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Abstract 

Background Cerebral malaria (CM), a fatal neurological complication of Plasmodium falciparum infection, is partially 
driven by neuronal injury. Emerging evidence highlights exosomes as vital mediators of mast cell–neuron interactions 
in neurological disease progression. While mast cells and their exosomes were previously shown to exacerbate experi-
mental cerebral malaria (ECM) severity, the specific role of mast cell-derived exosomes in CM-associated neuronal 
injury remains unclear.

Methods Exosomes were isolated from resting and lipopolysaccharide (LPS)-activated P815 mast cells (denoted 
as RE and AE, respectively) and characterized. These exosomes were administered to ECM mice and Plasmodium 
berghei ANKA (PbA)-infected red blood cell (iRBC)-stimulated neuronal HT-22 cells to investigate their functional 
impact and mechanisms.

Results Both RE and AE exhibited spherical morphology (20–100 nm diameter) and expressed exosomal mark-
ers (CD9, CD63, and CD81). Compared to infected controls, RE and AE treatments significantly reduced survival 
time, increased ECM incidence, and exacerbated brain pathology, blood–brain barrier disruption, neuronal injury, 
and apoptosis. Furthermore, RE and AE administration elevated messenger RNA (mRNA) levels of pro-inflammatory 
cytokines (interleukin [IL]-6, tumor necrosis factor alpha [TNF-α], and IL-1β) and increased numbers of neurons 
expressing endoplasmic reticulum (ER) stress markers (GRP78, CHOP, p-IRE1, XBP-1). Notably, AE treatment induced 
higher morbidity/mortality rates, more severe neuronal injury, and greater ER stress marker expression than RE. 
In vitro, RE-treated iRBC-stimulated neuronal HT-22 cells showed higher GRP78, CHOP, and XBP-1 mRNA levels 
than AE-treated cells. MicroRNA (miRNA) sequencing revealed three downregulated miRNAs (miR-330-3p, miR-185-5p, 
and miR-379-5p) and six upregulated miRNAs (miR-155-5p, miR-423-3p, miR-187-3p, miR-29c-3p, miR-188-5p, miR-
192-5p) in AE versus RE, all previously implicated in targeting GRP78, CHOP, or XBP-1.

Conclusions Mast cell-derived exosomes, particularly those from activated cells (AE), exacerbated ECM neuronal 
injury through partial activation of ER stress pathways.
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Background
Malaria, a mosquito-borne parasitic disease caused by 
protozoans of the genus Plasmodium, disproportion-
ately affects low-income countries in sub-Saharan Africa, 
with an estimated 249 million cases and 608,000 deaths 
reported globally in 2022 [1]. Cerebral malaria (CM), a 
rapidly progressive neurological complication of Plas-
modium falciparum infection, carries a mortality rate 
approaching 100% if untreated, while even with artesu-
nate therapy (the gold-standard antimalarial), case fatal-
ity remains at 20–30%. Notably, approximately 25% of 
survivors develop long-term neurocognitive sequelae 
[2]. Epidemiological data indicated that CM accounts for 
around 2% of P. falciparum malaria cases yet contributes 
to over 90% of malaria-related deaths [2]. Pathologically, 
CM is characterized by cerebral microvascular seques-
tration of infected red blood cells (iRBCs), which trigger 
impaired cerebral perfusion, blood–brain barrier (BBB) 
disruption, neuronal injury, and dysregulated neuroin-
flammation [3, 4]. Emerging evidence positions neuronal 
injury not only as a central driver of acute CM pathogen-
esis but also as a determinant of long-term neurological 
deficits in survivors [5, 6]. While studies have implicated 
programmed cell death pathways (e.g., apoptosis and fer-
roptosis) in CM-associated neuronal injury [7, 8], the 
precise molecular mechanisms remain poorly defined, 
hindering targeted therapeutic development.

Mast cells, innate immune cells characterized by 
basophilic granules and limited phagocytic capacity, 
are ubiquitously distributed near capillaries and nerve 
terminals across tissues [9]. Beyond their canonical 
role in immunoglobulin E (IgE)-mediated allergies, 
mast cells orchestrate innate and adaptive immune 
responses during parasitic infections via secretion of 
diverse mediators (e.g., cytokines) [9]. Intriguingly, 
research has shown that antimalarial agents (artesu-
nate, ketotifen, and mefloquine) not only exhibit direct 
parasiticidal effects but also suppress mast cell degran-
ulation, migration, and adhesion, suggesting mast cell 
involvement in host–parasite interplay [10–13]. Clini-
cal and experimental studies have revealed mast cell 
hyperplasia and degranulation in the skin, intestine, 
lymph nodes, and brain of malaria patients and murine 
models, correlating with increased parasitemia and dis-
ease severity [14, 15]. In Plasmodium berghei ANKA 
(PbA)-infected mice, pharmacological activation of 
mast cells (compound 48/80) accelerated mortality, 
increased parasite load, and exacerbated tissue damage, 
whereas mast cell stabilization (disodium cromogly-
cate) ameliorated these outcomes [15]. Mechanistically, 
mast cell-derived Flt3 and histamine worsened parasite 
burden, tissue pathology, intestinal permeability, and 
BBB integrity in PbA-infected mice [16, 17], whereas 

chymase, protease 4, and interleukin (IL)−10 from 
mast cells paradoxically enhanced intestinal barrier 
function [18, 19]. Despite sparse distribution in brain 
regions (e.g., area postrema, meninges, choroid plexus, 
and thalamic–hypothalamic axis), cerebral mast cells 
were found to critically regulate neurodevelopment, 
motivation, and cognition under homeostasis through 
neurovascular cross-talk [20]. Conversely, mast cell 
dysfunction was implicated in neuropathologies such 
as cerebral ischemia, hemorrhage, epilepsy, and stroke 
[20–22]. Emerging evidence has implicated exosomes—
nanoscale extracellular vesicles—as key mediators of 
mast cell–neuron communication, driving neuropatho-
logical cascades [23, 24]. Our prior work established 
that exosomes from P815 mast cells exacerbated exper-
imental cerebral malaria (ECM) severity by promoting 
brain microvascular endothelial activation and BBB 
breakdown [25]. However, the mechanisms by which 
mast cell-derived exosomes amplify neuronal injury in 
ECM remain undefined.

Endoplasmic reticulum (ER), a pivotal intracellular 
organelle for lipid biosynthesis and protein quality con-
trol, regulates cellular homeostasis through its unfolded 
protein response (UPR) [26]. Accumulation of misfolded/
unfolded proteins triggers UPR activation, inducing a 
state referred to as ER stress. Notably, ER stress is shown 
to exert dual effects: transient activation resolved protein 
misfolding and promoted cell survival, whereas chronic 
ER stress drove pathological cell dysfunction [26]. 
Emerging evidence has implicated ER stress in neuronal 
injury across neurodegenerative disorders [27–29]. In an 
ECM model, upregulated GRP78 (a canonical ER stress 
marker) was detected in brain tissues, suggesting that ER 
stress exacerbates neuronal injury in ECM [30]. Mecha-
nistically, mast cells induced ER stress and UPR activa-
tion in colorectal cancer cells via cystatin C secretion 
[31], and similarly drove ER stress-mediated endothelial 
dysfunction and BBB disruption in sickle cell disease 
models [32]. Critically, exosomes from diverse cell types 
(including mast cells) are known to modulate ER stress 
pathways [33, 34], prompting the hypothesis that mast 
cell-derived exosomes may amplify ECM neuronal injury 
through ER stress activation.

To test this, we isolated exosomes from resting and 
lipopolysaccharide (LPS)-activated P815 mast cells (des-
ignated as RE and AE, respectively) and characterized 
their properties. Using a murine ECM model and PbA-
iRBC-stimulated HT-22 neuronal cells, we evaluated the 
functional impact of RE/AE on neuronal injury and ER 
stress pathways. Our results demonstrated that both RE 
and AE exacerbated ECM-associated neuronal injury, 
partially via ER stress activation. §ese findings estab-
lish mast cell-derived exosomes as novel mediators of 
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neuropathology in CM, highlighting their therapeutic 
potential as targets for intervention.

Methods
Animals and parasites
Female C57BL/6 mice (aged 6–8  weeks) were obtained 
from the Guangdong Experimental Animal Center and 
housed under specific-pathogen-free (SPF) conditions in 
the Animal Center of Guangdong Pharmaceutical Uni-
versity, with controlled temperature (22 ± 1  °C), humid-
ity (50–60%), and a 12-h light/dark cycle. Plasmodium 
berghei ANKA-infected red blood cells (PbA-iRBCs) were 
generously provided by Prof. Jianping Song (Guangzhou 
University of Chinese Medicine, China) and stored at 
−80  °C. Cryopreserved PbA-iRBCs were rapidly thawed 
at 37  °C and intraperitoneally (i.p.) administered to 
6-week-old female C57BL/6 donor mice (200  µl/mouse, 
1 ×  106 iRBCs) to maintain parasite virulence and genetic 
stability. Parasitemia progression was monitored daily 
via Giemsa-stained thin blood smears. When peripheral 
iRBC infection rates reached ~10% in the donor mice, the 
harvested iRBCs (1 ×  106 in 200  µl phosphate-buffered 
saline [PBS]) were subsequently i.p. transferred to Naïve 
recipient mice for parasite expansion. All experimental 
protocols complied with the National Guidelines for the 
Care and Use of Laboratory Animals and were approved 
by the Animal Ethics Committee of Guangdong Pharma-
ceutical University (Approval No. gdpulac2023001).

Isolation and characterization of mast cell-derived 
exosomes
§e murine mastocytoma cell line P815 was procured 
from the Stem Cell Bank of the Chinese Academy of Sci-
ences (Cat. No. SCSP-516) and maintained in RPMI-1640 
complete medium (Cat. No. 11875093, Gibco) supple-
mented with 10% exosome-depleted fetal bovine serum 
(FBS; Cat. No. 2720801, Gibco) and 1% penicillin–strep-
tomycin (Cat. No. 15140148, Gibco) at 37  °C under 5% 
 CO2. To generate activated exosomes, P815 cells (~80% 
confluence) were stimulated with 1 μg/ml LPS in PBS for 
24 h [35, 36], while resting controls received PBS alone. 
Conditioned media from LPS-activated or resting P815 
cells (designated as AE and RE, respectively) were col-
lected and mixed with Total Exosome Isolation Reagent 
(Cat. No. 4478359, Invitrogen) at a 2:1 (v/v) ratio, vor-
texed, and incubated overnight at 4  °C. Exosome pellets 
were obtained by centrifugation at 10,000×g for 1  h at 
4 °C, resuspended in 100 μl PBS, and stored at −80 °C.

For exosome characterization, negative-staining trans-
mission electron microscopy (TEM) was performed 
as described previously [37]. Briefly, exosome suspen-
sions were adsorbed onto copper grids, fixed with 2% 
phosphotungstic acid for 1  min, and imaged using an 

FEI Tecnai G2 Spirit Twin microscope (§ermo Fisher 
Scientific, USA). Nanoparticle tracking analysis (NTA) 
was conducted on a NanoSight LM10 system (Malvern 
Panalytical, UK) to determine size distribution. Western 
blotting confirmed exosomal markers (CD9, CD63, and 
CD81) using the following protocol: Exosomal proteins 
were lysed in RIPA buffer, quantified via BCA assay (Bey-
otime, China), separated on 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) gels, 
and transferred to polyvinylidene fluoride (PVDF) mem-
branes. After blocking with 5% skim milk, membranes 
were incubated overnight at 4 °C with primary antibodies 
(CD9: Cat. No. 205971-AP, CD63: Cat. No. 256821-AP, 
CD81: Cat. No. 278551-AP; β-actin [as the loading con-
trol]: Cat. No. 60008-1-Ig; Proteintech, China) followed 
by horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (Cat. No. S0001, Affinity) for 1 h. Signals were 
detected using a ChemiDoc MP Imaging System (Bio-
Rad, USA).

Exosomal miRNA sequencing analysis
MicroRNA (miRNA) profiles of exosomes between AE 
and RE were analyzed by high-throughput sequenc-
ing on an Illumina HiSeq 2500 platform (Illumina, Inc., 
San Diego, CA, USA). Total RNA was extracted from 
exosomes using TRIzol reagent (Cat. No. 9109, TaKaRa 
Bio) and assessed for quality using a NanoDrop ND-1000 
spectrophotometer (§ermo Fisher Scientific, USA) with 
A260/A280 ratios of 1.8–2.0, followed by RNA integrity 
verification using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, USA). Small RNA libraries were prepared 
by ligating 3′ and 5′ adapters to RNA fragments, reverse-
transcribing into complementary DNA (cDNA), and 
amplifying via polymerase chain reaction (PCR). 
Amplified products (135–155  base pairs [bp]) were 
size-selected via PAGE purification, and libraries were 
sequenced on an Illumina NextSeq 500 platform (Illu-
mina, USA) with single-end 75-bp reads. Reads of 18–30 
nucleotides were retained for downstream analysis. Dif-
ferentially expressed miRNAs of exosomes between AE 
and RE were identified using R 3.5.3 (R Foundation) with 
criteria of |log2(fold change)|> 1 and P < 0.05. A clustered 
heatmap was generated to visualize miRNA expression 
patterns.

Experimental design and exosome administration
A total of 117 C57BL/6 mice were randomly allocated 
into six groups (Naive, RE, AE, Pb, Pb+RE, Pb+AE). §e 
experimental timeline was adapted from previous stud-
ies [25, 37, 38] with protocol optimizations. In three 
independent and separate experimental cohorts (n = 39 
mice per cohort), Naïve (n = 4), RE (n = 4), and AE (n = 4) 
groups received daily intravenous (i.v.) injections of 50 μl 
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PBS, 100  μg RE, or 100  μg AE (resuspended in PBS), 
respectively, without PbA infection. Pb (n = 9), Pb+RE 
(n = 9), and Pb+AE (n = 9) groups were injected i.p. with 
1 ×  106 PbA-iRBCs followed by daily i.v. administration of 
50  μl PBS, 100  μg RE, or 100  μg AE, respectively. Para-
sitemia was quantified daily from day 3 post-infection 
(p.i.) via Giemsa-stained thin blood smears (tail vein 
blood), calculated as (iRBCs/total RBCs) × 100%. ECM 
was defined by neurological symptoms (hemiparesis, 
ataxia, absent reflexes, and coma) accompanied by mor-
tality within 24  h of symptom onset (6–11  days p.i.), 
whereas mice that evade neurological symptoms may die 
later (12–20  days p.i.) due to hyperparasitemia-driven 
systemic pathology, including anemia and multi-organ 
failure. Survival rates, parasitemia progression, and ECM 
incidence were recorded for all infected groups. ECM 
mice meeting clinical criteria were randomly selected for 
subsequent analyses.

Hematoxylin and eosin (H&E), Nissl, or Fluoro-Jade B (FJB) 
Staining
To evaluate the pathological effects of RE and AE in 
ECM, brain tissues from six ECM mice per group (n = 2 
mice per experimental replicate; three independent 
replicates) were fixed in 4% neutral-buffered forma-
lin for 48  h, processed through graded ethanol-xylene 
dehydration, embedded in paraffin, and sectioned into 
4-μm-thick non-consecutive coronal slices. Following 
deparaffinization in xylene and rehydration through an 
ethanol gradient, sections were subjected to hematoxy-
lin (Cat. No. 517-28-2, Sigma-Aldrich) and eosin (Cat. 
No. 17372-87-1, Sigma-Aldrich) for 5 min each, or Nissl 
dye (Cat. No. 10510-54-0, Sigma-Aldrich) for 10 min at 
25 °C, and imaged using a Leica DM2500B microscope at 
×400 magnification. For FJB staining, the sections were 
incubated with FJB working solution (Cat. No. AG310, 
Merck) at 4  °C, followed by 10-min DAPI counterstain-
ing. FJB-stained sections were mounted with anti-fade 
polyvinylpyrrolidone medium (Cat. No. P0126, Beyo-
time) and visualized under a Zeiss LSM780 confocal 
microscope with identical magnification. Quantifica-
tion of pyknotic nuclei (H&E),  Nissl+ neurons, and  FJB+ 
degenerating neurons was performed by two blinded 
investigators across 20 randomly selected fields per sec-
tion (n = 6 ECM mice/group).

Evans blue permeability assay
To evaluate the effects of RE and AE on BBB integrity 
in ECM mice, we conducted Evans blue (EB) extravasa-
tion measurements using an established protocol with 
minor modifications [25]. When PbA-infected mice 
developed neurological symptoms (ECM criteria), six 
ECM animals per group (n = 2 mice per experimental 

replicate; three independent replicates) received i.v. 
injection of 0.2  ml 0.5% EB dye solution (Cat. No. 
E8010, Solarbio) through the tail vein. Following 
60  min circulation, mice were anesthetized with iso-
flurane inhalation and underwent transcardial perfu-
sion with 10 ml heparinized saline (10 U/ml) to remove 
intravascular dye. Brains were immediately harvested, 
weighed, and photographed for macroscopic evalua-
tion. Tissue samples were then homogenized in 20  ml 
formamide and incubated at 37  °C for 48  h to extract 
extravasated dye. EB dye concentration in formamide 
supernatants was quantified by absorbance measure-
ment at 620 nm using a microplate reader (iMark, Bio-
Rad). Dye content was normalized to tissue mass using 
a standard curve and expressed as nanograms EB per 
milligram brain tissue (ng/mg).

Quantitative real-time PCR analysis of neuroin�ammatory 
markers
To assess the effects of RE and AE on neuroinflammation 
in ECM mice, we quantified messenger RNA (mRNA) 
levels of pro-inflammatory cytokines (IL-6, tumor necro-
sis factor alpha [TNF-α], and IL-1β) in the cerebral cortex 
and thalamus using quantitative real-time PCR (qPCR). 
Cerebral cortex and thalamus samples were collected 
from uninfected mice in the Naive, RE, and AE groups, 
and ECM in the Pb, Pb+RE, and Pb+AE groups (n = 6 
mice/group). Total RNA was isolated using TRIzol rea-
gent (Cat. No. 9109, TaKaRa Bio) and quantified using a 
NanoDrop 2000 spectrophotometer. Reverse transcrip-
tion was performed with the PrimeScript™ 1 st Strand 
cDNA Synthesis Kit (Cat. No. AG11711, Accurate Biol-
ogy) using 1 μg total RNA per reaction. §e reaction sys-
tem contained 10 µl of SYBR Green pro Taq HS Premix 
(Cat. No. AG11701, Accurate biology), 2  μl of cDNA 
(100 ng/μl), 0.5 μl of each primer, and 7 µl of  dH2O. qPCR 
amplification was performed on a CFX96 Real-Time 
System (Bio-Rad, USA) under the following conditions: 
95 °C for 30 s (initial denaturation), followed by 40 cycles 
of 95 °C for 5 s and 60 °C for 30 s. Primer sequences were 
adapted from previous work [37]: IL-6 (F: 5′-CTT CTT 
GGG ACT GAT GCT GGT GAC -3′, R: 5′-TCT GTT GGG 
AGT GGT ATC CTC TGT G-3′), TNF-α (F: 5′-CGC TCT 
TCT GTC TAC TGA ACT TCG G-3′, R: 5′-GTG GTT TGT 
GAG TGT GAG GGT CTG -3′), IL-1β (F: 5′-CAC TAC 
AGG CTC CGA GAT GAA CAA C-3′, R: 5′-TGT CGT TGC 
TTG GTT CTC CTT GTA C-3′), and β-actin (F: 5′-TAT 
GCT CTC CCT CAC GCC ATCC-3′, R: 5′-GTC ACG CAC 
GAT TTC CCT CTCAG-3′). §e mRNA levels of pro-
inflammatory cytokines (IL-6, TNF-α, and IL-1β) were 
calculated using the  2−ΔΔCt method with β-actin as the 
endogenous reference gene.
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TUNEL+-NeuN+ co-staining for neuronal apoptosis 
assessment
To evaluate the effects of RE and AE on neuronal apop-
tosis in ECM mice, TUNEL (Terminal deoxynucleotidyl 
transferase dUTP Nick End Labeling)-NeuN co-staining 
was performed on brain sections across experimental 
groups (n = 6 mice/group). Deparaffinized and rehydrated 
sections underwent antigen retrieval via microwave heat-
ing in sodium citrate buffer (pH 6.0), followed by endog-
enous peroxidase blocking with 3%  H2O2 and nonspecific 
site blocking with 10% normal goat serum (Cat. No. 
AR0009, Boster Biological Technology). Sections were 
incubated with rabbit anti-NeuN polyclonal antibody 
(1:300; Cat. No. GB11138, Servicebio) at 4 °C overnight, 
then with Alexa Fluor 594-conjugated goat anti-rabbit 
IgG (1:300; Cat. No. 8889, Cell Signaling Technology) 
at 37  °C for 1 h. After PBS washes, apoptotic cells were 
labeled using the TUNEL detection kit (Cat. No. G1501, 
Servicebio), and nuclei were counterstained with DAPI 
(2 μg/ml). Imaging was conducted using a Zeiss LSM780 
confocal microscope at ×400 magnification:  TUNEL+ 
apoptotic cells emitted green fluorescence,  NeuN+ neu-
rons displayed red fluorescence, and dual-positive apop-
totic neurons exhibited merged yellow signals. Two 
blinded investigators quantified  TUNEL+-NeuN+ cells 
in approximately 20 randomly selected fields per section, 
with results presented as apoptotic neurons per field.

Dual immuno�uorescence staining
To evaluate the effects of RE and AE on neuronal 
ER stress in ECM mice, dual immunofluorescence 
staining was performed to detect  NeuN+-GRP78+, 
 NeuN+-p-IRE1+,  NeuN+-XBP-1s+, and  NeuN+-CHOP+ 
co-labeled neurons across experimental groups (n = 6 
mice/group). Deparaffinized and rehydrated brain sec-
tions underwent antigen retrieval in sodium citrate buffer 
at 95 °C for 10 min, followed by endogenous peroxidase 
inactivation with 3%  H2O2 for 25 min and blocking with 
10% goat serum for 30  min. Sections were sequentially 
incubated with primary antibodies: monoclonal mouse 
anti-NeuN (1:300; Cat. No. GB15138, Servicebio) at 4 °C 
overnight, then HRP-conjugated goat anti-mouse IgG 
(1:200; Cat. No. 8125P, Cell Signaling Technology) at 
37 °C for 30 min. After PBS washes, sections were incu-
bated overnight at 4  °C with species-specific primary 
antibodies against ER stress markers: mouse anti-GRP78 
(1:500; Cat. No. GB12098, Servicebio), rabbit anti-p-IRE1 
(1:300; Cat. No. ab48187, Abcam), rabbit anti-XBP-1s 
(1:400; Cat. No. 40435S, Cell Signaling Technology), or 
mouse anti-CHOP (1:400; Cat. No. 2895, Cell Signaling 
Technology). Alexa Fluor 488-conjugated secondary anti-
bodies (goat anti-rabbit or anti-mouse IgG; Cell Signaling 
Technology) were applied at 37 °C for 60 min in the dark, 

followed by DAPI counterstaining (2  μg/ml). Sections 
were mounted with anti-fade medium and imaged using 
a Zeiss LSM780 confocal microscope at ×400 magnifi-
cation.  NeuN+ neurons emitted green fluorescence, ER 
stress markers showed red fluorescence, and co-localized 
signals appeared yellow. Two blinded investigators quan-
tified double-positive cells in approximately 20 randomly 
selected fields per section, with results expressed as co-
labeled cells per field.

In vitro co-culture of iRBC-stimulated neuronal HT-22 cells 
with RE or AE treatment
HT-22 neuronal cells (Cat. No. GNM47, Stem Cell Bank, 
Chinese Academy of Sciences) were cultured at 37  °C 
with 5%  CO2 in Dulbecco’s modified Eagle medium 
(DMEM; Cat. No. 10566016, Gibco) supplemented 
with 10% exosome-depleted FBS (Cat. No. 2720801, 
Gibco) and 100 U/ml penicillin–streptomycin (Cat. No. 
15140148, Gibco). To evaluate ER stress-related gene 
expression (GRP78, CHOP, and XBP-1s) in iRBC-stimu-
lated HT-22 cells under RE or AE treatment, cells were 
seeded in six-well plates at 2 ×  105 cells/ml and stimu-
lated with 5.0 ×  106 iRBCs/well. Treatments with 100  μl 
ice-cold PBS containing RE (100  μg/ml), AE (100  μg/
ml), or vehicle control were applied for 24  h or 48  h. 
Cell pellets were collected after PBS washing, followed 
by total RNA extraction using TRIzol reagent (Cat. No. 
9109, TaKaRa Bio) and reverse transcription with the 
PrimeScript™ 1 st Strand cDNA Synthesis Kit (Cat. No. 
AG11711, Accurate Biology). qPCR was performed using 
SYBR Green Master Mix (Cat. No. 6110B, TaKaRa Bio) 
on a CFX96 Real-Time System (Bio-Rad, USA), with 
β-actin as the endogenous control. Primer sequences 
were as follows: GRP78 (F: 5′-CTT CTC AGC ATC AAG 
CAA GGA TTG -3′, R: 5′-TCA TGG TAG AGC GGA ACA 
GGTC-3′), CHOP (F: 5′-TGA AGG AGA AGG AGC AGG 
AGA AC-3′, R: 5′-GAG CCC GCC GTG TGGTC-3′), 
XBP-1s (F: 5′-GGG AGT GGA GTA AGG CTG GTG-3′, R: 
5′-AGA GGC AAC AGT GTC AGA GTCC-3′), and β-actin 
(F: 5′-TAT GCT CTC CCT CAC GCC ATCC-3′, R: 5′-GTC 
ACG CAC GAT TTC CCT CTCAG-3′). Data were ana-
lyzed via the  2−ΔΔCT method. Four independent biologi-
cal replicates were conducted.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism v5.0 (GraphPad Software). Data are expressed as 
mean ± standard deviation (SD). Differences between two 
groups were analyzed using unpaired Student’s t-tests, 
while the one-way ANOVA test was applied for compari-
sons involving three or more groups. Parasitemia dynam-
ics were evaluated via a time series analysis test. Survival 
curves were compared using the log-rank (Mantel–Cox) 
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test. A P-value < 0.05 was considered statistically 
significant.

Results
Characterizations of RE and AE
§e morphology and size distribution of RE and AE 
were characterized by TEM, NTA, and western blot-
ting. TEM imaging demonstrated that both RE and AE 
exhibited disk-shaped structures with diameters ranging 
from 20 to 100 nm (Fig. 1A). NTA revealed particle sizes 
of 21–124 nm for RE (peak: 84 nm) and 22–123 nm for 
AE (peak: 107  nm). A significant difference in exosome 
concentration was observed between RE and AE (RE: 
2.51 ± 0.14 ×  1011 particles/ml; AE: 6.17 ± 0.22 ×  1011 parti-
cles/ml; P < 0.01) (Fig. 1B, C). Western blotting confirmed 
the presence of typical exosomal markers (CD9, CD63, 
and CD81) in both RE and AE (Fig.  1D). §ese results 
validate the successful isolation of exosomes from resting 
and LPS-activated P815 mast cells.

RE and AE treatments exacerbated morbidity and mortality 
in PbA-infected mice
Naive, RE-treated, and AE-treated uninfected control 
mice exhibited 100% survival over the 17-day observa-
tion period (Fig.  2A). In contrast, PbA-infected control 
mice (Pb group) died between 7–17 days p.i., with ~50% 

developing ECM. Mice receiving PbA infection combined 
with RE (Pb+RE group) or AE (Pb+AE group) displayed 
accelerated mortality (6–15  days and 6–13  days p.i., 
respectively) and significantly elevated ECM incidence 
(Pb+RE: 75%; Pb+AE: 100%). Survival curve comparisons 
revealed significant differences between Pb vs. Pb+RE 
(P < 0.01) and Pb+RE vs. Pb+AE (P < 0.01). No signifi-
cant intergroup differences in parasitemia were observed 
in PbA-infected cohorts among Pb, Pb+RE, and Pb+AE 
groups (P > 0.05). Collectively, these results demonstrated 
that RE and AE treatments markedly exacerbated both 
morbidity and mortality outcomes during PbA infection.

RE and AE treatments exacerbate neuropathological 
damage in ECM mice
H&E staining was performed to assess brain pathology 
in ECM mice following RE or AE administration. Unin-
fected controls (Naive, RE, and AE groups) displayed 
intact neuronal architecture with regular cell arrange-
ment, normal nuclear staining, and absence of inflam-
matory foci or iRBCs (Fig. 3A). In contrast, PbA-infected 
ECM mice (Pb group) exhibited severe cerebral pathol-
ogy, including cortical and thalamic iRBC sequestration, 
intravascular leukocyte infiltration, capillary occlusion, 
neuronal pyknosis, and disrupted cytoarchitecture. 
RE and AE treatments markedly exacerbated these 

Fig. 1 Characterization of resting and LPS-activated P815 mast cell-derived exosomes (designated as RE and AE, respectively). Exosomes were 
isolated from culture supernatants of resting and LPS-activated P815 mast cells, and then characterized by transmission electron microscopy (TEM), 
nanoparticle tracking analysis (NTA), and western blotting. A Representative TEM images showing disk-shaped structures of RE and AE. Red arrows 
indicate typical exosomal vesicles. Scale bar = 100 nm. B NTA analysis indicating the size distribution (nm) and particle concentration (particles/ml) 
on RE (2.51 ± 0.14 ×  1011 particles/ml) and AE (6.17 ± 0.22 ×  1011 particles/ml), respectively. C Western blotting analysis confirming positive expression 
of exosomal markers (CD9, CD63 and CD81) in both RE and AE 
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pathological features in ECM mice, with Pb+RE and 
Pb+AE groups demonstrating increased iRBC accumula-
tion (Fig.  3A), amplified inflammatory infiltrates, aggra-
vated neuronal disorganization, and pronounced cerebral 
edema. Quantitative analysis revealed significantly higher 
proportions of pyknotic neurons in the cerebral cor-
tex of Pb+RE mice compared to Pb controls (~30% vs. 
~40%, P = 0.0441), with further elevation in Pb+AE mice 
(~40% vs. ~53%, P = 0.0069) (Fig. 3B). Similar trends were 
observed in thalamic regions. §ese data conclusively 
demonstrated that RE and AE exacerbated neuropatho-
logical progression during ECM.

RE and AE treatments exacerbated BBB disruption in ECM 
mice
EB extravasation assays revealed significant BBB integrity 
alterations in ECM mice following RE or AE administra-
tion. Uninfected naive, RE-treated, or AE-treated mice 
showed intact BBB integrity with no EB leakage into 
brain parenchyma (Fig. 4). ECM mice from the Pb group 
exhibited BBB disruption, evidenced by EB penetration 
(~70 ng/mg). RE (Pb+RE group: ~80 ng/mg; P < 0.01) and 
AE (Pb+AE group: 88  ng/mg; P < 0.01) treatments sig-
nificantly increased EB levels compared to Pb controls. 
AE-treated ECM mice (Pb+AE) displayed ~10% higher 
EB accumulation than RE-treated mice (~88 vs. ~80 ng/
mg; P < 0.01). §ese findings demonstrated that RE and 
AE treatments exacerbated BBB disruption during ECM 
progression.

RE and AE treatments exerted extensive 
neuroin�ammation in ECM mice
qPCR analysis assessed IL-6, TNF-α, and IL-1β mRNA 
levels to evaluate RE and AE effects on neuroinflam-
mation in ECM mice. Cortical IL-6, TNF-α, and IL-1β 

levels remained unchanged in uninfected RE- or AE-
treated mice compared to naive controls (P > 0.05; Fig. 5). 
ECM mice from the Pb group exhibited elevated corti-
cal IL-6 (P < 0.01), TNF-α (P < 0.01), and IL-1β (P < 0.01) 
mRNA levels versus Naive mice. RE (Pb+RE group) and 
AE (Pb+AE group) treatments further increased corti-
cal IL-6 (RE: P < 0.01; AE: P < 0.01), TNF-α (RE: P < 0.01; 
AE: P < 0.01), and IL-1β (RE: P < 0.05; AE: P < 0.01) levels 
compared to Pb controls. AE-treated ECM mice (Pb+AE) 
showed higher cortical IL-6 (P < 0.05), TNF-α (P < 0.01), 
and IL-1β (P < 0.05) levels than RE-treated ECM mice 
(Pb+RE). §alamic cytokine patterns mirrored cortical 
trends. §ese results demonstrated that RE and AE treat-
ments amplified pro-inflammatory responses in ECM 
mice.

RE and AE treatments exacerbate neuronal injury 
and apoptosis in ECM mice
Given that reduced Nissl body numbers indicate neu-
ronal dysfunction, we evaluated neuronal injury in ECM 
mice using Nissl staining. In Naive, RE-treated, or AE-
treated uninfected mice, Nissl bodies were evenly distrib-
uted in cortical neurons (Fig. 6). ECM mice from the Pb 
group exhibited a significant reduction in cortical Nissl-
positive neurons compared to Naive controls (P < 0.01). 
Both RE (~127 vs. ~151 cells/field; P < 0.05) and AE (~93 
vs. ~151 cells/field; P < 0.01) treatments further decreased 
cortical Nissl-positive neuron counts relative to the Pb 
group. Notably, AE-treated ECM mice (Pb+AE group) 
showed fewer cortical Nissl-positive neurons than RE-
treated ECM mice (~93 vs. ~127 cells/field; P < 0.01), with 
similar thalamic trends observed. FJB staining revealed 
minimal cortical neuronal injury in Naive, RE-treated, or 
AE-treated uninfected mice (Fig. 7). Cortical FJB-positive 
neurons increased in the Pb+RE group compared to Pb 

Fig. 2 Effects of RE and AE on the changes in survival time, ECM incidence, and parasitemia in the Plasmodium berghei ANKA (PbA)-infected 
mice. A, B Survival time and ECM incidence in the C57BL/6 mice (Naive, RE, AE: n = 4/group; Pb, Pb+RE, Pb+AE: n = 9/group) were monitored daily 
over 17 days across three independent experiments. C Parasitemia progression from day 3 post-infection was quantified via Giemsa-stained thin 
blood smears (tail vein), presented as iRBC percentage (iRBCs/total RBCs × 100%). Survival curves were analyzed by log-rank test; parasitemia 
dynamics were assessed by a time series analysis test. The experiment was independently repeated three times. #P < 0.05 and ##P < 0.01 vs. 
the PbA-infected ECM mice (Pb group). &P < 0.05 and &&P < 0.01 vs. the RE-treated ECM mice (Pb+RE group)
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controls (~48 vs. ~40 cells/field; P < 0.05) and were fur-
ther elevated in the Pb+AE group (~57 vs. ~48 cells/
field; P < 0.05). §alamic FJB-positive neurons followed 
comparable patterns. Collectively, these findings demon-
strated that RE and AE treatments exacerbated neuronal 
injury in ECM mice.

Next,  TUNEL+-NeuN+ double immunofluorescence 
staining was performed to assess neuronal apopto-
sis in ECM mice.  Minimal  TUNEL+-NeuN+ neurons 
were observed in Naive, RE-treated, or AE-treated 
uninfected mice (Fig. 8). ECM mice from the Pb group 

showed significantly elevated cortical  TUNEL+-NeuN+ 
neurons compared to Naive controls. RE (~63 vs. 
~50 cells/field; P < 0.05) and AE (~79 vs. ~50 cells/
field; P < 0.01) treatments further increased cortical 
 TUNEL+-NeuN+ neuron counts relative to Pb controls. 
Notably, AE-treated ECM mice (Pb+AE group) exhib-
ited higher cortical  TUNEL+-NeuN+ neurons than RE-
treated mice (~79 vs. ~63 cells/field; P < 0.05). Similar 
thalamic  TUNEL+-NeuN+ neuron patterns emerged 
post-treatment. §ese results demonstrated that RE 
and AE treatments augmented neuronal apoptosis dur-
ing ECM progression.

Fig. 3 Effects of RE and AE on the brain histopathological changes in the ECM mice. A Representative images of histopathological changes 
by H&E staining in cerebral cortex (left) and thalamus (right) in uninfected mice from Naïve, RE, and AE groups, and ECM mice from the Pb, 
Pb+RE, and Pb+AE groups using a Leica DM2500B microscope at ×400 magnification. Arrows indicate typical blood vessels. B, C Quantification 
of pyknotic nuclei in cerebral cortex and thalamus was analyzed from mice in six groups by counting 20 non-overlapping fields/section (n = 6 mice/
group) by two blinded investigators. Data are presented as mean percentage of pyknotic nuclei ± SD, and analyzed by unpaired Student’s t-tests 
between two groups. *P < 0.05 and **P < 0.01 vs. the uninfected control mice (Naïve group); #P < 0.05 and ##P < 0.01 vs. the PbA-infected ECM mice 
(Pb group). &P < 0.05 and &&P < 0.01 vs. the RE-treated ECM mice (Pb+RE group). NS: non-significant, P > 0.05, relative to Naïve mice
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RE and AE treatments ampli�ed ER stress in ECM mice 
neurons
We analyzed ER stress-related proteins (GRP78, CHOP, 
p-IRE1, and XBP-1s) in cortical and thalamic neu-
rons of ECM mice using dual immunofluorescence 
staining. Minimal  NeuN+-GRP78+,  NeuN+-CHOP+, 
 NeuN+-p-IRE1+, and  NeuN+-XBP-1s+ neurons were 
observed in Naive, RE-treated, or AE-treated unin-
fected mice (Figs.  9, 10, 11 and 12). In contrast, 
ECM mice from the Pb group exhibited signifi-
cant increases in cortical  NeuN+-GRP78+ (P < 0.01), 
 NeuN+-CHOP+ (P < 0.01),  NeuN+-p-IRE1+ (P < 0.01), 
and  NeuN+-XBP-1s+ (P < 0.01) neurons, along with tha-
lamic  NeuN+-GRP78+ (P < 0.01) and  NeuN+-CHOP+ 
(P < 0.01) neurons, compared to Naive controls. RE 
treatment (Pb+RE group) further elevated corti-
cal  NeuN+-GRP78+ (~51 vs. ~35 cells/field; P < 0.05), 
 NeuN+-CHOP+ (~67 vs. ~51 cells/field; P < 0.05), 
 NeuN+-p-IRE1+ (~30 vs. ~20 cells/field; P < 0.05), and 
 NeuN+-XBP-1s+ (~35 vs. ~23 cells/field; P < 0.05) neu-
rons relative to the Pb group. Strikingly, AE treatment 
(Pb+AE group) induced higher cortical  NeuN+-GRP78+ 
(~69 vs. ~51 cells/field; P < 0.01),  NeuN+-CHOP+ (~86 
vs. ~51 cells/field; P < 0.01),  NeuN+-p-IRE1+ (~54 vs. 
~30 cells/field; P < 0.01), and  NeuN+-XBP-1s+ (~46 vs. 
~35 cells/field; P < 0.05) neuron counts compared to 
Pb+RE. However, RE and AE treatments did not alter 

thalamic  NeuN+-p-IRE1+ or  NeuN+-XBP-1s+ neuron 
numbers in ECM mice. §ese findings demonstrated 
that RE and AE potentiated neuronal ER stress in ECM 
pathogenesis, with AE exhibiting greater ER stress-
inducing capacity than RE.

RE and AE treatments increased the mRNA level 
of ER stress-related factors (GRP78, CHOP, and XBP-1) 
in neuronal HT-22 cells in vitro
As shown in Fig.  13, iRBC-stimulated neuronal HT-22 
cells exhibited a significant increase in the mRNA lev-
els of GRP78, CHOP, and XBP-1 compared to the blank 
group at 24 h and 48 h of co-culture (P < 0.01 for all com-
parisons). Both RE and AE treatments further elevated 
mRNA levels of GRP78 (P < 0.01 for RE, P < 0.01 for 
AE), CHOP (P < 0.01 for RE, P < 0.01 for AE), and XBP-1 
(P < 0.05 for RE, P < 0.01 for AE) in the iRBC-stimulated 
HT-22 cells at both 24 h and 48 h of co-culture, respec-
tively. Notably, RE-treated iRBC-stimulated HT-22 cells 
showed higher mRNA levels of GRP78 (~45% and ~47% 
increase, P < 0.01), CHOP (~33% and ~60% increase, 
P < 0.01), and XBP-1 (~50% and ~54% increase, P < 0.01) 
than AE-treated cells at 24  h and 48  h of co-culture, 
respectively. §ese findings demonstrate that RE and 
AE treatment induces ER stress responses in HT-22 cells 
in vitro.

Fig. 4 Effects of RE and AE on the changes in BBB integrity in the ECM mice. Evans blue (EB) dye was i.v. injected into uninfected mice 
from the Naïve, RE, and AE groups, and ECM from the Pb, Pb+RE, and Pb+AE groups. A Representative whole-brain photographs of EB extravasation 
in mice from six groups. B Quantification of EB extravasation in brain tissue of mice (n = 6/group, pooled from three independent experiments) 
was calculated from a standard curve (620 nm) and normalized to brain weight—ng (EB dye)/mg (brain weight). Data are presented as mean ± SD, 
and were analyzed by unpaired Student’s t-tests between two groups
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Distinct miRNA pro�les underlie RE- and AE-mediated ER 
stress modulation
Given that microRNAs have emerged as vital regula-
tors in ER stress responses [39], we performed miRNA 
sequencing (miRNA-seq) to compare microRNA expres-
sion profiles between RE and AE. §e sequencing data 
revealed 128 differentially expressed microRNAs (56 
upregulated and 72 downregulated in AE relative to 
RE; Supplementary Fig.  1). Notably, three microRNAs 
(miR-330-3p, miR-185-5p, and miR-379-5p), which 
were downregulated in AE compared to RE, have been 
reported to directly target ER stress-related proteins 
GRP78 and XBP-1s [40–42]. Conversely, six microRNAs 
(miR-155-5p, miR-423-3p, miR-187-3p, miR-29c-3p, 
miR-188-5p, and miR-192-5p) showed significant enrich-
ment in AE versus RE and have been implicated in the 

indirect upregulation of ER stress-related proteins 
including GRP78 and CHOP [43–48].

Discussion
Neuronal injury is a central driver of CM pathogen-
esis and its long-term neurological sequelae [4, 49, 50]. 
Post-mortem analyses of human CM patients revealed 
elevated ER stress markers (GRP78, CHOP) in brain neu-
rons [51], with subsequent studies confirming ER stress 
as a critical mediator of neuronal death in ECM models 
[30]. Mast cell activation, known to amplify ER stress [31, 
32], has been implicated in neurological disorders [52, 
53], while clinical evidence highlights extracellular vesi-
cles (e.g., P. falciparum-derived exosomes) as key contrib-
utors to endothelial dysfunction and neuroinflammation 

Fig. 5 Effects of RE and AE on the changes in neuroinflammation response in the ECM mice. (A, B) Total RNA was extracted from cerebral 
cortex (Upper) and thalamus (Lower) at uninfected mice from Naïve (n = 6), RE (n = 6), and AE (n = 6) groups, and ECM from Pb (n = 6), Pb+RE 
(n = 6), and Pb+AE (n = 6) groups. The mRNA levels of IL-6, TNF-α,and IL-1β were determined using qPCR and 2−∆∆CT methods with β-actin 
as the endogenous reference gene. Independent-samples t-tests were conducted to assess differences between two groups. Data were presented 
as mean ± SD.* P < 0.05 and ** P < 0.01 vs. the uninfected control mice (Naïve group); # P < 0.05 and ## P < 0.01 vs. the PbA-infectedECM mice (Pb 
group). & P < 0.05 and && P < 0.01 vs. the RE-treated ECM mice (Pb+RE group). NS = non-significant,P > 0.05, relative to Naïve mice.
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in CM [54, 55]. Emerging studies suggest mast cell–neu-
ron cross-talk via exosomal transfer of bioactive mol-
ecules [20, 32, 56], exemplified by mast cell-derived 
exosomes interacting with sensory neurons through sub-
stance P-mediated activation of Mas-related G protein-
coupled receptors [57] or neuronal uptake of mast cell 
extracellular vesicles [58]. Elevated mast cell degranula-
tion in P. falciparum-infected patients correlates with 
parasitemia and disease severity [14], implicating mast 
cell-derived exosomes in CM neuropathology. Building 
on evidence that exosomes mediate mast cell–neuron 

communication and exacerbate ECM severity [15, 25], we 
hypothesized that activated mast cell-derived exosomes 
induce neuronal injury via ER stress. Exosomes from 
resting and LPS-activated P815 mast cells (RE/AE) were 
isolated and characterized using TEM, NTA, and west-
ern blotting, following methodologies from prior neuro-
inflammation studies [36]. Intravenous administration of 
a lower exosome dose (50  µg/mouse, vs. 200  µg in ear-
lier BBB disruption work [25]) to ECM mice increased 
morbidity/mortality and exacerbated BBB disruption, 
neuronal apoptosis, pro-inflammatory responses, and 

Fig. 6 Effects of RE and AE on the changes in number of Nissl-stained cells in the ECM mice. A Representative Nissl-stained micrographs of cerebral 
cortex (left) and thalamus (right) in uninfected mice from the Naïve, RE, and AE groups, and ECM mice from the Pb, Pb+RE, and Pb+AE groups using 
a Leica DM2500B microscope at ×400 magnification. Square insets show Nissl-stained cells at a higher magnification (×1000). B, C Quantification 
of intact  Nissl+ cells in cerebral cortex (B) and thalamus (C) were analyzed from mice in six groups by counting 20 non-overlapping fields/section 
(n = 6 mice/group). Independent-samples t-tests were conducted to assess differences between two groups. Data are presented as mean ± SD. 
*P < 0.05 and **P < 0.01 vs. the uninfected control mice (Naïve group); #P < 0.05 and ##P < 0.01 vs. the PbA-infected ECM mice (Pb group). &P < 0.05 
and &&P < 0.01 vs. the RE-treated ECM mice (Pb+RE group). NS: non-significant, P > 0.05, relative to Naïve mice
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neuronal ER stress marker expression (GRP78, CHOP, 
XBP-1). Divergent EB extravasation patterns compared 
to earlier reports [59–61] likely stem from methodologi-
cal variations (e.g., dosage, parasite strain, host genet-
ics). In  vitro, RE/AE upregulated ER stress markers in 
iRBC-stimulated HT-22 neurons, mechanistically linking 
mast cell-derived exosomes to ER stress-driven neuronal 
injury in CM. §ese findings underscore mast cell–neu-
ron interactions as pivotal therapeutic targets for mitigat-
ing CM-related neuropathology.

Neuroinflammation following BBB disruption drove 
neuronal injury in CM, contributing to reversible or irre-
versible neurological sequelae in pediatric CM patients 
and ECM models [6, 62]. Pathological progression of 

CM/ECM involved an imbalance between pro- and 
anti-inflammatory responses [63], with excessive pro-
inflammatory cytokines (e.g., interferon gamma [IFN-γ], 
TNF-α, IL-6, IL-1α) exacerbating immunopathology [64]. 
In this study, ECM mice exhibited elevated IL-6, TNF-α, 
and IL-1β mRNA levels in brain tissue, accompanied by 
reduced Nissl-stained neurons and increased FJB-pos-
itive neurons, reflecting neuroinflammation-associated 
neuronal injury. §ese findings align with prior reports 
linking upregulated pro-inflammatory cytokines (IL-
6, TNF-α, IL-1β, IFN-γ) in ECM brains to dysregulated 
immune responses and neuronal damage [65]. Mast cells, 
critical contributors to BBB disruption, neuroinflamma-
tion, and neuronal injury [66, 67], influenced CM severity 

Fig.7 Effects of RE and AE on the changes in number of FJB-stained neurons in the ECM mice. (A) Representative fluorescent micrographs 
of FJB-stained neurons of cerebral cortex (Left) and thalamus (Right) at uninfected mice from Naïve, RE, and AE groups, and ECM mice from Pb, 
Pb+RE, and Pb+AE groups. Positive dual FJB+-DAPI+ stained cells were illustrated by green fluorescence (arrows) and captured by a Zeiss LSM780 
confocal microscope at 400 × magnification. (B) Quantification of intact FJB+ cells in cerebral cortex (Left) and thalamus (Right) were analyzed 
from mice at six groups by accounting 20 non-overlapping fields/section (n = 6 mice/group). Independent-samples t-tests were conducted 
to assess differences between two groups. Data were presented as mean± SD. *P < 0.05 and **P < 0.01 vs the uninfected control mice (Naïve 
group); #P < 0.05 and ##P < 0.01 vs. the PbA-infected ECM mice (Pb group). &P <0.05 and &&P < 0.01 vs. the RE-treated ECM mice (Pb+RE group). NS = 
non-significant,P > 0.05, relative to Naïvemice
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[15, 25, 68], although their exosome-mediated interac-
tions with neuroinflammatory pathways remain under-
studied. Intravenous administration of exosomes from 
resting (RE) or activated (AE) P815 mast cells signifi-
cantly increased cortical and thalamic IL-6, TNF-α, and 
IL-1β mRNA levels in ECM mice, correlating with neu-
ronal loss (reduced Nissl staining) and neurodegenera-
tion (elevated FJB staining). §is parallels reports of mast 
cell activation exacerbating microglia-mediated neuronal 
injury via TNF-α/IL-6 upregulation [69], while mast cell 
tryptase inhibition attenuates neuroinflammation and 
improves outcomes in neurological injury models [70]. 
Our data collectively demonstrated that mast cell-derived 
exosomes could amplify neuroinflammatory cascades 

and neuronal injury during ECM progression, reinforcing 
their pathogenic role in CM-related neuropathology.

Excessive ER stress, triggered by sensor activation 
(IRE1/sXBP1, PERK/EIF2, and ATF6), played a criti-
cal role in neuronal injury and pathology [28]. Simi-
larly, ECM mice exhibited ER stress-induced neuronal 
injury/death in brain tissue, accompanied by upregu-
lated PERK, IRE1, and ATF6 expression [30]. Given 
the emerging recognition of mast cell–ER stress inter-
actions in neurological diseases [32], we hypothesized 
that mast cell-derived exosomes could exacerbate ECM 
neuronal injury by modulating ER stress. In this study, 
treatment with mast cell-derived exosomes—particu-
larly AE—significantly elevated expression of IRE1 

Fig. 8 Effects of RE and AE on the changes in number of dual immunofluorescence staining  TUNEL+-NeuN+ neurons in the ECM mice. A 
Representative dual immunofluorescence micrographs of  TUNEL+-NeuN+ neurons in the cerebral cortex (left) and thalamus (right) in uninfected 
mice from Naïve, RE, and AE groups, and ECM mice from Pb, Pb+RE, and Pb+AE groups. Positive dual  TUNEL+-NeuN+ stained cells were illustrated 
by yellow fluorescence and captured by a Zeiss LSM780 confocal microscope at ×400 magnification. B Quantification of  TUNEL+-NeuN+ neurons 
in cerebral cortex and thalamus was analyzed from mice in six groups by counting 20 non-overlapping fields/section (n = 6 mice/group). 
Independent-samples t-tests were conducted to assess differences between two groups. Data are presented as mean ± SD. *P < 0.05 and **P < 0.01 
vs. the uninfected control mice (Naïve group); #P < 0.05 and ##P < 0.01 vs. the PbA-infected ECM mice (Pb group). &P < 0.05 and &&P < 0.01 vs. 
the RE-treated ECM mice (Pb+RE group). NS: non-significant, P > 0.05, relative to Naïve mice
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pathway-related ER stress markers (GRP78, CHOP, 
p-IRE1, and XBP-1s) in cortical neurons of PbA-
infected ECM mice. §is was evidenced by increased 
numbers of  NeuN+-GRP78+,  NeuN+-CHOP+, 
 NeuN+-p-IRE1+, and  NeuN+-XBP-1s+ dual-positive 
neurons following RE and AE administration. Notably, 
RE and AE also upregulated mRNA levels of GRP78, 
CHOP, and XBP-1s in iRBC-stimulated HT-22 neu-
ronal cells in  vitro. However, our data revealed that 
treatments with RE and AE significantly upregulated 
ER stress markers (p-IRE1 and XBP-1s) in cortical neu-
rons but not in thalamic neurons. §is discrepancy 
may arise from region-specific factors: (1) cellular het-
erogeneity—the cortex, being metabolically active and 

critical for higher-order functions, is inherently more 
vulnerable to ER stress and neuroinflammation, while 
thalamic neurons, which relay sensory/motor signals, 
may exhibit enhanced stress tolerance through baseline 
ER chaperones or alternative survival pathways (e.g., 
PERK/ATF4) [71, 72]; (2) BBB permeability—the cor-
tex experiences greater iRBC sequestration and BBB 
disruption in ECM, facilitating exosome delivery and 
amplifying cortical ER stress, whereas thalamic BBB 
integrity might limit exosome penetration [73]; (3) 
pathway divergence—the thalamus may prioritize non-
IRE1 ER stress pathways (e.g., ATF6) to mitigate dam-
age, as seen in other neurological disorders [74]. §ese 
regional differences highlight the complexity of ECM 

Fig. 9 Effects of RE and AE on the changes in number of dual immunofluorescence  NeuN+-GRP78+ neurons in the ECM mice. A Representative dual 
immunofluorescence micrographs of  NeuN+-GRP78+ neurons in the cerebral cortex (left) and thalamus (right) in uninfected mice from Naïve, RE, 
and AE groups, and ECM mice from Pb, Pb+RE, and Pb+AE groups. Positive dual  TUNEL+-NeuN+ stained cells were illustrated by yellow fluorescence 
and captured by a Zeiss LSM780 confocal microscope at ×400 magnification. B Quantification of  NeuN+-GRP78+ neurons in cerebral cortex 
and thalamus was analyzed from mice in six groups by counting 20 non-overlapping fields/section (n = 6 mice/group). Independent-samples t-tests 
were conducted to assess differences between two groups. Data are presented as mean ± SD. *P < 0.05 and **P < 0.01 vs. the uninfected control 
mice (Naïve group); #P < 0.05 and ##P < 0.01 vs. the PbA-infected ECM mice (Pb group). &P < 0.05 and &&P < 0.01 vs. the RE-treated ECM mice (Pb+RE 
group). NS: non-significant, P > 0.05, relative to Naïve mice
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pathology and suggest that cortical neurons may serve 
as primary targets for exosome-mediated ER stress 
exacerbation. Future studies will assess exosome bio-
distribution, baseline ER stress markers, and non-IRE1 
pathways to clarify these differences. §ese findings 
align with reports implicating CHOP-driven apopto-
sis in neurodegeneration [75–77], as RE/AE increased 
 TUNEL+-NeuN+ and  NeuN+-CHOP+ neurons in 
ECM mice, mirroring ER stress-induced hippocam-
pal apoptosis via XBP-1/CHOP [78]. Mast cell-derived 
exosomes, akin to ceramide-mediated ER stress in 
eczema models [79], thus exacerbate neuronal injury 
in ECM through IRE1 pathway activation, highlight-
ing cortical neurons as primary targets. Future studies 

should clarify exosome biodistribution and non-IRE1 
pathway contributions to regional ER stress disparities.

In this study, AE treatment of PbA-infected mice 
increased ECM incidence, exacerbated BBB disruption, 
neuronal injury, and neuroinflammation, and increased 
expression levels of ER stress-related factors (GRP78, 
CHOP, p-IRE1, and XBP-1) in cortical neurons com-
pared to RE treatment. AE treatment also induced higher 
mRNA levels of GRP78, CHOP, and XBP-1 in iRBC-
stimulated HT-22 neuronal cells. Prior studies suggest 
that exosomes can modulate ER stress-related pathways 
via microRNAs targeting the 3′ untranslated regions 
(UTRs) of key genes [80–82]. To explore this mechanism, 
we compared miRNA profiles between AE and RE using 

Fig. 10 Effects of RE and AE on the changes in number of dual immunofluorescence  NeuN+-CHOP+ neurons in the ECM mice. A Representative 
dual immunofluorescence micrographs of  NeuN+-CHOP+ neurons in the cerebral cortex (left) and thalamus (right) in uninfected mice from Naïve, 
RE, and AE groups, and ECM mice from Pb, Pb+RE, and Pb+AE groups. Positive dual  TUNEL+-NeuN+ stained cells were illustrated by yellow 
fluorescence and captured by a Zeiss LSM780 confocal microscope at ×400 magnification. B Quantification of  NeuN+-CHOP+ neurons in cerebral 
cortex and thalamus was analyzed from mice in six groups by counting 20 non-overlapping fields/section (n = 6 mice/group). Independent-samples 
t-tests were conducted to assess differences between two groups. Data are presented as mean ± SD. *P < 0.05 and **P < 0.01 vs. the uninfected 
control mice (Naïve group); #P < 0.05 and ##P < 0.01 vs. the PbA-infected ECM mice (Pb group). &P < 0.05 and &&P < 0.01 vs. the RE-treated ECM mice 
(Pb+RE group). NS: non-significant, P > 0.05, relative to Naïve mice
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miRNA-seq, identifying 128 differentially expressed 
microRNAs. Among these, three miRNAs (miR-330-3p, 
miR-185-5p, and miR-379-5p)—downregulated in AE 
relative to RE—directly target and suppress GRP78 and 
XBP-1s [40–42]. Conversely, six miRNAs (miR-155-5p, 
miR-423-3p, miR-187-3p, miR-29c-3p, miR-188-5p, and 
miR-192-5p)—upregulated in AE—indirectly enhance 
GRP78 and CHOP expression [43–48]. §ese findings 
align with RNA-seq and qPCR data from resting versus 
degranulated bone marrow-derived mast cells (BMMCs), 
which identified 47 differentially expressed miRNAs (11 
upregulated, 36 downregulated) [83]. Further, dysregula-
tion of miR-29c-3p on cerebral mast cells contribute to 
the development and progression of meningiomas [84, 

85]. It was reported that miR-29c-3p mediated renal epi-
thelial cells injury by activating ER stress pathways [46], 
consistent with our miRNA-seq data showing reduced 
miR-29c-3p in AE. It was demonstrated that P. falcipa-
rum exosomes deliver miR-155-5p to human endothelial 
cells, amplifying inflammatory responses—a mechanism 
consistent with our observation that AE-enriched miR-
155-5p exacerbates ER stress in neurons [86]. Although 
our study identifies mast cell-derived exosomal miRNAs 
(e.g., miR-29c-3p and miR-155-5p) as potential regulators 
of neuronal ER stress in ECM, functional validation (e.g., 
neuron-specific ER stress reporters, miRNA knockout 
models) is needed to establish causality. Technical limi-
tations currently preclude mechanistic studies such as 

Fig. 11 Effects of RE and AE on the changes in number of dual immunofluorescence  NeuN+-p-IRE1+ neurons in the ECM mice. A Representative 
dual immunofluorescence micrographs of  NeuN+-p-IRE1+ neurons in the cerebral cortex (left) and thalamus (right) in uninfected mice from Naïve, 
RE, and AE groups, and ECM mice from Pb, Pb+RE, and Pb+AE groups. Positive dual  TUNEL+-NeuN+ stained cells were illustrated by yellow 
fluorescence and captured by a Zeiss LSM780 confocal microscope at ×400 magnification. B Quantification of  NeuN+-p-IRE1+ neurons in cerebral 
cortex and thalamus was analyzed from mice in six groups by counting 20 non-overlapping fields/section (n = 6 mice/group). Independent-samples 
t-tests were conducted to assess differences between two groups. Data are presented as mean ± SD. *P < 0.05 and **P < 0.01 vs. the uninfected 
control mice (Naïve group); #P < 0.05 and ##P < 0.01 vs. the PbA-infected ECM mice (Pb group). &P < 0.05 and &&P < 0.01 vs. the RE-treated ECM mice 
(Pb+RE group). NS: non-significant, P > 0.05, relative to Naïve mice
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in vivo ER stress silencing or exosomal miRNA functional 
assays, highlighting critical directions for future research.

Pharmacological inhibition of macrophage-derived 
exosome release via GW4869 had been shown to miti-
gate silica-induced lung fibrosis by suppressing ER stress 
[87], while blockade of pericyte-derived exosomes with 
GW4869 improved mitochondrial function and attenu-
ated neuronal injury in spinal cord injury models [88], 
collectively validating exosome targeting as a therapeutic 
strategy against ER stress-associated pathologies. In con-
trast, our findings demonstrated that mast cell-derived 
exosomes aggravate ECM-related neuronal injury 
through ER stress activation. To establish causality, future 
studies should implement exosome inhibition approaches 

(e.g., GW4869) as successfully demonstrated in fibrosis 
and neurotrauma research [87, 88]. Notably, miRNA-seq 
analysis revealed AE-enriched miRNAs (miR-155-5p, 
miR-29c-3p) previously implicated in ER stress amplifi-
cation, further substantiating the mechanistic connec-
tion between exosomal miRNAs and CM neuronal injury 
progression. §ese insights underscore the therapeutic 
potential of modulating exosomal pathways in CM man-
agement. However, current experimental limitations 
prevent definitive in vivo validation of mast cell-derived 
exosome inhibition (e.g., via GW4869) to confirm their 
pathogenic role in ER stress-mediated neuronal injury.

§is study has several limitations. First, experimental 
constraints necessitated the use of exosomes from P815 

Fig. 12 Effects of RE and AE on the changes in number of dual immunofluorescence  NeuN+-XBP-1s+ neurons in the cerebral cortex of the ECM 
mice. A Representative dual immunofluorescence micrographs of  NeuN+-XBP-1s+ neurons in the cerebral cortex (left) and thalamus (right) 
in uninfected mice from Naïve, RE, and AE groups, and ECM mice from Pb, Pb+RE, and Pb+AE groups. Positive dual  TUNEL+-NeuN+ stained cells were 
illustrated by yellow fluorescence and captured by a Zeiss LSM780 confocal microscope at ×400 magnification. B Quantification of  NeuN+-XBP-1s+ 
neurons in cerebral cortex and thalamus was analyzed from mice in six groups by counting 20 non-overlapping fields/section (n = 6 mice/group). 
Independent-samples t-tests were conducted to assess differences between two groups. Data are presented as mean ± SD. *P < 0.05 and **P < 0.01 
vs. the uninfected control mice (Naïve group); #P < 0.05 and ##P < 0.01 vs. the PbA-infected ECM mice (Pb group). &P < 0.05 and &&P < 0.01 vs. 
the RE-treated ECM mice (Pb+RE group). NS: non-significant, P > 0.05, relative to Naïve mice



Page 18 of 21Wang et al. Parasites & Vectors          (2025) 18:249 

mast cells rather than BMMCs to assess their role in 
ECM-associated neuronal injury; future work should uti-
lize BMMC-derived exosomes to validate their pathologi-
cal contributions. Second, the mechanisms linking mast 
cell-derived exosomal miRNAs to ER stress targeting in 
ECM neurons remain undefined. §ird, longitudinal pro-
filing of ER stress dynamics (e.g., GRP78, p-IRE1, XBP-
1, and CHOP at early, mid-, and late infection stages) is 
warranted. Fourth, while cortical—but not thalamic—
IRE1-driven ER stress correlated with neuronal injury 
during ECM progression, the regional specificity of this 
phenomenon requires mechanistic clarification. Address-
ing these gaps will deepen insights into mast cell–neu-
ron cross-talk in ECM pathogenesis. Our findings 
underscore the therapeutic promise of targeting mast 
cell-derived exosomes or ER stress pathways to alleviate 
ECM-related neuronal injury. Activated mast cells release 
exosomes enriched with ER stress-promoting miRNAs 
(e.g., miR-155-5p, miR-29c-3p, or miR-330-3p), identi-
fying actionable intervention points. Pharmacological 
strategies—such as inhibiting exosome release/uptake 
(via mast cell stabilizers [cromolyn sodium, ketotifen] or 
GW4869) or suppressing ER stress (e.g., 4-PBA)—could 
synergize with antimalarial therapies to attenuate neuro-
inflammation and apoptosis. Furthermore, neutralizing 
pathogenic exosomal miRNAs or augmenting neuropro-
tective miRNAs may restore ER homeostasis, enabling 
precision therapeutic approaches. Integrating these strat-
egies with current antimalarial regimens holds potential 
to improve survival and mitigate long-term neurological 
sequelae in severe malaria.

Conclusions
In summary, this study highlights the role of mast cell-
derived exosomes in exacerbating ECM-related neu-
ronal injury. We demonstrated that exosomes from 
P815 mast cells—particularly activated exosomes 
(AE)—aggravated neuronal damage during ECM pro-
gression, mediated at least partially by ER stress acti-
vation. While the precise mechanisms by which mast 
cell-derived exosomes trigger neuronal ER stress 
require further investigation, our findings provide 
novel insights into mast cell–neuron interactions and 
their contribution to the pathogenesis of ECM neu-
ronal injury.
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