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ARTICLE INFO ABSTRACT
Keywords: Purpose: Brain hypoxia triggers neuroinflammatory responses that are partly
Microglia, mediated by microglia and their secreted exosomes. This study investigated whether
Hypoxia, hypoxia-derived microglial exosomes and RNA-binding protein (RBP)-enriched
Inflammation, fractions are associated with alterations in the inflammatory phenotype of healthy
Exosome, microglial cells.
RNA binding proteins Methods: Neonatal Wistar rats were randomly assigned to four groups (n = 5/group):
control (C), hypoxia (H), one-week post-hypoxia (HW1), and age-matched one-week
Article History: control (CW1). Brain tissues and primary microglia were collected to isolate
Submitted: May 07, 2026 exosomes and RBP-enriched fractions. RBP-enriched fractions were obtained using
Revised: August 01, 2026 RNA-conjugated Fe nanoparticles linked by EDC-NHS chemistry and subsequently
Accepted: August 14, 2026 incorporated into microglial exosomes. Healthy primary microglial cells were treated

ePublished: September 07, 2026 \y;ith exosomes, RBP-enriched fractions, or exosome-loaded RBP-enriched fractions

(20 pg/mL; five biological replicates per treatment). Assessments included cell
viability, expression of inflammatory and anti-inflammatory genes, innate immune
responses, and exosome biodistribution.

Results: Microglia-derived exosomes showed preferential accumulation in brain
tissue following systemic administration. Treatment by exosomes from the hypoxia
group were associated with increased microglial viability and elevated expression of
inflammatory markers 24 hours post-treatment. In contrast, exosomes containing
hypoxia-derived RBP-enriched fractions were associated with increased ratio of
TGF-B/TNF-a and CD206/CD80 expression and reduced expression of CD8O0, IL-
1B, and NOX2 compared with their respective exosome controls. In innate immune
assays, RBP-HW1 significantly reduced antiprotease activity, while RBP-H
significantly decreased lysozyme and myeloperoxidase activities.

Conclusion: These findings suggest that the biological effects of microglial
exosomes depend on the physiological state of the donor cells, and that hypoxia-
derived RBP-enriched fractions are associated with the modulation of inflammatory
responses in recipient microglia. However, because the RBP-enriched fractions were
not characterized by mass spectrometry or specific immunoblotting, and mechanistic
intervention experiments were not conducted, the responsible molecular components
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Introduction

Brain ischemia and hypoxia are among the most common consequences of impaired cerebral blood circulation
and metabolic dysfunction, affecting both humans and animals across different stages of life. Cerebral hypoxia
can severely impair cognitive and behavioral functions and is associated with the development of numerous
neurological disorders.t In response to hypoxic injury, resident innate immune cells, particularly microglia,
together with infiltrating immune cells such as mast cells and lymphocytes, release a broad range of pro-
inflammatory mediators. Concurrently, axonal and myelin damage, accompanied by the loss of oligodendrocyte
precursor cells, mature oligodendrocytes, and neurons, activates multiple intracellular signaling pathways that

contribute to disease progression.2

Pathophysiological conditions including inflammation, tissue injury, infection, ischemia, cancer, and severe
hypoxia profoundly influence immune cell function. Under these conditions, excessive immune activation may
exacerbate tissue damage, promote tumor progression, and contribute to autoimmune disorders. A central
mechanism underlying these responses is the transcriptional regulation mediated by hypoxia-inducible factors
(HIFs), which coordinate both innate and adaptive immune responses.®~> Activation of the HIF signaling pathway
directly stimulates the expression of numerous pro-inflammatory cytokines in both hypoxic and neighboring

normoxic cells, thereby amplifying inflammatory responses.®

Neuronal survival and function depend on the precise regulation of gene expression. This process is controlled by
multiple regulatory mechanisms, including hormonal signaling, transcription factor activity, chromatin
remodeling, and RNA-dependent pathways such as post-transcriptional regulation, RNA transport, nuclear
trafficking, and mRNA stabilization. Many of these processes are orchestrated by RNA-binding proteins (RBPs).”
Beyond their established roles in RNA metabolism, RBPs regulate mRNA transport, translation, and microRNA
(miRNA) biogenesis, making them essential coordinators of cellular homeostasis. Given their broad regulatory
functions, dysregulation of RBP expression or activity can disrupt neuronal integrity and has been implicated in

the pathogenesis of numerous neurodegenerative and autoimmune diseases.”

Exosomes are nanosized extracellular vesicles secreted by nearly all cell types and have emerged as important
mediators of intercellular communication. They transport a diverse array of biologically active molecules,
including proteins, DNA, and various RNA species, thereby influencing the physiological and pathological states
of recipient cells.?.® Their low immunogenicity, intrinsic biocompatibility, and ability to cross the blood-brain
barrier make exosomes particularly attractive candidates for targeted drug delivery and therapeutic applications

in neurological disorders.t°

Intercellular communication mediated by exosomes plays a fundamental role in brain repair following injury.
Exosomes released from neural cells regulate the interactions between microglia and other resident brain cells,
thereby influencing the neuroinflammatory response. During brain injury, classically activated microglia (M1)
promote inflammation through the production of pro-inflammatory mediators, whereas alternatively activated
microglia (M2) facilitate inflammation resolution, neurogenesis, and tissue repair.1t Consequently, understanding
the mechanisms governing microglial polarization has become a major focus in the development of therapeutic

strategies for ischemic stroke and other neurological disorders.’2
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Although exosomes can exert neuroprotective effects by delivering beneficial biomolecules to injured tissues,
exosomes released from hypoxic neurons have also been reported to activate microglia and promote
neuroinflammation.’® Hypoxia-induced activation of the NF-«kB signaling pathway and subsequent nuclear
translocation of this transcription factor stimulate the expression of numerous pro-inflammatory genes, thereby

amplifying inflammatory responses.t« Moreover, hypoxic stress promotes the polarization of microglia toward the

M1 phenotype, which further accelerates neuronal damage. Therefore, interventions capable of modulating
microglial polarization during hypoxia may represent promising therapeutic approaches for limiting
neuroinflammation and reducing secondary brain injury.*®

In our previous study, we investigated the roles of exosomes and RBP-enriched fraction in cellular resistance to
hypoxia and demonstrated that several RBPs exert protective effects in hypoxic microglial cells. Specifically,
hypoxic stress induced the expression of multiple protective RBPs, suggesting their involvement in adaptive
responses to oxygen deprivation.*® Building upon these findings, the present study aimed to determine whether
these protective proteins accumulate within microglia and whether exosomes serve as vehicles for their transfer
to neighboring cells, thereby modulating inflammatory responses and microglial differentiation. We further
compared the biological activities of RBPs and exosomes isolated from hypoxic microglia to clarify their
respective contributions to microglial polarization. To test this hypothesis, exosomes and RBPs-enriched fractions
were isolated from microglial cells and brain tissues obtained from four experimental groups: rats subjected to
acute hypoxia (H), rats examined one week after hypoxia during the recovery phase (HW1), and their respective
age-matched control groups (C and CW1). The effects of these exosomal and protein fractions on microglial

differentiation and inflammatory responses were subsequently evaluated.

Materials and Methods

Animals

Pregnant Wistar rats (n = 6) were obtained from Jundishapur University of Medical Sciences, Ahvaz, Iran. Before
transportation, all cages were thoroughly sanitized to minimize the risk of microbial contamination. Neonatal
Wistar rats (10-12 days old, 20 + 5 g) were housed under standard laboratory conditions with free access to food

and water, appropriate bedding, controlled temperature, and a 12 h light/dark cycle.

The pups were randomly allocated into four experimental groups (n = 5 per group): hypoxia (H), one week after
hypoxia (HW1), hypoxia control (C), and one week after hypoxia control (CW1).

Hypoxia was induced using a custom-made glass chamber supplied with a gas mixture containing 7% oxygen and
93% nitrogen. Neonatal rats were exposed to the hypoxic atmosphere for 30 min daily over five consecutive days.
Oxygen concentration was continuously monitored using an oxygen meter, while the chamber temperature and

relative humidity were maintained at 23 + 1°C and 40-50%, respectively.

Animals in the H and C groups were euthanized 24 h after the final hypoxic exposure, whereas animals in the
HW1 and CW1 groups were euthanized one week later. Euthanasia was performed by high dose
ketamine/xylazine injection and cervical dislocation followed by sterile blood collection, after which brain tissues

were immediately harvested for subsequent analyses.
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Preparation of Fe—-RNA Conjugates and Isolation of RNA-Binding Proteins

RBPs-enriched fractions were isolated using magnetic iron oxide nanoparticles conjugated with total RNA, as
previously described with minor modifications.'® Briefly, five neonatal rats were euthanized at 7 days of age, and
total RNA was extracted from brain tissue using a commercial RNA extraction kit (Sinaclon, Iran) according to
the manufacturer's instructions. RNA integrity was verified by agarose gel electrophoresis, while purity and
concentration were determined spectrophotometrically by measuring the A260/A280 ratio. The RNA

concentration was adjusted to 40 pg/mL.

Magnetic iron oxide nanoparticles bearing surface amino groups were synthesized according to the method
described by Khosravi et al.” Briefly, 20 pg of purified RNA was dissolved in 1 mL of 10 mM MES buffer,
followed by the sequential addition of 100 pL EDC (4 mg/mL) and 100 uL NHS (6 mg/mL). The reaction mixture
was incubated for 30 min to activate the RNA for covalent coupling. Subsequently, 100 puL of activated magnetic
nanoparticles (OD600 = 0.312) was added, and the suspension was gently shaken for 2 h at room temperature to

allow conjugation.

The Fe—RNA conjugates were collected magnetically and resuspended in 0.1 M Tris buffer (pH 8.0) prepared in
MES buffer to quench residual reactive groups. After a further 2 h incubation, the nanoparticles were collected

again and resuspended in PBS or PBS supplemented with 1% bovine serum albumin and 5 plL RNase inhibitor.

Successful RNA conjugation was confirmed using Fourier-transform infrared spectroscopy (FTIR; PerkinElmer
2400), ultraviolet-visible (UV-Vis) spectroscopy at 260 nm (Nabi, Microdigital Co., Ltd., South Korea), and field-
emission scanning electron microscopy (FESEM) (MIRA 2, Tescan, Czech Republic), as previously reported.’
The average diameters of the magnetic iron oxide (Fes;O,) nanoparticles and the Fe—RNA conjugates were
determined by measuring 10 randomly selected particles from each sample using the image analysis software

integrated with the FESEM microscope.

For isolation of RBPs-enriched fraction, 1 g of homogenized pooled brain tissue obtained from hypoxic or control
animals was incubated with the prepared Fe—RNA conjugates for 1 h at room temperature under continuous
agitation. Following magnetic separation, the particles were washed five times until no detectable protein
remained in the supernatant. RNA-bound proteins were subsequently eluted using 0.1 M Tris buffer (pH 8.0) at
55°C and collected after magnetic separation of the nanoparticles. The isolated proteins were analyzed by SDS—
PAGE and quantified using the Bradford protein assay in three independent samples from each experimental

group.

The hydrodynamic diameter and zeta potential of the magnetic nanoparticles, RNA, and Fe—-RNA conjugates were
determined in PBS (pH 7.2) using dynamic light scattering (DLS) and electrophoretic light scattering with a
Zetasizer (Version 7.03, Malvern Panalytical Ltd.; Serial No. 1094694).

Microglial Cell Isolation and Culture

4 | Advanced Pharmaceutical Bulletin 2026



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

Primary microglial cells were isolated and cultured according to the method described by Woolf et al. (2025).18
Neonatal rats of the all groups (n=5) were euthanized by an overdose of ketamine-xylazine and cervical
dislocation, and the brains were immediately removed and transferred to cold Dulbecco's Modified Eagle Medium
(DMEM). Under a stereomicroscope, the meninges were carefully removed, and the cerebral cortex and
hippocampus were dissected. Half of the brain tissue was stored at —70°C for subsequent analyses, while the
remaining tissue was minced into small fragments in serum-free DMEM. Tissue dissociation was performed by
incubation with trypsin for 15 min, after which fetal bovine serum (FBS) was added to terminate enzymatic
digestion. The cell suspension was centrifuged at 1,000 rpm for 3 min, and the resulting supernatant was
transferred to a new tube and centrifuged again at 3,000 rpm for 5 min. The final cell pellet was resuspended in
complete culture medium and seeded into FBS-coated T-75 culture flasks. Cells were maintained in a humidified
incubator at 37°C with 5% CO,. Four hours after seeding, the culture medium was replaced to remove non-
adherent cells and cellular debris. The adherent microglial cells were subsequently maintained under standard

culture conditions until they reached the desired stage for experimentation.

Isolation and Characterization of Microglial-Derived Exosomes

Twenty-four hours after establishing the microglial cultures, the culture medium was removed, and the cells were
washed twice with phosphate-buffered saline (PBS). Serum-free DMEM (5 mL) was then added, and the cells
were incubated for an additional 24 h to allow exosome secretion. Conditioned medium was collected and
centrifuged at 3,000 x g for 15 min to remove cellular debris. The supernatant was subsequently filtered through
a 0.20-um membrane filter, and exosomes were isolated using a commercial precipitation kit (ExoCib, Iran)
according to the manufacturer's instructions. Protein concentrations of the isolated exosomes were determined
using the Bradford assay. Protein profiles of both exosome preparations and isolated RBPs were analyzed by SDS-
PAGE. Exosomes obtained from hypoxic and control microglia were processed separately throughout all

experiments.

For morphological characterization, 50 uL of each exosome suspension was deposited onto aluminum substrates
and allowed to air-dry for 1 h. Samples were fixed with 2% paraformaldehyde and sequentially dehydrated using
graded acetone solutions (30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%), with a 10-min incubation at each
concentration. The samples were then examined using a FESEM microscope. The average diameters of exosomes
derived from the microglial cells of the hypoxic and control groups were determined by measuring 10 randomly

selected particles from each sample using the image analysis software integrated with the FESEM microscope.

Exosomal surface marker expression was evaluated by flow cytometry. Exosome samples (4 pg) were suspended
in 49 uL of PEB buffer (PBS containing 5 mM EDTA and 0.5% bovine serum albumin). APC-conjugated anti-
CD63, PE-conjugated anti-CD9, and FITC-conjugated anti-CD81 monoclonal antibodies (Miltenyi Biotec,
Germany) were added, and samples were incubated for 1 h at 4°C in the dark. Following incubation, samples were
diluted with 450 pL of PEB buffer and analyzed by flow cytometry. Fluorochrome-matched isotype antibodies

served as negative controls.

The hydrodynamic diameter and zeta potential of the isolated exosomes were measured in PBS (pH 7.2) using a
Zetasizer (Version 7.03, Malvern Panalytical Ltd.).
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Loading of Hypoxia-Associated RNA-Binding Proteins into Exosomes

Fluorescein labeling of hypoxia-associated RBPs-enriched fractions, purification of labeled proteins, and exosome
loading were performed according to our previously reported protocol.® Briefly, 1 pL of FITC solution (5 mg/mL)
was activated using EDC/NHS chemistry in 10 mM MES buffer. Subsequently, 40 pg of purified RBP-enriched
fraction was added and incubated for 1 h under gentle agitation to allow covalent conjugation. The reaction was
terminated by adding 1.5 M Tris buffer (pH 8.8) to achieve a final concentration of 0.1 M. Unreacted FITC

molecules were removed by dialysis against PBS at 4°C for 48 h.

Purified FITC-labeled RBPs were subsequently loaded into exosomes using the suspension-loading method.
Briefly, isolated exosomes were transiently permeabilized with carbonate buffer (pH 9.6) and incubated with the
labeled RBPs for 1 h at room temperature. Loaded exosomes were then recovered using the ExoCib precipitation

kit according to the manufacturer's protocol and used for subsequent experiments.

Biodistribution of Microglial-Derived Exosomes

To evaluate the in vivo biodistribution of microglial-derived exosomes, 200 pL of exosome suspension (50
pg/mL) loaded with FITC-labeled RBPs was administered intravenously through the tail vein of healthy Wistar

rats (n = 4). An additional four untreated animals served as negative controls.

Twenty-four hours after administration, the animals were euthanized, and the brain, lungs, liver, kidneys, spleen,
and heart were carefully excised and placed individually in Petri dishes. Ex vivo fluorescence imaging was
performed using a KODAK FX Pro Imaging System. Images were acquired in fluorescence mode with an
exposure time of 3 min using excitation and emission wavelengths of 470 and 535 nm, respectively. Fluorescence

signals emitted from each organ were captured, digitized, and analyzed using the integrated imaging software.

Cell Viability Assay

The effects of exosomes, isolated RBPs-enriched fraction, and RBP-loaded exosomes on microglial viability,
polarization, and cytokine expression were evaluated in vitro. Protein concentrations of all preparations were

quantified using the Bradford assay and normalized before treatment.

Primary microglial cells were detached from T-75 culture flasks using trypsin, counted, and seeded into 96-well
culture plates at approximately 5 x 103 cells per well. After 48 h of incubation, cells were treated with exosomes
isolated from the C, H, CW1, and HW1 groups, the corresponding RBP-enriched fractions, or exosomes loaded
with their respective RBPs. All treatment groups received a final protein concentration of 20 pg/mL in 100 pL of
DMEM. Control wells received culture medium alone. Each experimental condition was performed with at least

five biological replicates.

After 24 h of treatment, a subset of cultures was harvested for immunological analyses and real-time PCR. The
remaining cultures were maintained for either one or two weeks to assess long-term cell viability. Cells were

cultured at 37°C in a humidified atmosphere containing 5% CO,, and the culture medium was replaced every 72
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h. During the second week, detached cells were recovered by centrifugation (2,000 rpm, 4 min) and returned to

their respective wells to minimize cell loss.

Cell viability was determined using the MTT assay. MTT reagent was prepared at a concentration of 5 mg/mL in
DMEM, and 100 pL was added to each well. Following incubation for 4 h at 37°C, the MTT solution was removed,
and the resulting formazan crystals were dissolved in 100 pL of dimethyl sulfoxide (DMSO). Plates were
incubated for an additional 30 min in the dark, after which absorbance was measured at 600 nm using a microplate

reader.

Quantitative Real-Time PCR Analysis

Following 24 h of treatment, the culture medium was removed, and the cells were washed twice with PBS. Cells
were detached using 30 pL of trypsin for 5 min, and enzymatic activity was terminated by adding 200 pL of

DMEM. The cell suspension was collected into microcentrifuge tubes and centrifuged at 2,000 rpm for 5 min.

Total RNA was subsequently extracted, and the expression levels of inflammatory and anti-inflammatory markers,
including Arginase-1 (Argl), gp91phox (NOX2), TNF-a, TGF-, IL-1p, CD80, and CD206, were quantified by
quantitative Real Time PCR. B-Actin was used as the internal housekeeping gene for normalization. Primer
sequences are listed in Table 1. Gene expression analysis was performed 24 h after treatment of the microglial
cells. Each Real Time-PCR reaction was carried out in a final volume of 20 pL containing 10 puL of 2x Master
Mix (Amplicon, Germany), 1 pL of each forward and reverse primer (Table 1), 2 uL of cDNA template, and
nuclease-free water to the final volume. Reaction mixtures were prepared in 3 replicates on ice and amplified
using a StepOnePlus™ Real-Time PCR System (Applied Biosystems, USA). The thermal cycling conditions
consisted of an initial denaturation at 94°C for 5 min, followed by 35 amplification cycles of 95°C for 30 s, 60°C

for 30 s, and 72°C for 30 s. A final extension step was performed at 72°C for 8 min.

Table 1. The gene sequences of the rat primers for Real-Time PCR analysis

'3— 5 Forward Primer Sequences Sequence
Gene . . Reference
5— 3 Reverse Primer Sequences length
F: TGCCTCAGCCTCTTCTCATTC
TNF-a 217 Sun et al., 2020

R: GCTCCTCCGCTTGGTGGTTT

F: CTTCAGCTCCACAGAGAAGAACTGC
TGF-B 298 Nakagawa et al., 2018 °
R: CACGATCATGTTGGACAACTGCTCC

F: GCAGGACTTTAAGGGTTACTTGG
IL-1B 82 O'Bryan et al., 2004 2
R: GGGGAGAAATCGATGACAGC

F: TGGTGCTGGCTG GTCTTTC
CDS80 156 Satoh et al., 2002 2
R: CTGTGCCACTTCTTTCACTTCC

F: GACGGACGAGGAGTTCATTATAC
CD206 88 Hirosawa et al., 2018 %
R: GTTGGAGAGATAGGCACAGAAG

Arginase-1 F: CCAGTATTCACCCCGGCTAC 198 Hirosawa et al., 2018 ??
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R: ACAAGACAAGGTCAACGCCA

F: CTGCCAGTGTGTCGGAATCT
NADPH.gp91 142 Aryafar et al., 20212
R : TGTGAATGGCCGTGTGAAGT

) F: TCCTTCCTGGGTATGGAATC
B-actin 103 Zhu et al., 2009 24
R : GCACTGTGTTGGCATAGAGG

Evaluation of Innate Immune Responses

Lysozyme Activity

Lysozyme activity was determined using Micrococcus lysodeikticus as the substrate. Briefly, a suspension
containing 2 mg of M. lysodeikticus in 10 mL of 0.02 M acetate buffer (pH 5.5) was prepared. Cell lysate (20 pL)
(n=5 per group) was mixed with 80 pL of the bacterial suspension in a 96-well microplate, and absorbance was
measured at 600 nm after 5 min. A decrease in absorbance of 0.001 OD/min was fits to 1 mL per minutes and

defined as one unit of lysozyme activity.?

Myeloperoxidase Activity

Myeloperoxidase (MPO) activity was measured according to the modified method of Malle et al.?6 Briefly, 10 pL
of cell lysate (n=5 per group) was mixed with 90 uL of calcium- and magnesium-free Hanks' balanced salt solution
in 96-well plates. Tetramethylbenzidine (TMB; 20 mM) and hydrogen peroxide (H,O,; 5 mM) were then added
as reaction substrates. After incubation for 5 min at room temperature, the reaction was terminated with 35 uL of

4 M sulfuric acid. MPO activity was determined by measuring absorbance at 450 nm using a microplate reader.

Antiprotease Activity

Antiprotease activity was determined according to the method described by Ellis.?” Briefly, 20 uL of 5% trypsin
was mixed with 100 puL of 50 mM Tris-HCI buffer (pH 8.2), followed by the addition of 10 uL of cell lysate (n=5
per group). Control wells (n=5) contained all reagents except the cell lysate. After incubation for 1 h at room
temperature, the substrate Na-benzoyl-DL-arginine p-nitroanilide (BAPNA; 0.1 mM) and calcium chloride (20
mM) were added to initiate the reaction. Absorbance was measured at 405 nm before and after an additional 30-
min incubation at room temperature. Antiprotease activity was calculated as the reduction in trypsin activity

relative to the control samples.

Statistical Analysis

Each experiment was performed independently at least three times unless otherwise specified. Statistical analyses
were conducted using SPSS software (Version 2022; IBM Corp., Armonk, NY, USA). Data normality was
assessed using the Shapiro—Wilk test, and homogeneity of variances was evaluated using the Brown—Forsythe
test. When the assumptions of normality were not met, comparisons were performed using the Wilcoxon rank-
sum test. Comparisons among multiple groups were performed using one-way analysis of variance (ANOVA),

followed by Tukey's post hoc multiple-comparison test. Graphs were generated using GraphPad Prism version 8
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(GraphPad Software, San Diego, CA, USA). A P value < 0.05 was considered statistically significant. Data are
presented as the mean + standard deviation (SD). Relative gene expression was analyzed using the comparative
Ct (222%Y method implemented in StepOne™ software. The AACt value was calculated according to the

following equation:
AACt = (Ct_target — Ct_-actin) sample — (Ct_target — Ct_f-actin) control

Relative expression levels were expressed as fold changes (2724%). Data are presented as the mean * standard
deviation (SD). Differences were considered statistically significant at P < 0.05. The results of the innate immune

assays were normalized according to the total protein concentration of each cell sample
Results
Hypoxia Induction

Body weight of the neonates were monitored throughout the hypoxia induction period to evaluate the
physiological effects of oxygen deprivation. Repeated exposure to hypoxia resulted in a significant reduction in
body weight compared with the control group (F(9,30) = 14.1). Weight loss became evident on the second day
after hypoxia induction (P = 0.02) and progressed further on the fourth and fifth days (P = 0.0005) (Figure 1A).
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Figure 1.

Preparation and Characterization of Fe—-RNA Conjugates

RNA was successfully conjugated to magnetic Fe nanoparticles using EDC/NHS-mediated coupling. The
morphology of the nanoparticles before and after conjugation was examined by field-emission scanning electron
microscopy (FESEM) (Figures 1B and 1C). Conjugation with RNA significantly increased the average particle
size from 29.35 + 4.20 nm for unconjugated Fe nanoparticles to 50.74 + 17.90 nm for Fe—RNA conjugates (P =
0.014, F = 18.41, DFn =5).
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Ultraviolet-visible (UV-Vis) spectroscopy demonstrated successful RNA conjugation by detecting the
characteristic absorbance at 260 nm. Based on the method described above, the conjugation efficiency was

estimated to be approximately 45% (Figures 1D-G).

The surface charge of the Fe-RNA conjugates also differed significantly from that of both unconjugated Fe
nanoparticles (P = 0.01) and free RNA (P = 0.004) (F(2,6) = 15), indicating successful surface modification
(Figure 1H). Agarose gel electrophoresis further supported RNA conjugation, as Fe-RNA conjugate exhibited a

diffuse smear pattern rather than the distinct migration observed for free RNA (Figure 11).

In addition, Fourier-transform infrared (FTIR) spectroscopy, as reported in our previous study,® further verified
successful RNA immobilization on the Fe nanoparticles. Compared with unconjugated components, the Fe—RNA
conjugates exhibited the disappearance of the amide | band, an increase in the intensity of the amide 11 band, and
the loss of characteristic phosphate (P=0) and carbonyl absorption bands of RNA, consistent with interactions

between RNA functional groups and the nanoparticle surface.

Characterization of RNA-Binding Proteins and Microglial-Derived Exosomes

The concentration of RBPs fractions isolated from brain tissues differed significantly among the experimental
groups (F(3,12) = 11.61, P = 0.0007). The highest RBP concentration was detected in the one-week post-hypoxia
(HW1) group (60.80 pg/mL), which was significantly greater than that of the control (C; 29.66 pg/mL, P = 0.001),
acute hypoxia (H; 30.41 pg/mL, P = 0.0015), and one-week control (CW1; 38.58 pg/mL, P = 0.013) groups.
Owing to the relatively low abundance of individual RBPs, proteins present at low concentrations were not readily
identified by SDS-PAGE.

Protein quantification of brain-derived exosomes also revealed significant differences among the experimental
groups. The mean protein concentrations of exosome preparations obtained from the C, H, HW1, and CW1 groups
were 140.70, 62.42, 88.14, and 108.89 pg/mL, respectively. Exosomes isolated from the control group contained
significantly higher protein levels than those isolated from the H (P = 0.0008) and CW1 (P = 0.013) groups (F(3,8)
=14.79, P = 0.0013).

The size distribution of exosomes was analyzed by dynamic light scattering (DLS) (Figures 2A-D). The principal
particle size detected in the control group was smaller than that observed in the H, CW1, and HW1 groups.
However, no significant differences were detected among the H, CW1, and HW1 groups. Analysis of zeta
potential demonstrated significant differences among the experimental groups (F(3,8) = 4.021, P = 0.046).
Specifically, exosomes isolated from the HW1 group exhibited a significantly higher zeta potential than those

from the control group (Figure 2E).
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Figure 2. Dynamic light scattering (DLS) and zeta potential analysis of isolated exosomes. Size distribution profiles of
exosomes isolated from the (A) control (C), (B) hypoxia (H), (C) one-week control (CW1), and (D) one-week post-hypoxia
(HW1) groups. (E) Zeta potential measurements of exosomes isolated from microglial cells in the corresponding experimental
groups.

Primary microglial cells exhibited characteristic morphological changes during culture. On the first day, cells
displayed a predominantly spherical morphology. Between days 3 and 5, they gradually acquired a spindle-shaped
appearance, followed by a marked increase in proliferation between days 7 and 9. By day 9, most cells exhibited
branched processes with well-defined extensions, consistent with the morphology of cultured microglia (Figure

3A).

Morphological analysis of isolated exosomes by FESEM showed no significant difference in particle diameter
between the control and hypoxia groups (F = 2.116, DFn = 9, P = 0.28). Nevertheless, exosomes isolated from
hypoxic microglia exhibited a modest increase in mean diameter (150.63 nm) compared with those isolated from
control cells (139.28 nm) (Figures 3B and 3C).

The identity of the isolated extracellular vesicles was further verified by analysis of the exosomal surface markers
CD9, CD63, and CD81 (Figure 3D). Consistent with our previous findings,'® exosomes isolated from hypoxic
microglia exhibited significantly higher expression of all three tetraspanin markers than those isolated from

control cells, confirming successful isolation of exosome-enriched vesicles.

Biodistribution of Microglial-Derived Exosomes

The tissue distribution of FITC-labeled microglial-derived exosomes was evaluated by ex vivo fluorescence
imaging 24 h after intravenous administration. Organ-specific uptake was quantified by normalizing fluorescence
intensity to the corresponding organ area. As shown in Figures 3E and 3F, exosomes exhibited a significantly
greater accumulation in the brain than in untreated control animals (F(3,12) = 5.306, P = 0.027). In contrast,
fluorescence signals detected in the lungs, liver, spleen, kidneys, and heart did not differ significantly from those

of the control group, indicating minimal uptake by these organs.
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Figure 3. Biodistribution and characterization of microglial-derived exosomes. (A) Representative images showing
morphological changes of primary microglial cells during the 9-day culture period. Cells gradually acquired a ramified
morphology, with the majority exhibiting mature microglial characteristics between days 7 and 9. (B, C) FESEM images
showing the morphology and size of exosomes isolated from control (B) and hypoxic (C) microglia. (D) Expression of the
exosomal markers CD9, CD63, and CD8L1 in exosomes isolated from the control and hypoxia groups. (E) Representative ex
vivo fluorescence images of the brain, lungs, liver, spleen, kidneys, and heart collected 24 h after intravenous administration
of FITC-labeled exosomes. (F) Quantitative analysis of fluorescence intensity demonstrating preferential accumulation of
microglial-derived exosomes in the brain. Groups with different lowercase letters differ significantly (P < 0.05).

Effects of Exosomes, RNA-Binding Proteins, and RBP-Loaded Exosomes on Microglial Viability

Microglial viability following treatment with exosomes, RBPs-enriched fraction, or RBP-loaded exosomes (EXO-

RBP) was assessed using the MTT assay and compared with untreated control cells.

Treatment with exosomes significantly affected microglial viability in a time-dependent manner (Figures 4A-C).
Twenty-four hours after treatment, exosomes derived from the hypoxia group (H) significantly increased cell
viability compared with untreated controls (F(4,15) = 11.32, P = 0.0002; H vs. control, P = 0.0026) (Figure 4A).

After 7 days, treatment with exosomes isolated from the one-week control (CW1) and one-week post-hypoxia
(HW1) groups significantly reduced cell viability relative to untreated controls (F(4,15) = 6.617, P = 0.0028;
CW1, P =0.0051; HW1, P = 0.0039) (Figure 4B).

In contrast, after 14 days, microglial viability was significantly higher in cells treated with exosomes from the C,
H, and CW1 groups than in untreated cells (F(4,15) = 7.11, P = 0.002; C, P = 0.0027; H, P = 0.0127; CW1, P =
0.0042) (Figure 4C).
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Treatment with isolated RBPs-enriched fraction produced a different temporal response (Figures 4D-F). No
significant differences in cell viability were observed 24 h after treatment (F(4,15) = 0.680, P = 0.616) (Figure
4D). However, after 7 days, RBPs-enriched fraction isolated from the control (RBP-C) and hypoxia (RBP-H)
groups significantly reduced cell viability compared with untreated cells (F(4,14) = 6.284, P = 0.0041; RBP-C, P
=0.004; RBP-H, P =0.013) (Figure 4E). By day 14, treatment with RBP-C and RBP-HW!1 significantly increased
cell viability relative to untreated controls (F(4,15) = 3.869, P = 0.0236; RBP-C, P = 0.036; RBP-HW1, P =0.024)
(Figure 4F).

Unlike exosomes or RBPs-enriched fraction alone, treatment with RBP-loaded exosomes (EXO-RBP) did not
significantly alter microglial viability at any of the evaluated time points, including day 1 (F(4,15) = 1.416, P =
0.2766), day 7 (F(4,15) = 0.326, P = 0.85), or day 14 (F(4,15) = 0.213, P = 0.926) (Figures 4G-I).
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Figure 4. Effects of exosomes, RBPs-enriched fraction, and RBP-loaded exosomes (EXO-RBP) on microglial viability.
Exosomes and RBPs-enriched fraction were isolated from the control (C), hypoxia (H), one-week post-hypoxia (HW1), and
one-week control (CW1) groups. (A-C) Cell viability measured 1, 7, and 14 days after treatment with exosomes. (D—F) Cell
viability following treatment with isolated RBPs-enriched fraction at the corresponding time points. (G—I) Cell viability
following treatment with RBP-loaded exosomes (EXO-RBP). Cell viability was normalized to untreated control cells, which
were defined as 100% viability at each time point. Different lowercase letters indicate statistically significant differences
among groups (P < 0.05).

14 | Advanced Pharmaceutical Bulletin 2026



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

Expression of Inflammatory and Anti-Inflammatory Genes

The effects of vehicle exosomes and RBP-loaded exosomes (EXO-RBP) on microglial inflammatory responses
were evaluated by quantitative real-time PCR analysis of genes associated with pro-inflammatory and anti-
inflammatory phenotypes. Relative expression levels of CD80, CD206, TNF-a, TGF-f, IL-1p, NOX2

(gp91phox), and Arginase-1 are summarized in Figure 5.

Treatment with control-derived exosomes (Exo-C) markedly increased the expression of CD80 (30.8-fold),
CD206 (4.2-fold), TGF-B (34.2-fold), and TNF-a (53.5-fold) relative to untreated microglial cells (Figures 5A—
D).

Microglia treated with exosomes isolated from the hypoxia group (Exo-H) exhibited even greater induction of
CD80 (53.2-fold) and CD206 (44.1-fold). In addition, expression of TGF-f, TNF-o, and IL-1p increased by 2.5-
, 16.2-, and 10.6-fold, respectively (Figures 5A-E).

In contrast, treatment with exosomes isolated from the HW1 and CW1 groups produced only minor changes in
gene expression, with all evaluated genes exhibiting less than threefold variation compared with untreated controls
(Figure 5).

Distinct expression profiles were observed following treatment with RBP-loaded exosomes. Exosomes loaded
with RBP-C induced marked increases in CD80 (54.3-fold), CD206 (26.9-fold), TGF-p (28.8-fold), TNF-a. (13.1-
fold), and NOX2 (11.1-fold) expression (Figures 5A—F).

Treatment with Exo-CW1 loaded with RBP-CW!1 resulted in the greatest induction of Arginase-1 (240.6-fold),
accompanied by increased expression of TGF-f (43.5-fold) and CD206 (8.6-fold). More moderate increases were
also observed for TNF-a. (6.8-fold) and NOX2 (5.4-fold) (Figures 5B-G).

Microglia treated with Exo-H loaded with RBP-H displayed increased expression of CD80 (11.7-fold), CD206
(39.6-fold), and TGF-B (10.9-fold), whereas TNF-o expression increased only modestly (1.3-fold) (Figures 5A—
D).

Similarly, treatment with Exo-HW1 loaded with RBP-HW1 increased the expression of CD80 (11.8-fold), CD206
(5.4-fold), TGF-p (53.7-fold), and NOX2 (27.1-fold) compared with untreated microglial cells (Figures 5A, 5B,
5D, and 5F).
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Figure 5. Relative expression of inflammatory- and anti-inflammatory-associated genes in microglial cells following treatment
with vehicle exosomes or RNA-binding protein-loaded exosomes (EXO-RBP). Expression levels of (A) CD80, (B) CD206,
(C) TNF-0, (D) TGF-B, (E) IL-1, (F) NOX2 (gp91phox), and (G) Arginase-1 were determined by quantitative real-time PCR.
Exo-C, Exo-H, Exo-CW1, and Exo-HW1 represent exosomes isolated from the corresponding experimental groups, whereas
EXO-RBP denotes exosomes loaded with the corresponding RNA-binding proteins. Relative expression was calculated using
the 2744Ct method with B-actin as the internal reference gene. Different lowercase letters indicate statistically significant
differences among groups (P < 0.05).

Innate Immune Responses

The effects of exosomes, RBPs-enriched fraction, and RBP-loaded exosomes (EXO-RBP) on innate immune
responses were evaluated by measuring antiprotease, lysozyme, and myeloperoxidase (MPQ) activities (Figure
6).

Antiprotease Activity

Significant differences in antiprotease activity were observed among the treatment groups (F(12,26) = 30.01, P <
0.0001). Treatment with RBP-HW1 resulted in the lowest antiprotease activity compared with all other
experimental groups (P < 0.0001). Similarly, exosomes loaded with RBP-HW!1 significantly reduced antiprotease
activity (P = 0.0007). In contrast, exosomes loaded with RBP-H and RBP-CW1 exhibited significantly higher

antiprotease activity than untreated control cells (Figure 6A).
Lysozyme Activity

Lysozyme activity also differed significantly among the treatment groups (F(12,26) = 15.82, P < 0.0001). Cells
treated with RBP-H displayed significantly lower lysozyme activity than the remaining groups (P = 0.0139).
Conversely, treatment with EXO-RBP-HW1 (P = 0.0003), RBP-C (P = 0.0002), RBP-CW1 (P < 0.0001), Exo-
CW1 (P =0.0053), and Exo-H (P = 0.0140) significantly increased lysozyme activity relative to untreated controls
(Figure 6B).
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Myeloperoxidase Activity

Myeloperoxidase (MPO) activity was significantly affected by the different treatments (F(12,26) = 34.38, P <
0.0001). Compared with untreated microglia, significantly higher MPO activity was observed following treatment
with Exo-C (P < 0.0001), Exo-H (P = 0.0021), Exo-CW1 (P < 0.0001), Exo-HW1 (P = 0.0021), RBP-C (P <
0.0001), RBP-CW1 (P < 0.0001), RBP-HW1 (P = 0.0016), EXO-RBP-C (P < 0.0001), and EXO-RBP-CW1 (P
=0.0002) (Figure 6C).
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Figure 6. Effects of exosomes, RBPs-enriched fractions, and RBP-loaded exosomes (EXO-RBP) on innate immune responses
in microglial cells. (A) Antiprotease activity, (B) lysozyme activity, and (C) myeloperoxidase (MPO) activity following
treatment with samples derived from the control (C), hypoxia (H), one-week control (CW1), and one-week post-hypoxia
(HW?1) groups. Different lowercase letters indicate statistically significant differences among treatment groups (P < 0.05).

Discussion

Appropriate regulation of inflammatory responses is essential for maintaining microglial homeostasis and normal
central nervous system function. Although the molecular mechanisms responsible for microglial activation have
been extensively investigated, considerably less is known about the processes that terminate inflammation and
restore immune homeostasis. Exosomes have emerged as important mediators of intercellular communication and
may function either as distress signals released by injured cells or as regulators that promote the resolution of
inflammation. Accordingly, one of the primary objectives of the present study was to investigate the role of
microglia-derived exosomes in transmitting hypoxia-associated signals and modulating inflammatory responses
in recipient microglial cells.

Previous studies have shown that exosomes derived from hypoxic mesenchymal stem cells promote functional
recovery following spinal cord injury by facilitating the polarization of microglia from a pro-inflammatory to a
reparative phenotype.?® In contrast, our findings demonstrate that exosomes released from hypoxic microglia exert
markedly different biological effects. Specifically, treatment of healthy microglial cells with hypoxia-derived
exosomes markedly increased the expression of the pro-inflammatory markers CD80 and IL-1p, accompanied by
reduced TGF-p expression, indicating that exosomes originating from hypoxic microglia propagate inflammatory
signals rather than suppress them. These findings suggest that the biological activity of exosomes is highly

dependent on the physiological state and cellular origin of the donor cells.

Consistent with our previous observations, exosome size remained within the expected range (approximately 50—
150 nm) and did not differ significantly among the experimental groups. In contrast, hypoxic conditions altered

several other exosomal characteristics. Although hypoxia increased exosome release, the protein content of
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individual exosome preparations was reduced, which may reflect diminished cellular viability or altered exosome
biogenesis under hypoxic stress. Furthermore, our previous study demonstrated increased expression of the

canonical exosomal markers CD9, CD63, and CD81 in exosomes isolated from hypoxic microglia.'6

The physicochemical properties of extracellular vesicles, particularly particle size and zeta potential, are
influenced by multiple technical factors, including the isolation method, storage conditions, buffer composition,
and measurement conditions.?>® Because these variables were carefully standardized across all experimental
groups, the observed differences in zeta potential are more likely to reflect biological alterations in exosomal
membrane composition than methodological variation. Notably, the increase in zeta potential became more
pronounced during the recovery phase one week after hypoxia, suggesting that hypoxic injury induces persistent
remodeling of the exosomal membrane. Such changes may involve alterations in membrane lipid composition,
sialylation, or membrane-associated proteins, although these possibilities require further biochemical

investigation.

Microglial polarization has emerged as an attractive therapeutic target for neurological disorders characterized by
excessive neuroinflammation. Several experimental approaches, including IL-4, interferon regulatory factor 7
(IRF7), miR-124, and chitinase-1, have been shown to promote the transition of microglia toward a reparative
phenotype and improve outcomes in experimental models of central nervous system injury.3:-3* Our findings
extend this concept by identifying hypoxia-associated RBPs as previously unrecognized modulators of microglial
polarization. In particular, exosomes loaded with RBPs isolated during the recovery phase preferentially enhanced
the expression of anti-inflammatory markers, including Arginase-1, CD206, and TGF-B, while producing a
distinct transcriptional profile compared with exosomes alone. These observations suggest that RBPs may

contribute to the regulation of microglial phenotypic plasticity following hypoxic injury.

Collectively, the present findings indicate that hypoxia modifies both the molecular cargo and the biological
activity of microglial-derived exosomes. Whereas exosomes released during acute hypoxia predominantly
promoted pro-inflammatory signaling, the incorporation of hypoxia-associated RBPs substantially altered the
transcriptional responses of recipient microglia, suggesting that these proteins participate in shaping the
inflammatory phenotype after hypoxic injury. Further studies are warranted to identify the individual RBPs
responsible for these effects and to determine whether modulation of exosomal RBP cargo represents a feasible

therapeutic strategy for the treatment of hypoxia-associated neuroinflammatory disorders.

Previous studies have shown that exosomes can exert either beneficial or detrimental biological effects depending
on the physiological state of their donor cells and the molecular composition of their cargo. Exosomes released
under pathological conditions may contain elevated levels of glutamate, viral proteins, or pro-inflammatory
cytokines, thereby contributing to cellular injury and the propagation of inflammation. In contrast, microglia-
derived exosomes have also been reported to promote neurite outgrowth, enhance neuronal survival following
hypoxic injury, and support metabolic recovery in neural tissues.*® These observations underscore the context-

dependent nature of exosome-mediated signaling.

In the present study, no significant changes in the viability of healthy microglial cells were detected 24 h after
treatment with either exosomes or RBP-loaded exosomes, indicating that these treatments did not induce acute

cytotoxicity. Although treatment with isolated RBPs reduced cell viability after one week, this effect was not
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observed when the same proteins were delivered within exosomes. These findings suggest that the primary
biological effects of exosomes and RBPs are related to modulation of cellular metabolism and functional
phenotype rather than the direct induction of cell death. Consistent with this interpretation, our previous study
demonstrated that exosomes isolated from the CW1 group enhanced the viability of hypoxic microglial cells.®
Furthermore, exosomes derived from microglia under different physiological conditions elicited distinct
inflammatory and anti-inflammatory transcriptional responses in recipient cells. Collectively, these findings
indicate that the physiological state of the donor microglia influences the biological activity of their released
exosomes. Consequently, assessment of inflammatory gene expression provides a more informative measure of

exosome-mediated functional changes than cell viability alone.

Another important finding of this study is the preferential accumulation of microglia-derived exosomes within
brain tissue following systemic administration. Consistent with previous reports, exosome uptake is highly
selective and depends on both the donor and recipient cell types. For example, neuron-derived exosomes are
preferentially internalized by neighboring neurons, whereas microglia efficiently internalize extracellular vesicles
released from neurons, astrocytes, oligodendrocytes, and other microglia.®® This selective uptake is largely
mediated by membrane-associated molecules, including lipids, integrins, tetraspanins, glycoproteins, and other

surface ligands that regulate cell-specific recognition.

The preferential localization of microglia-derived exosomes to the brain observed in the present study further
supports their physiological role in intercellular communication within the central nervous system and highlights
their potential as targeted delivery vehicles for therapeutic molecules. Nevertheless, several challenges remain
before exosome-based therapies can be translated into clinical practice. Native exosomes may carry donor-derived
immunogenic molecules, including major histocompatibility complex (MHC) proteins, particularly MHC class |
molecules, which could trigger immune responses in allogeneic recipients. Therefore, strategies aimed at reducing
the immunogenicity of exosomal cargo or engineering exosomes with improved biocompatibility will likely be

required for their safe therapeutic application.

Our findings also suggest that hypoxia-associated RBPs may represent promising therapeutic candidates
independent of the exosomal carrier. Because many RBPs are highly conserved and function as central regulators
of post-transcriptional gene expression, they may provide a novel strategy for modulating microglial activation
and inflammatory responses after hypoxic brain injury.3-%® Future studies should identify the individual RBPs
responsible for these effects and define the molecular pathways through which they regulate microglial phenotype

and neuroinflammation.

RBPs are key regulators of post-transcriptional gene expression that influence RNA processing, stability,
transport, localization, and translation.*® Eukaryotic cells express a large and diverse repertoire of RBPs, each
characterized by distinct RNA-binding specificities and protein—protein interaction networks. Throughout
evolution, these regulatory networks have become increasingly complex, enabling RBPs to coordinate cellular
metabolism and adaptive responses to environmental stress. Like many signaling proteins, RBPs are regulated not
only at the transcriptional level but also through post-translational modifications that influence their activity,

localization, and interactions with RNA.*
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The present study expands the current understanding of RBP function by demonstrating that RBP-enriched
fractions isolated from hypoxic brain tissue modulate inflammatory gene expression in recipient microglial cells.
These findings complement our previous work, in which hypoxia-associated RBPs enhanced the expression of
genes involved in cellular adaptation to hypoxia, including HIF-10, VEGF-A, protein disulfide isomerase (PDI),
and carboxypeptidase E (CPE).'® Together, these observations suggest that RBPs participate in coordinating
multiple adaptive responses to hypoxic stress, including both metabolic adaptation and regulation of

neuroinflammation.

RBPs are also increasingly recognized as important regulators of innate and adaptive immune signaling through
their ability to control mRNA stability, translation, and degradation.** By selectively regulating inflammatory
transcripts, RBPs enable cells to rapidly adjust gene expression in response to changes in the local
microenvironment. The present findings indicate that hypoxia-associated RBPs modify the expression of both
pro-inflammatory and anti-inflammatory mediators, supporting their involvement in regulating microglial

activation following hypoxic injury.

Activated microglia play a central role in the neuroinflammatory response by releasing mediators such as TNF-a,
IL-1B, reactive oxygen species (ROS), and other inflammatory factors. Conversely, they can promote tissue repair
by producing cytokines including I1L-4, IL-10, and TGF-B.*? In the present study, treatment with Exo-C loaded
with RBP-C produced a transcriptional profile characterized by increased expression of several pro-inflammatory
markers. In contrast, exosomes carrying RBP-H or RBP-CW1 preferentially enhanced the expression of genes
associated with anti-inflammatory or reparative responses, particularly TGF-f, CD206, and Arginase-1. Although
these findings suggest that hypoxia-associated RBPs influence the balance of inflammatory signaling, the specific
proteins responsible for these effects remain unknown. Identification of these individual RBPs and

characterization of their molecular targets should be a priority for future investigations.

Reactive oxygen species generated by NADPH oxidases are known to play important roles in both tissue injury
and repair following cerebral hypoxia. Vermot et al. demonstrated that hypoxic conditions activate NOX2 and
NOX4, thereby increasing ROS production and enhancing VEGFR2-dependent angiogenic signaling.*® In
agreement with this concept, the highest NOX2 expression observed in the present study occurred in microglia
treated with Exo-HW1 containing RBP-HW1. Rather than simply indicating oxidative damage, this increase may
reflect activation of signaling pathways involved in vascular remodeling and tissue repair during recovery from
hypoxic injury. Nevertheless, additional functional studies will be required to distinguish between the detrimental

and reparative roles of NOX signaling in this context.

Persistent neuroinflammation following hypoxia has been reported previously. Ziemka-Nalecz et al. demonstrated
that inflammatory responses are initiated within minutes after hypoxic injury and may persist for weeks or even
months.2 Consistent with these observations, the present study identified sustained alterations in inflammatory
gene expression following exposure to hypoxia-associated exosomes and RBPs. However, prolonged changes in
microglial viability were not observed, possibly because the biological activity of the transferred proteins

diminished over time owing to protein turnover and intracellular degradation.

The biological effects of individual cytokines should also be interpreted within the context of the overall

inflammatory network. For example, TNF-a can promote cell survival and proliferation through activation of TNF

20 | Advanced Pharmaceutical Bulletin 2026



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

receptor 2 (TNFR2) and the Akt signaling pathway, whereas excessive TNF-a signaling through TNF receptor 1
(TNFR1) activates caspase-dependent apoptotic pathways. Consequently, evaluation of individual cytokines in
isolation may not accurately reflect the functional state of microglia. Comprehensive profiling of inflammatory
mediators, together with pathway-level analyses, is therefore likely to provide a more accurate assessment of

microglial activation and the mechanisms through which RBPs regulate neuroinflammatory responses.

Transforming growth factor-p1 (TGF-B1) is a key regulator of immune homeostasis in the central nervous system
and plays an important role in limiting excessive inflammation following brain injury. Increased TGF-B1
expression promotes the acquisition of reparative microglial phenotypes and contributes to tissue repair after
hypoxic or ischemic insults. In addition to its anti-inflammatory functions, TGF-B1 regulates several downstream

genes involved in inflammatory signaling and tissue remodeling, including COX-2, IL-6, and NOX4.+ Li et al.

demonstrated that both TGF-B1 and its receptors (TGFBRI and TGFBRII) are highly expressed in the developing

brain and are further upregulated following hypoxic injury.+> Consistent with these observations, the present study

showed marked induction of TGF-p expression following treatment with Exo-C and EXO-RBP-CW1. These
findings suggest that both exosomal cargo and hypoxia-associated RBP-enriched fractions contribute to the
regulation of signaling pathways involved in maintaining microglial homeostasis and promoting recovery after

hypoxic stress.

Arginine metabolism has emerged as an important determinant of microglial function during neuroinflammation.
Increased expression of Arginase-1 shifts arginine metabolism away from nitric oxide production and has
frequently been associated with tissue repair and the resolution of inflammation. Chen et al. reported that arginine
supplementation reduced neuronal loss following cerebral ischemia and attenuated inflammatory responses in

cultured microglia.+® Similarly, increased arginase expression has been observed in the cortex, hippocampus, and
infiltrating macrophages following hypoxic brain injury.®.+” In the present study, the highest Arginase-1

expression was detected in microglia treated with EXO-RBP-HW1 and EXO-RBP-CW1. These findings suggest
that RBP-enriched fractions isolated during the recovery phase preferentially activate molecular pathways

associated with tissue repair and inflammatory resolution.

The expression patterns of CD206, TGF-B, CD80, and TNF-a further support the concept that hypoxia-associated
exosomal cargo modulates microglial activation rather than producing a simple binary transition between
inflammatory states. CD206, the macrophage mannose receptor, is widely recognized as a marker associated with

reparative microglial functions, including phagocytosis and tissue remodeling.+® In the present study, increased

CD206 expression closely paralleled TGF-f expression, whereas elevated CD80 expression was generally
accompanied by increased TNF-o, consistent with previous reports describing inflammatory activation of
microglia and macrophages.3* Importantly, the simultaneous expression of both inflammatory and reparative
markers observed in several treatment groups suggests a dynamic or transitional activation state rather than a

strictly polarized phenotype, reflecting the complexity of microglial responses following hypoxic injury.

Functional analyses of innate immune responses were consistent with the transcriptional findings. Exosomes
derived from hypoxic microglia significantly increased lysozyme and myeloperoxidase activities in recipient

microglial cells, whereas hypoxia-associated RBP-enriched fractions partially attenuated these responses,
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particularly by reducing lysozyme activity. Moreover, exosomes isolated from the C and CW1 groups produced
distinct innate immune responses despite both being derived from non-hypoxic animals. These differences likely
reflect developmental changes occurring during the early postnatal period, when both the central nervous system

and the innate immune system undergo rapid maturation.+®,5° Consequently, the biological activity of exosomes

appears to depend not only on pathological stimuli such as hypoxia but also on the developmental stage of the

donor cells.

Collectively, our findings indicate that the physiological state of donor microglia profoundly influences both the
molecular composition and the biological activity of their released exosomes. Acute hypoxia generates exosomes
that preferentially amplify inflammatory signaling, whereas RBP-enriched fractions obtained during the recovery
phase promote transcriptional programs associated with inflammatory regulation and tissue repair. These
observations identify hypoxia-associated RBPs as potential modulators of microglial function and suggest that
engineering the molecular cargo of exosomes, or selectively targeting exosome-mediated communication after
hypoxic injury, may represent promising therapeutic strategies for limiting neuroinflammation while preserving

endogenous repair mechanisms.

Limitations

This study has several limitations that should be considered when interpreting the findings. First, the RBP-
enriched fractions isolated using RNA-conjugated Fe nanoparticles were neither characterized by mass
spectrometry nor validated by immunoblotting for canonical RBPs. Consequently, the specific protein
components responsible for the observed biological effects remain unidentified, and the potential contribution of
co-isolated proteins cannot be entirely excluded. Second, although the study demonstrated significant associations
between hypoxia-derived exosomes, RBP-enriched fractions, and alterations in microglial inflammatory
responses, no mechanistic intervention experiments, such as inhibition of exosome uptake or knockdown of
specific RBPs, were conducted to establish causal relationships. Finally, comprehensive characterization of

exosomal cargo, including proteomic and transcriptomic profiling, was beyond the scope of this study.

Future studies should identify individual RBPs and other bioactive exosomal components using high-resolution
proteomic techniques, such as liquid chromatography-tandem mass spectrometry (LC-MS/MS), complemented
by targeted immunoblot validation. Functional analyses employing gain- and loss-of-function approaches, along
with inhibition of exosome uptake, will be essential to elucidate the molecular pathways underlying the observed
effects. Addressing these limitations will provide a more comprehensive understanding of exosome-mediated
communication during brain hypoxia and will better establish the therapeutic potential of hypoxia-associated,

RBP-enriched fractions in neuroinflammatory and neurodegenerative disorders.

Conclusion

The present study demonstrates that both microglia-derived exosomes and RBP-enriched fractions influence
microglial function following hypoxic injury. Although these treatments produced only limited effects on cell
viability, they markedly altered the expression of genes associated with inflammatory and reparative responses.
Exosomes released from hypoxic microglia promoted a transcriptional profile characterized by increased

expression of pro-inflammatory markers, whereas exosomes carrying hypoxia-associated RBP-enriched fractions
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shifted gene expression toward a more regulatory phenotype, with enhanced expression of molecules such as
TGF-B, CD206, and Arginase-1. These findings indicate that the biological activity of microglial exosomes is

strongly influenced by the physiological state of the donor cells and by the molecular composition of their cargo.

Our results further suggest that hypoxia-associated RBP-enriched fractions modulate inflammatory signaling in
recipient microglia and may contribute to the regulation of neuroinflammatory responses during recovery from
hypoxic injury. Rather than supporting a simple transition between discrete microglial phenotypes, the observed
transcriptional changes are consistent with dynamic modulation of microglial activation, reflecting the complexity
of inflammatory regulation within the central nervous system. Collectively, this study identifies hypoxia-
associated RBP-enriched fractions as previously unrecognized modulators of exosome-mediated intercellular
communication in the brain and provides new insight into the molecular mechanisms underlying microglial
responses to hypoxia. Future studies should identify the individual RBPs responsible for these biological effects
using proteomic approaches, including mass spectrometry, and investigate how specific exosomal cargo
components regulate microglial signaling and neuroinflammation. Such studies may facilitate the development of
engineered exosome-based therapeutics or RBP-targeted strategies for the treatment of hypoxia-associated

neurological disorders and other neurodegenerative diseases.
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