemic 
stroke and its association with macrophages, we ana-
lyzed single-cell RNA sequencing (scRNA-seq) data 
from middle cerebral artery occlusion (MCAO) mouse 
brain tissue. The results revealed a higher proportion of 

THBS1-expressing macrophages in the MCAO group 
compared to the Sham group (Fig.  4F, G). Pseudotime 
analysis indicated that macrophages with low THBS1 
expression were located at the initial differentiation 
state (Fig. 4H).

Fig. 2  AMφ-derived exosomes induce ferroptosis in brain microvascular endothelial cells. A Transmission electron microscopy images of exosomes 
isolated from the medium of Mφ and AMφ. Scale bar = 100 nm. B Representative nanoparticle tracking analysis images showing the distribution 
and average diameter of exosomes. C Representative immunoblotting of exosome markers. D Representative immunofluorescence staining 
of Hoechst/phalloidin/PKH67 after co-culture with human brain microvascular endothelial cells (HBMECs) using PKH67-labeled exosomes. Scale 
bar = 20 μm. E Quantification of CCK8 assays performed on HBMECs co-cultured with Mφ-exo and AMφ-exo (n = 5). F Representative images 
and quantification of the Zombie NIR™ staining in HBMECs co-cultured with Mφ-exo and AMφ-exo in the presence or absence of ferrostatin-1 
(Fer-1) (n = 3). G Representative immunofluorescence staining for DAPI/CD31/ZO-1 and DAPI/CD31/Occludin in HBMECs. Scale bar = 20 μm. 
H Representative immunoblotting and quantification of barrier-associated proteins (ZO-1, Occludin and Claudin5) in HBMECs (n = 3). I, J 
Representative images and quantification of mitochondrial membrane potential of HBMECs (n = 3). Scale bar = 20 μm. K, L Representative 
images of liperfluo staining and quantitative analysis of liperfluo fluorescence intensity in HBMECs (n = 3). Scale bar = 20 μm. M Representative 
immunoblotting and quantification of SLC7A11 and GPX4 in HBMECs (n = 3). N Representative images of immunofluorescence staining 
for DAPI/CD31/SLC7A11 and DAPI/CD31/GPX4 in HBMECs. Scale bar = 20 μm. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001
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Furthermore, THBS1 was significantly upregulated in 
plasma exosomes from AIS patients and was positively 
correlated with blood–brain barrier (BBB) damage mark-
ers MMP-9 and S100B (Fig. 4I–M). Clinical samples and 
in vivo and in vitro experiments provided further valida-
tion. THBS1 expression was elevated in OGD/R-treated 

THP-1 and RAW264.7 macrophages and their secreted 
exosomes (Fig.  4N, S3A–D). Similar upregulation of 
THBS1 was observed in peripheral blood monocytes 
from AIS patients and in the brains of tMCAO mice 
(Fig.  4N. HBMECs co-cultured with AMφ-exo exhib-
ited higher THBS1 levels than those co-cultured with 

Fig. 3  Exosomes derived from OGD/R-treated RAW264.7 cells mediate ferroptosis in mouse brains. A Transmission electron microscopy (TEM) 
images of the isolated exosomes from the OGD/R-treated RAW264.7 cells. Scale bar = 100 nm. B In vivo fluorescence images of brains in mice 
with or without DiR-labeled exosomes. C Representative immunofluorescence staining for DAPI/CD31/PKH67 in mouse brains after tail vein 
injection of PKM67-labeled exosomes. Scale bar = 100 μm. D Quantification of TNF-α, and IL-6 levels in mouse brains (n = 8). E Representative 
immunoblotting and quantification of barrier-associated proteins (ZO-1, Occludin, and Claudin5) in mouse brains (n = 3). F Representative 
images of Tunel staining of mouse brains and quantification of Tunel-positive cells (n = 3). Scale bar = 200 μm. G Representative images of DHE 
staining of mouse brains and quantification of DHE fluorescence intensity (n = 3). Scale bar = 200 μm. H Quantification of GSSG, GSH, and MDA 
levels in mouse brains (n = 8). I TEM image of mouse brains. Scale bar = 500 nm. J Representative immunoblotting and quantification of SLC7A11 
and GPX4 in mouse brains (n = 3). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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Mφ-exo (Fig.  4O). THBS1 was also highly expressed 
in macrophages isolated from the brains of tMCAO 
mice (Fig.  4P). Based on these multi-level analyses, we 
propose THBS1 as a key regulatory molecule in mac-
rophage-derived exosome-mediated brain injury during 
CIRI, warranting further investigation and functional 
validation.

THBS1 in macrophage‑derived exosomes mediates 
endothelial cell ferroptosis and barrier disruption 
during CIRI
In this study, three RNA interference sequences were 
used to silence THBS1 in macrophages, and the most 
efficient sequence was selected for subsequent experi-
ments (Fig.  5A). Exosomes were isolated from AMφ 
transfected with siTHBS1 (siTHBS1-AMφ-exo) and co-
cultured with HBMECs (Fig.  5B). The results indicated 
that THBS1 silencing reversed AMφ-exo-induced cell 
death and oxidative stress (Fig.  5C, D). Compared to 
the Mφ-exo group, the siNC-AMφ-exo group exhibited 
decreased expressions of barrier- and ferroptosis-related 
proteins, reduced mitochondrial membrane potential, 
and increased lipid peroxidation levels (Fig. 5E, F). These 
changes were attenuated by THBS1 silencing (Fig.  5E, 
F). Furthermore, we constructed a plasmid to overex-
press THBS1 and transfected it into THP-1 cells, which 
significantly increased THBS1 protein and mRNA levels 
(Fig. 5G). As expected, THBS1 overexpression markedly 
elevated ROS levels in HBMECs co-cultured with AMφ-
exo while decreasing the levels of barrier- and ferropto-
sis-related proteins (Fig. 5H, I).

To validate the in vivo effects, exosomes from OGD/R-
treated RAW264.7, transfected with either siThbs1 or 
oeThbs1 (siThbs1-exo or oeThbs1-exo), were injected 
into mice via the tail vein (Additional file  1: Fig. S4A-
D). Evans blue staining revealed that compared to the 
tMCAO + siNC-exo group, BBB permeability was sig-
nificantly reduced in the tMCAO + siThbs1-exo group 
(Additional file  1: Fig. S4E). Tunel and DHE staining 

further indicated that Thbs1 silencing mitigated the 
exosome-induced increases in cell death and superoxide 
anion levels in the mouse brain (Additional File 1: Fig. 
S4F, G). Additionally, compared with the tMCAO + siNC-
exo group, barrier- and ferroptosis-related proteins were 
significantly upregulated in the tMCAO + siThbs1-exo 
group, whereas Thbs1 overexpression exacerbated the 
loss of both barrier and protective ferroptosis-related 
proteins (Additional file 1: Fig. S4H, I).

Thbs1 knockdown in macrophages inhibits BBB disruption 
and alleviates brain injury
To evaluate the in  vivo effects of Thbs1 knockdown in 
macrophages, a macrophage-specific adeno-associated 
virus was used for Thbs1 (Fig. 6A). This approach signifi-
cantly decreased Thbs1 levels in the mouse brain with-
out altering normal brain structure (Fig.  6B, Additional 
file 1: Fig. S5A, B). The results showed that macrophage-
specific Thbs1 knockdown significantly improved BBB 
permeability while reducing neuroinflammation and oxi-
dative stress (Fig. 6C–F). Furthermore, the proportion of 
CD31+/GPX4+ cells in the peri-infarct brain tissue was 
markedly higher in the tMCAO + AAV-shThbs1 group 
than that in the tMCAO and tMCAO + AAV-shNC 
groups (Fig.  6G). These findings indicated that Thbs1 
knockdown in macrophages effectively alleviated BBB 
disruption and brain injury.

Macrophage‑derived THBS1 contributes to CIRI 
by inhibiting GPX4 in endothelial cells
Endothelial cell-specific Gpx4 knockout (Gpx4cko) mice 
were generated using the Cre-LoxP system (Fig.  7A, 
B). After inducing tMCAO in both Gpx4f/f and Gpx4cko 
mice, we observed that Gpx4 knockout led to signifi-
cantly increased BBB permeability and a more pro-
nounced reduction in barrier proteins. Treatment with 
AAV-shThbs1 in Gpx4f/f mice partially alleviated the 
increased BBB permeability and brain injury; however, 
no significant improvement was observed in Gpx4cko 

Fig. 4  Identification of potential regulators in AMφ-exo that mediate brain injury in mice. A Heatmap of AMφ-exo proteomics sequencing. B, 
C Heatmaps (B) and volcano plots (C) of genes in the GSE30655, GSE28731, and GSE32529 datasets. D Venn diagram of differentially expressed 
genes (DEGs) for the GSE30655, GSE28731, and GSE32529 datasets. E Protein–protein interaction network diagram. F UMAP plot of cells 
clustered according to the expression of known marker genes and scatter plot showing THBS1 expression in eight cell types. G Proportional 
graph displaying the proportion of high and low THBS1 expression in macrophages of tMCAO mice and Sham mice. H Cell trajectories displayed 
according to pseudotime, which are chronologically ordered based on dark-to-light color indications, and expression distribution of THBS1 
in the pseudotime analysis. I–K Levels of THBS1 (I) in exosomes from plasma of healthy volunteers (n = 32) and patients with AIS (n = 56), as well 
as levels of MMP-9 (J) and S100B (K) in plasma. L, M Correlation of THBS1 levels in exosomes with levels of MMP-9 (L) and S100B (M) in plasma. N 
Representative immunoblotting and quantification of THBS1 in THP-1 and RAW264.7 cells and exosomes secreted by both, in peripheral blood 
monocytes from clinical samples, and in mouse brains. O Representative images of immunofluorescence staining for DAPI/THBS1 in HBMECs 
treated with Mφ-exo and AMφ-exo. Scale bar = 20 μm. P Representative images of immunofluorescence staining for DAPI/F4/80/THBS1 in the brains 
of mice with or without tMCAO operation. Scale bar = 100 μm. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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mice treated with AAV-shThbs1 (Fig. 7C–H). These find-
ings suggest that macrophage-derived THBS1-mediated 
endothelial barrier disruption is linked to GPX4 inhibi-
tion in endothelial cells.

THBS1 promotes GPX4 ubiquitination and degradation 
through interaction with OTUD5
To further investigate the specific regulatory mechanism 
of THBS1 in AMφ-exo on GPX4 in endothelial cells, we 
examined the ubiquitination levels of GPX4 in HBMECs 
co-cultured with AMφ-exo. The results showed a signifi-
cant increase in GPX4 ubiquitination in HBMECs fol-
lowing AMφ-exo treatment, which was alleviated by 
THBS1 knockdown (Fig. 8A). Additionally, pretreatment 
of HBMECs with the proteasome inhibitor, MG132, 
blocked GPX4 degradation, indicating that the reduc-
tion in GPX4 was mediated by the proteasome pathway 
(Fig.  8B). Furthermore, treatment of HBMECs with the 
protein synthesis inhibitor cycloheximide (CHX) dem-
onstrated that AMφ-exo-induced GPX4 reduction was 
independent of new protein synthesis (Fig.  8C). How-
ever, the co-immunoprecipitation results showed no 
direct interaction between THBS1 and GPX4 (Additional 
file  1: Fig. S6A, B), suggesting that THBS1 regulates 
GPX4 ubiquitination through an intermediate molecule. 
Previous studies identified OTUD5 as a key deubiquit-
inase involved in regulating GPX4 ubiquitination [35]. 
Therefore, we explored whether OTUD5 mediates the 
regulatory effect of THBS1 on GPX4 expression. Pro-
tein–protein docking analysis suggested a potent binding 
potential between THBS1 and OTUD5 (Fig. 8D), which 
was confirmed by co-immunoprecipitation (Fig.  8E). 
Immunofluorescence staining further revealed the co-
localization of THBS1 and OTUD5 in AMφ-exo-treated 
HBMECs (Fig.  8F). Silencing OTUD5 increased GPX4 
ubiquitination in HBMECs co-cultured with siTHBS1-
AMφ-exo (Fig. 8G). These findings indicated that in CIRI, 
THBS1 in macrophage-derived exosomes modulates 

OTUD5 deubiquitinase activity, thereby affecting GPX4 
levels in endothelial cells.

Salvianolic acid B inhibits GPX4 ubiquitination 
by disrupting the interaction between THBS1 and OTUD5
The above studies indicate that THBS1 plays a critical 
role in macrophage-mediated ferroptosis of brain micro-
vascular endothelial cells during CIRI. To enhance the 
translational potential of this research, we aim to iden-
tify compounds that can modulate THBS1. In recent 
years, natural small molecules have emerged as a valu-
able resource in drug development due to their structural 
diversity and biological activity. Therefore, we targeted 
THBS1 and employed a natural small molecule com-
pound library combined with high-throughput screen-
ing to identify molecules capable of regulating THBS1 
(Fig.  9A, Additional file  1: Table  S4). We focused on 
screening small molecules with strong binding affin-
ity for THBS1, identifying salvianolic acid B (SAB) as 
the second-highest binder, with a binding energy of 
-62.21 kcal/mol (Fig. 9B, C). However, its effect on CIRI 
remains unexplored. Therefore, we conducted further 
investigations into the role of SAB. Molecular dynam-
ics simulations were performed to assess the stability 
of this interaction. The RMSD results indicated that the 
SAB-THBS1 complex reached a stable state after 5  ns 
(Fig.  9D). Additionally, the low RMSF values near the 
190th amino acid residue suggested that this region was 
a potential binding site (Fig. 9E). CETSA results demon-
strated that SAB treatment increased the resistance of 
THBS1 cells to degradation, supporting the hypothesis of 
their interaction (Fig.  9F, G). Interestingly, SAB did not 
alter the levels of THBS1 or OTUD5 in HBMECs but 
did inhibit their interaction (Fig. 9H). Furthermore, SAB 
partially suppressed AMφ-exo-induced GPX4 ubiquit-
ination (Fig. 9I). These findings suggest that SAB inhibits 
GPX4 ubiquitination by interfering with the interaction 
between THBS1 and OTUD5.

(See figure on next page.)
Fig. 5  THBS1 in macrophage-derived exosomes mediates endothelial cell ferroptosis and barrier disruption during CIRI. A Representative 
immunoblotting was conducted to validate the efficiency of THBS1 silencing in THP-1 cells and AMφ-exo, along with RT-qPCR analysis to assess 
THBS1 mRNA expression in THP-1 cells (n = 4). B Transmission electron microscopy images of the isolated exosomes of AMφ after silencing 
THBS1. Scale bar = 100 nm. C Representative images and quantification of the Zombie NIR™ staining in HBMECs co-cultured with Mφ-exo 
and AMφ-exo with or without silencing THBS1 (n = 3). D Quantification of GSSG, GSH, and MDA in HBMECs (n = 8). E Representative immunoblotting 
and quantification of barrier-associated proteins (ZO-1, Occludin and Claudin5) and ferroptosis-associated proteins (SLC7A11 and GPX4) 
in HBMECs (n = 3). F Representative images and quantification for liperfluo staining and mitochondrial membrane potential of HBMECs (n = 3). 
Scale bar = 20 μm. G Representative immunoblotting for efficiency validation after overexpressing THBS1 and RT-qPCR analysis to determine 
mRNA expression of THBS1 in THP-1 cells (n = 4). H Representative images and quantification of the ROS staining in HBMECs co-cultured 
with Mφ-exo and AMφ-exo with or without overexpressing THBS1 (n = 3). Scale bar = 200 μm. I Representative immunoblotting and quantification 
of barrier-associated proteins (ZO-1, Occludin and Claudin5) and ferroptosis-associated proteins (SLC7A11 and GPX4) in HBMECs (n = 3). Data are 
presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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THBS1 inhibition combined with SAB treatment improves 
BBB integrity and neurological deficits in tMCAO mice
To assess the sensorimotor function in tMCAO mice, 
neurological behavioral tests, including adhesive 

removal and corner tests, were conducted over a 
14-day period. Both THBS1 inhibition and SAB treat-
ment significantly reduced the time to contact and 

Fig. 5  (See legend on previous page.)



Page 16 of 24Liu et al. Journal of Neuroinflammation           (2025) 22:48 

removal in the adhesive removal test, as well as the left 
turn rate in the corner test. These effects were most 
pronounced in the group that received the combina-
tion of THBS1 inhibition and SAB treatment (Fig. 10A, 
B). Nissl staining further demonstrated that the inten-
sity of Nissl bodies in the cerebral cortical tissue of the 
ischemic penumbra region increased after treatment, 
and the largest increase was observed in the combina-
tion treatment group (Fig.  10C). These findings indi-
cate that the combination of THBS1 inhibition and 
SAB improves both sensory and motor deficits as well 
as neuronal damage in tMCAO mice. Furthermore, the 
combination treatment demonstrated superior efficacy 
in reducing oxidative stress levels and improving BBB 

permeability in brain tissue compared with either treat-
ment alone (Fig. 10D, E).

Discussion
Currently, there is no effective clinical treatment for CIRI 
caused by brain ischemia and subsequent reperfusion. 
BBB disruption is a key factor in the various pathologi-
cal mechanisms of CIRI. The BBB is a semi-permeable 
barrier composed of endothelial cells, tight junctions, 
pericytes, astrocytes, and extracellular matrix [36]. 
Identifying the factors that mediate damage to cerebral 
microvascular endothelial cells and tight junctions in 
CIRI is crucial for improving long-term patients with AIS 
[37].

Fig. 6  Thbs1 knockdown in macrophages inhibits BBB disruption and alleviates brain injury. A Schematic representation of AAV vector construction 
targeting the knockdown of THBS1 in macrophages. B Representative images and quantification of immunoblotting of THBS1 in mouse brains 
after tail vein injection of AAV-shNC and AAV-shThbs1 (n = 3). C Relative content of Evans blue in mouse brains (n = 8). D Quantification of IL-6 
and TNF-α in mouse brains (n = 8). E Representative images of DHE staining of mouse brains and quantification of DHE fluorescence intensity (n = 3). 
Scale bar = 100 μm. F Quantification of GSSG, GSH, and MDA in mouse brains (n = 8). G Representative images of immunofluorescence staining 
for DAPI/CD31/GPX4 in mouse brains. Scale bar = 100 μm. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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Heightened reactivity of peripheral monocytes/mac-
rophages and their increased infiltration into brain tis-
sue are critical pathological features of the acute phase 
of acute ischemic stroke (AIS) [38, 39]. Our study found 
that endothelial cells and macrophages in mouse brain 
tissue are located in close proximity, providing a spa-
tial basis for their interaction. Previous studies have 

shown that exosomes derived from pro-inflammatory 
macrophages mediate endothelial mitochondrial dys-
function through non-coding RNA, promote ROS pro-
duction, and contribute to endothelial-mesenchymal 
transition, thereby exacerbating spinal cord injury [17]. 
Additionally, in the myocardial infarction microenviron-
ment, M1-like macrophages increase exosome secretion, 

Fig. 7  Macrophage-derived THBS1 contributes to CIRI by inhibiting GPX4 in endothelial cells. A Schematic diagram of the construction of Gpx4cko 
mouse. B Representative images for mouse genotyping. C Representative images and quantification of Evans blue staining of mouse brains 
of Gpx4f/f or Gpx4cko, with or without AAV-shNC or AAV-shThbs1 treatment and then receiving tMCAO. D Representative immunoblotting 
and quantification of ZO-1, Occludin, and Claudin5 proteins in mouse brains (n = 3). E–H) Representative images and quantification 
of immunofluorescence staining for DAPI/CD31/Occludin (E, F) and DAPI/CD31/ZO-1 (G, H) in mouse brains. Scale bar = 100 μm. Data are 
presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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downregulating Sirtuin 1 and AMP-activated protein 
kinase α2 in endothelial cells, ultimately inhibiting cell 
viability and angiogenesis [16]. Therefore, we propose 
that macrophage activity may contribute to cerebral 
microvascular endothelial damage and BBB disruption 
during CIRI. In the present study, THP-1 cells were dif-
ferentiated into macrophages and subjected to OGD/R to 
simulate the state of macrophages during the acute phase 
of CIRI. OGD/R-treated macrophages exhibited loss of 
their original morphology, developed multiple elongated 
protrusions, and showed significantly increased expres-
sion of pro-inflammatory factors, indicative of M1-like 
differentiation. This transformation effectively mimics 
macrophage activation in the acute phase of CIRI [40].

Macrophages subjected to oxygen–glucose deprivation 
increase exosome secretion, facilitating communication 
with other cells, and contribute to disease progression 
[16]. In this study, we found that pretreatment of AMφ 
with the exosome secretion inhibitor GW4869 partially 
alleviated CM-induced HBMEC damage, suggesting that 
exosomes play a critical role in this process and warrant 
further investigation. However, GW4869 did not com-
pletely prevent the harmful effects of AMφ-conditioned 
medium on endothelial cells. This may be attributed to 
cytokines and other bioactive substances secreted by 
AMφ, though further confirmation is needed. Ferropto-
sis is characterized by lipid peroxidation and abnormal 
iron metabolism. It involves a dynamic balance between 
the oxidative system, composed of iron ions, the Fenton 
reaction, and ROS, and the antioxidant system, consist-
ing of GPX4, glutathione (GSH), the glutamate transport 
system, and other newly discovered pathways that main-
tain cellular and systemic homeostasis [41]. Ischemia and 
reperfusion disrupt the balance between oxidative and 
antioxidant systems and iron homeostasis in the brain, 
leading to widespread ferroptosis during CIRI [42]. In 
this study, we observed that HBMECs co-cultured with 
AMφ-exo exhibited significantly decreased levels of 
GSH, SLC7A11, and GPX4, alongside increased levels of 
GSSG, MDA, lipid peroxides, and ROS, suggesting that 
AMφ-exo disrupts the oxidative balance in endothe-
lial cells. The administration of the ferroptosis inhibitor 

Fer-1 reversed these changes, indicating that AMφ-exo-
mediated endothelial cell damage is associated with 
ferroptosis.

To evaluate the in  vivo effects of macrophage-derived 
exosomes under stroke conditions while maintain-
ing species consistency, RAW264.7 cells were subjected 
to OGD/R treatment, and their enriched exosomes 
(exo) were injected into mice. The results showed that 
exosomes secreted by macrophages in the CIRI state 
induced ferroptosis and disrupted BBB function in both 
Sham and tMCAO mice, exacerbating brain injury. Fur-
thermore, we labeled exosomes with PKH67 and exam-
ined their endothelial uptake after tail vein injection. 
These results indicated that CD31-positive endothelial 
cells in the mouse brain internalized PKH67-labeled 
exosomes. Because macrophage-derived exosomes regu-
late various cell types based on in vivo and in vitro exper-
iments, we propose that exosome-mediated brain tissue 
injury is at least partially related to the direct disruption 
of cerebral vascular endothelial cells.

This study employed proteomic analysis of AMφ-exo to 
identify key proteins involved in cerebrovascular barrier 
damage. Through the integration of transcriptomic data 
from public databases, single-cell sequencing results, 
and a thorough literature review, THBS1 was identified 
as a target protein. THBS1 is an antiangiogenic factor 
that is highly expressed in response to injurious stimuli 
[43]. THBS1 is released via exosomes, mediates intercel-
lular communication, and regulates cellular functions 
[44]. Moreover, THBS1 levels in infarcted brain tissue 
remain elevated for up to 72  h after ischemia–reperfu-
sion injury in mice [45]. However, the role of THBS1 in 
brain endothelial cells during CIRI has not been pre-
viously described. Our study revealed that THBS1 is 
highly expressed not only in exosomes from OGD/R-
treated macrophages but also in the serum exosomes of 
patients with AIS, showing a positive correlation with 
markers of vascular barrier damage, suggesting its poten-
tial impact on BBB integrity. Further experiments con-
firmed that THBS1 is a critical driver of macrophage 
exosome-mediated ferroptosis in brain endothelial cells 
during CIRI, contributing to brain tissue injury. Studies 

Fig. 8  THBS1 promotes GPX4 ubiquitination and degradation through interaction with OTUD5. A Representative images and quantification 
of immunoblotting of GPX4 protein and its ubiquitination in HBMECs co-cultured with AMφ-exo with or without silencing THBS1 (n = 3). B 
Representative images and quantification of immunoblotting of GPX4 in HBMECs in the presence or absence of MG132 pretreatment (n = 3). C 
Representative images and quantification of immunoblotting of GPX4 in HBMECs with and without cycloheximide (CHX) pretreatment (n = 3). D 
Binding model of THBS1 and OTUD5 and the residues detail of the interaction. E Representative images of co-immunoprecipitations used to assess 
the binding between THBS1 and OUTD5. F Representative images and quantification of fluorescence intensity of immunofluorescence staining 
for DAPI/THBS1/OTUD5 in HBMECs treated with AMφ-exo. Scale bar = 2 μm. G Representative images of immunoblotting of GPX4 protein and its 
ubiquitination levels in HBMECs co-cultured with AMφ-exo with or without silencing THBS1 or OTUD5. Data are presented as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001

(See figure on next page.)
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have shown elevated THBS1 levels in neurons promote 
neuronal apoptosis and endoplasmic reticulum stress 
in rats [33]. Conversely, THBS1 in astrocytes supports 

synaptic remodeling in neurons [46], suggesting that 
astrocytic THBS1 may facilitate neuronal repair during 
the subacute and chronic phases of CIRI. These findings 

Fig. 8  (See legend on previous page.)
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underscore the complex role of THBS1 in brain injury, 
with temporal and spatial heterogeneity. Investigating 
the function of THBS1 in various brain cell types and its 
influence on brain injury could provide valuable insights 
for developing THBS1-targeted precision therapies for 
CIRI. This study is the first to demonstrate the role of 
macrophage-derived THBS1 in mediating endothelial 
dysfunction during CIRI, offering further mechanistic 
insights into the contribution of THBS1 to brain injury.

This study demonstrated that silencing THBS1 in 
macrophages reduces exosome-mediated ferropto-
sis in brain vascular endothelial cells, accompanied by 
increased SLC7A11 and GPX4 protein levels. These 

findings suggest that THBS1 regulates endothelial fer-
roptosis, potentially through multiple ferroptosis-related 
factors. GPX4 plays a pivotal role in ferroptosis by pre-
venting lipid peroxide accumulation and utilizing GSH 
transported via SLC7A11 to eliminate lipid peroxides 
[47]. Furthermore, GPX4 counteracts ACSL4-mediated 
excessive lipid peroxidation, thereby inhibiting ferrop-
tosis [48]. Recognizing the critical regulatory role of 
GPX4 in ferroptosis, this study further investigated the 
mechanisms underlying THBS1-mediated GPX4 down-
regulation in subsequent experiments. Recent studies 
have identified abnormal ubiquitination of GPX4 in sev-
eral diseases that are closely linked to ferroptosis. Under 

Fig. 9  Salvianolic acid B inhibits GPX4 ubiquitination by disrupting the interaction between THBS1 and OTUD5. A Overview of the compound 
screening scheme. B, C The representative docking complex of THBS1 and salvianolic acid B (SAB). D, E Root mean square deviation (RMSD) 
and root mean square fluctuation (RMSF) values of the THBS1-SAB docking complex. F, G Cellular thermal shift assay between SAB and THBS1 
(F) and the quantification (G) (n = 3). H Representative immunoblot images of THBS1 and OTUD5, along with co-immunoprecipitation images 
assessing the binding between THBS1 and OTUD5. I Representative images of immunoblotting of GPX4 protein and its ubiquitination levels 
in HBMECs co-cultured with AMφ-exo, with or without SAB treatment. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001
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oxidative stress, GPX4 is stabilized by the formation of 
linear ubiquitin chains that inhibit ferroptosis [49]. Sev-
eral studies have explored the potential of modulating 
GPX4 ubiquitination to influence disease progression, 
yielding promising results and highlighting the critical 
role of ubiquitination in maintaining GPX4 homeostasis 
[50, 51]. However, it remains unclear whether the down-
regulation of GPX4 in CIRI is associated with abnormal 
ubiquitination. Our study revealed that THBS1 in AMφ-
derived exosomes interacted with OTUD5 in endothelial 
cells, leading to increased GPX4 ubiquitination. OTUD5, 
a cysteine protease and key member of the OTU deu-
biquitinase family, consists of 571 amino acids and con-
tains two conserved domains: the OTU domain and the 
ubiquitin-interacting motif domain [52, 53]. OTUD5 

mutations leading to abnormal deubiquitination can 
cause degradation defects in specific chromatin regula-
tors, resulting in DNA damage [54]. The accumulation of 
4-HNE in ischemia–reperfusion-injured cardiomyocytes 
causes GPX4 degradation through ubiquitination, which 
can be inhibited by OTUD5 [35]. These findings sup-
port the hypothesis that the interaction between THBS1 
and OTUD5 mediates increased GPX4 ubiquitination; 
however, the precise mechanisms require further experi-
mental validation. We also observed that THBS1 regu-
lation not only influenced GPX4 protein levels but also 
decreased SLC7A11 expression. Thus, further studies are 
needed to investigate the effects and underlying mecha-
nisms of THBS1 on other ferroptosis-related molecules, 
such as SLC7A11 and ACSL4.

Fig. 10  THBS1 inhibition combined with SAB treatment improves BBB integrity and neurological deficits in tMCAO mice. A The time to contact 
and remove the tape in mice subjected to different treatment regimens within 14 days post-surgery in the adhesive remove test (n = 8). #P < 0.05 
vs Sham, &P < 0.05 vs tMCAO. B The ratio of left turns in the corner test (n = 8). #P < 0.05 vs Sham, &P < 0.05 vs tMCAO. C Representative images 
and quantification of Nissl staining in the cerebral cortical tissue of the ischemic penumbra region (n = 5). Scale bar = 200 μm. D Representative 
images and quantification of DHE staining of mouse brains (n = 3). Scale bar = 200 μm. E Relative content of Evans blue in mouse brains (n = 8). Data 
are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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The above studies confirmed the role of the THBS1-
OTUD5-GPX4 axis in regulating ferroptosis and main-
taining BBB integrity during CIRI. Building on these 
findings, we further explored therapeutic strategies tar-
geting this axis. Natural small molecules are valuable 
resources for drug development because of their struc-
tural diversity and bioactivity. We found that salvianolic 
acid B (SAB) exhibited strong binding affinity for THBS1. 
SAB, an organic compound derived from Salvia miltio-
rrhiza, exhibits potent antioxidant properties [21]. Pre-
vious studies have indicated that SAB alleviates CIRI; 
however, the underlying mechanisms remain unclear 
[55]. Molecular docking, molecular dynamics simula-
tions, and CETSA experiments confirmed the effective 
binding of SAB to THBS1. Furthermore, tail vein injec-
tion of SAB significantly alleviated brain injury in MCAO 
mice. Based on these findings, we hypothesized that 
SAB’s therapeutic effects on CIRI might be associated 
with its interaction with THBS1, which alters the spa-
tial conformation or post-translational modifications of 
THBS1, thereby reducing its inhibition of OTUD5, and 
this hypothesis warrants further investigation. Interest-
ingly, we found that the combination of SAB treatment 
and macrophagic THBS1 knockdown alleviated brain 
injury. We propose two possible explanations: (1) SAB 
treatment may enhance the inhibitory effect of THBS1 
knockdown, or [30] the THBS1-OTUD5-GPX4 axis may 
not be the only pathway through which SAB exerts its 
effects. However, this observation requires further inves-
tigation. In conclusion, our findings indicated that the 
combination of THBS1 inhibition and SAB treatment 
may synergistically enhance neuroprotection.

To our knowledge, this is the first study to explore the 
pathological process by which macrophage-derived exo-
somal THBS1 promotes GPX4 ubiquitination and degra-
dation through its interaction with OTUD5 in endothelial 
cells, thereby inducing ferroptosis and exacerbating 
brain injury during CIRI. However, our study has sev-
eral limitations. First, we focused only on the impact of 
macrophages on cerebral vascular endothelial cells dur-
ing the acute phase of CIRI, without examining long-
term neurological deficits, which should be addressed 
in future studies. Second, AIS is highly age-dependent, 
with a higher incidence in the elderly. This study followed 
previous literature, utilizing only 2–3-month-old mice 
and thereby omitting an investigation of the pathological 
mechanisms in aged tMCAO mice. Future research will 
incorporate 18–24-month-old mice, drawing on studies 
in aged mice models, to validate our findings and eluci-
date age-related pathological differences. Furthermore, 
this study focused exclusively on the effects and mecha-
nisms of macrophage-derived exosomal THBS1 on brain 
vascular endothelial cells, while overlooking other brain 

vascular cells, such as pericytes and astrocytes, which 
are essential components of the BBB. Future research 
should address this limitation and investigate the roles of 
these cells. Finally, the precise details of the interaction 
between THBS1 and OTUD5 remain undefined and will 
be the focus of our future research.

Conclusion
We identified the role of the THBS1-OTUD5-GPX4 
axis in CIRI pathology and demonstrated its effect on 
ferroptosis. Our results showed that during CIRI, mac-
rophage-derived exosomal THBS1 is elevated and trans-
ferred to cerebral vascular endothelial cells, where it 
interacts with OTUD5 to promote GPX4 ubiquitination 
and degradation. THBS1 knockdown in macrophages 
significantly improved brain injury. Additionally, SAB 
effectively bound to THBS1 and significantly alleviated 
CIRI, thereby amplifying the cerebral protective effects 
of THBS1 inhibition. These findings deepen our under-
standing of CIRI and offer novel treatment perspectives.
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THBS1 in THP-1 cells (n = 4). B Representative images and statistical 
graphs of immunofluorescence staining of THBS1 in THP-1 cells (n = 3). 
Scale bar = 20 μm. C Relative mRNA levels of THBS1 in RAW264.7 cells 
(n = 4). D Representative images and statistical graphs of immunofluo-
rescence staining of THBS1 in RAW264.7 cells (n = 3). Scale bar = 20 μm. 
Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. Fig. S4. Macrophage-derived exosomes are involved in si-
ALI through THBS1-induced ferroptosis. A Representative immunoblotting 
for efficiency validation after silencing THBS1 in RAW264.7 cells (n = 4). B 
Transmission electron microscopy (TEM) images of the isolated exosomes 
from OGD/R-treated RAW264.7 after silencing THBS1. Scale bar = 100 nm. 
C Representative immunoblotting of THBS1 after overexpressing THBS1 
in RAW264.7 cells (n = 4). D TEM images of the isolated exosomes of 
OGD/R-treated RAW264.7 after overexpressing THBS1. Scale bar = 100 nm. 
E Relative content of Evans blue in mouse brains (n = 8). F, G Representa-
tive images of Tunel (F) and DHE (G) staining of mouse brains. Scale 
bar = 200 μm. H, I Representative immunoblotting and quantification of 
barrier-associated proteins (ZO-1, Occludin and Claudin5) and GPX4 pro-
teins in mouse brains (n = 3). Data are presented as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001. Fig. S5. Validation of the 
biosafety and efficiency of macrophage-specific knockdown of THBS1 in 
mice. A Representative HE-staining images of the brains from mice treated 
with AAV-NC or AAV-Thbs1. Scale bar = 50 μm. B Representative images 
of DAPI/F4/80/THBS1 immunofluorescence staining in mouse brains. 
Scale bar = 100 μm. Fig. S6. THBS1 does not directly interact with GPX4. A, 
B Representative images of co-immunoprecipitations used to assess the 
binding between THBS1 and GPX4.
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