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Abstract

Neuroinflammation, driven by activated microglia, contributes to the progression of neu-
rodegenerative diseases. Extracellular vesicles mediate intercellular communication and
influence immune responses. Chrysin, a natural flavone found in fruits and propolis, has
demonstrated anti-inflammatory effects. This study explored the immunomodulatory po-
tential of chrysin-loaded EVs (EVs-Chry) derived from BV2 microglial cells. BV2 cells were
treated with chrysin for 24 h to assess cytotoxicity and proliferation. EVs were isolated from
treated and untreated cells, characterized by nanoparticle tracking analysis, and applied to
naive BV2 cells prior to LPS stimulation. Effects on cell morphology, migration, cytokine
expression (IL-1f3, IL-6), inflammasome activity (caspase-1), and apoptosis-related protein
Bcl-xL were investigated. Our results show that EVs-Chry significantly reduced LPS-
induced cell proliferation, restored resting microglial morphology, and reduced migratory
capacity. Furthermore, co-treatment with EVs-Chry and LPS reduced pro-inflammatory
cytokines such as IL-1f3, IL-6, and caspase-1 expression while enhancing anti-apoptotic
Bcl-xL levels, indicating a shift toward an anti-inflammatory, neuroprotective micro-glial
phenotype. Together, our results demonstrated that EVs-Chry have neuroprotective effects
on LPS-induced microglial activation and modulate microglial responses to inflammatory
stimuli, attenuating pro-inflammatory signaling and promoting cellular homeostasis. These
findings support the therapeutic potential of EVs-Chry in the context of neuroinflammatory
and neurodegenerative disorders.

Keywords: neuroinflammation; extracellular vesicles; chrysin; microglia; anti-inflammatory;
BV2 cells

Molecules 2025, 30, 3131

https://doi.org/10.3390/molecules30153131


https://doi.org/10.3390/molecules30153131
https://doi.org/10.3390/molecules30153131
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-2399-3781
https://orcid.org/0000-0002-0271-0490
https://orcid.org/0009-0005-6775-6608
https://orcid.org/0009-0003-1603-3827
https://orcid.org/0000-0001-5457-1069
https://orcid.org/0000-0002-0106-3615
https://orcid.org/0000-0001-5693-6172
https://orcid.org/0000-0002-9851-3124
https://orcid.org/0009-0000-5722-2980
https://orcid.org/0000-0002-7526-6968
https://doi.org/10.3390/molecules30153131
https://www.mdpi.com/article/10.3390/molecules30153131?type=check_update&version=1

Molecules 2025, 30, 3131

20f19

1. Introduction

The microglia are cells of mesodermal origin that have been described as ramified,
resident macrophages that populate the central nervous system (CNS) [1,2]. Microglia can
be categorized based on their morphology and function, i.e., MO, M1, and M2 [3,4]. The
MO phenotype represents microglia in the resting state. These cells monitor the presence
of pathogens in the local environment and sense the microenvironment by interacting
with neurons, ependymal cells, and other glial cells, such as astrocytes [5]. As members of
the mononuclear macrophage family, microglia also perform a range of functions similar
to those of macrophages. These include the identification and monitoring of dead cells,
pathogenic microorganisms, and endogenous or exogenous compounds [6,7]. The M1
(classically activated) phenotype is characterized by the production of pro-inflammatory
cytokines (such as TNF-«, IL-6, and IL-1p), chemokines, and reactive oxygen species
(ROS), which lead to an acute immune response. This phenotype also expresses the cell
surface marker, CD86, which is associated with detrimental effects on functional nerve
cells [8]. The M2 (alternatively activated) phenotype is characterized by the production of
anti-inflammatory cytokines (e.g., IL-10) and tissue remodeling receptors (CD206, Arg-1,
etc.), which promote tissue repair, debris removal, wound healing and restoration of brain
homeostasis [9].

Neuroinflammation is a frequent occurrence in cases of neurodegenerative diseases,
including Alzheimer’s and Parkinson’s diseases [10]. The process is driven by the polar-
ization of glial cells, among which microglia have distinct activation profiles, including
pro-inflammatory phenotypes. Specifically, microglial activation demonstrates a highly
dynamic and often overlapping spectrum, with subsets of M2 activation resulting from
a wide range of inflammatory mediators [11,12]. These different activation states allow
microglia to respond by inducing or resolving inflammation, which can be deleterious
or beneficial to neurons [10]. Following an infectious trigger or injury, pro-inflammatory
signaling cascades are activated in microglia, including the nuclear factor kappa light chain
enhancer of activated B cells (NF-«B) pathway. This activation leads to the production of
pro-inflammatory cytokines such as tumour necrosis factor-« (TNF-«), interleukin-6 (IL-6),
and interleukin-1f3 (IL-1f) [13]. These cytokines are released and spread to the nearby tis-
sues, where they trigger a positive feedback loop that induces the activation of surrounding
microglia and contributes to the sustained inflammation over time [14]. Several studies
have used lipopolysaccharide (LPS) in vitro to stimulate neuroinflammation. LPS activates
microglia, driving them towards a pro-inflammatory M1 phenotype characterized by the
release of pro-inflammatory cytokines. The transcriptional responses triggered by LPS or
IFN-vy have been analyzed, revealing upregulation of key M1 markers such as IL-13, IL-6,
TNF-« and NOS2 [3,6,9].

Extracellular vesicles (EVs) are biologically active, nanoscale, membrane-bound par-
ticles released by all cell types. They vary in size and are typically classified into three
categories: small extracellular vesicles (sEVs) or mesh-sized EVs, medium-sized extracel-
lular vesicles (mEVs) or microvesicles, and large extracellular vesicles (IEVs) or apoptotic
bodies. Among these, sEVs and mEVs are the most extensively studied and are known to
play key roles in cell-to-cell communication [15,16]. Indeed, studies have shown that under
conditions of cellular stress, microglia were able to upregulate the release of EVs containing
pro-inflammatory mediators, such as IL-1f3, IL-6, TNF-«, and caspase-1, contributing to the
propagation of neuroinflammation [17,18]. The ability of EVs to transport bioactive material
between cells is crucial to their therapeutic potential. Due to the wide range of cargo they
can carry, EVs display multifaceted functions, capable of exerting both neuroprotective and
neurotoxic effects [19].
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These EVs serve as vectors for targeted drug delivery and as potential biomarkers for
conditions such as ischemia, inflammation, and neuropathy associated with cerebrovascular
diseases. Given their dual role as producers and recipients of EVs, we believe that microglia
is a potential therapeutic target in the orchestration of neuroinflammation and potentially
in its resolution [20].

In this context, the identification of bioactive compounds capable of modulating
microglial function is of growing interest. Among these, chrysin has attracted partic-
ular attention due to its promising therapeutic potential. Chrysin, chemically known
as 5,7-dihydroxy-2-phenyl-4H-chromone-4-one or 5,7-dihydroxyflavone, is a flavonoid
compound [21]. It is naturally found in various sources, including honey, propolis, Orox-
ylum indicum and Passiflora caerulea, and several mushroom species, such as Lactarius
deliciosus [22,23].

Chrysin has demonstrated significant pharmacological activities in numerous studies,
including antitumour effects against various cancers, such as breast and colorectal cancer.
Research studies have highlighted its ability to modulate various molecular pathways, in-
cluding NF-«B, STAT3, Notchl, PI3K and microRNA [24,25]. These properties contribute to
the inhibition of different forms of tumour growth and metastasis. In addition, the potential
of chrysin in regulating neuroinflammation is substantiated by its capacity to modulate piv-
otal molecular pathways, including NF-«kB, PI3K/Akt/mTOR, and JNK signaling cascades,
that are critically involved in inflammatory responses and cell survival [26-28]. Chrysin’s
anti-inflammatory effects are linked to its ability to downregulate pro-inflammatory sig-
naling pathways, leading to a reduction in the production of pro-inflammatory cytokines
and the suppression of inflammatory enzymes expression such as inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2). Additionally, chrysin enhances the body’s
antioxidant defenses through the activation of enzymes such as superoxide dismutase
(SOD) and glutathione peroxidase [29-31].

The main limitation of chrysin is its poor bioavailability, mainly due to its high
metabolism in the intestine, liver and several target cells, through conjugation, biotransfor-
mation and production of glucuronides and sulphate derivatives [32]. Chrysin shows a
very low volume of distribution, and its oral bioavailability is approximately 0.003-0.02%.
For this reason, it is crucial that chrysin is administered at concentrations up to 100 mg/kg
to achieve the desired therapeutic levels [33]. However, it should be noted that this may
entail a significant risk of toxicity as the lethal dose of oral chrysin is 4350 mg/kg [34,35].

Several studies have evaluated the strategy of using nanoparticles to facilitate the
transport of chrysin across the blood-brain barrier (BBB). To enhance the efficiency of
the chrysin passage across the BBB, we employed a novel strategy utilizing EVs derived
from microglia [36]. This approach relied on the intrinsic targeting capabilities of EVs
toward stem cells, together with their ability to transport functional RNAs and chrysin
itself. This method also exploited the natural pathway to achieve more precise and effi-
cient cargo delivery, compared to less targeted approaches using synthetic nanoparticle
systems [37-39].

This study aimed to test the hypothesis that stimulation of BV2 microglial cells with
chrysin promotes the release of EVs enriched with anti-inflammatory molecules, potentially
contributing to the attenuation of inflammation within the brain parenchyma. Our findings
provide valuable insights into the role of EVs in microglial communication, as well as
their involvement in the diffusion and the delivery of anti-inflammatory agents in the
brain. To evaluate the functional impact of these vesicles, EVs loaded with chrysin (EVs-
Chry) were applied to resting BV2 microglial cells, followed by LPS stimulation. This
approach was used to assess their capacity to induce microglial polarization towards
an anti-inflammatory phenotype. We further investigated the responses of EVs-Chry-
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treated BV2 cells by analyzing morphological changes, cell proliferation, migration, and
the expression and release of pro-inflammatory cytokines under controlled experimental
conditions. Our results indicate that EVs play a significant role in communication between
microglial cells and may serve as effective cargo transport systems that contribute to the
regulation of brain neuroinflammation.

2. Results
2.1. Chrysin Cytotoxicity and Microglial Proliferation Effects

To evaluate the cytotoxicity of chrysin (Figure 1A) and its effects on BV2 microglial cell
viability, the CyQUANT® Cell Proliferation Assay was performed. BV2 cells were treated
with chrysin at concentrations ranging from 5 to 50 M for 24 h. Our results showed that
chrysin was non-cytotoxic at all tested concentrations. As shown in Figure 1A, treatment
with chrysin at 5 uM, 10 uM and 20 pM significantly enhanced BV2 cell proliferation
compared to untreated control cells. Based on these findings, the CYyQUANT® assay was
repeated using 5 and 20 uM chrysin, with or without 1 pg/mL lipopolysaccharide (LPS),
following a 24 h incubation (Figure 1B). Pre-treatment with chrysin in combination with
LPS for 24 h significantly altered the viability of BV-2 microglial cells compared to the
proliferative effects observed with LPS stimulation alone.

(A) (B)
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Figure 1. Chrysin effects on BV2 microglial cells proliferation. (A). Chrysin concentration-dependent
effects on BV2 microglial cells. The results are representative of three independent experiments.
(B) Effects of Chrysin at various concentrations on BV2 microglial cells proliferation in the absence
or presence of LPS. Data are expressed as percentage of control values. Data are expressed as
mean + standard deviation (S.D.). * p < 0.05, ** p < 0.01, and ** p < 0.001 vs. control group;
##H# p < 0.001 vs. LPS-treated group.

2.2. Isolation, Characterization and Cytotoxic Effect of Chrysin-Loaded EVs from Microglial Cells

EVs were isolated from BV2 microglial cell lines under three conditions: untreated
cells (control) and stimulated with chrysin at concentrations of 5 uM and 20 uM. After 24 h
of treatment, EVs were isolated from the culture medium through a series of centrifugations,
as described below. The isolated EVs—designated as EVs-CTR (from unstimulated cells;
Figure 2A), EVs-Chry5uM (from cells treated with 5 uM chrysin; Figure 2B), and EVs-
Chry20uM (from cells treated with 20 pM chrysin; Figure 2C) were initially analyzed for
particle diameter distribution using the ZetaView nanoparticle tracking system.

Subsequently, EV concentrations were quantified using the BCA protein assay. These
EVs were then applied to BV2 cells for an additional 24 h incubation to assess their
biological activity.

Therefore, the CYQUANT® assay was repeated after 24 h, with the addition of either
EVs-Chry at 5 uM or at 20 uM, in the presence or absence of LPS. Pretreatment with EVs-
Chry at 5 uM in combination with LPS had a significant effect on the viability of BV-2
microglial cells, resulting in the inhibition of LPS-induced proliferation (Figure 3A). Based
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on these results, EVs-Chry 5uM were selected for all subsequent analyses and are hereafter
referred to as EVs-Chry. The absorbance at 348 nm (the Amax of chrysin) of the lysates from
the EVs-CTR and EVs-Chry samples was analyzed. Figure 3B shows higher absorbance
only in EVs-Chry. Further characterization of the vesicle preparation using the ZetaView
system provided detailed information about the extracellular vesicles, including particle
concentration and size distribution of the EV samples.
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Figure 2. Characterization of EVs obtained from BV2 cell supernatant. EV samples examined with
ZetaView are predominantly composed of vesicles with diameters ranging from 20 to 420 nm. In the
EVs-CTR group (A), most vesicles show a diameter between 100 and 150 nm. The EVs-Chry5uM
sample (B) shows a high number of vesicles with diameters ranging from 110 to 200 nm. The EVs-
Chry20uM sample (C) presents slightly larger vesicles, with a diameter mainly ranging from 150 to
160 nm. Image of EVs obtained with ZetaView (D).
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Figure 3. Effects of EVs-Chry5 uM and EV-Chry20 uM, at a concentration of 10 pug/mL, on the
viability of BV2 microglial cells in the absence or presence of LPS (A). Cell proliferation was assessed
using the CyQUANT® assay. Absorbance of EVs at 348 nm (B). All results are representative of three
independent experiments. Data are expressed as mean + standard deviation (SD). *** p < 0.001 vs.
control. ### p < 0.001 vs. LPS group.
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The vesicle samples were predominantly composed of vesicles ranging from 20 to
420 nm in diameter. In the EVs-CTR group, the majority of vesicles measured between
100 and 150 nm. The EVs-Chry5uM sample contained a high number of vesicles with
diameters ranging from 110 to 200 nm. However, the EVs-Chry20uM sample displays
slightly larger vesicles, with a diameter primarily ranging from 150 to 160 nm. Based on
these size distributions, we concluded that EVs were successfully isolated from all samples,
with a predominance of microvesicles and a relative reduction in exosome content.

2.3. BV-2 Cells Activated with LPS Show Anti-Inflammatory M2 State After EVs-Chry
Stimulation

The morphological changes observed in microglial cells are characterized by the
progressive development of processes and cell body alterations in response to various
stimuli. Therefore, the initial analysis focused on evaluating the morphological changes in
BV2 microglial cells. Untreated control BV2 cells and BV2 cells treated with only EVs-CTR
(Figure 4A), exhibited a quiescent microglial morphology, characterized by a small central
body and numerous elongated processes. In contrast, BV2 cells stimulated with LPS only
(Figure 4B) displayed an activated amoeboid shape, marked by an enlarged cell body
and retracted processes, typical morphological characteristics of the M1 pro-inflammatory
phenotype. As shown in Figure 4E, the treatment with EVs-Chry alone (Figure 4E) led to a
ramified morphology characterized by a small central soma, closely resembling the resting
state observed in control cells in both size and shape.

Figure 4. Effects of EV-chrysin on BV2 cell morphology over a 24-h period. Red arrows in the
images highlight cells exhibiting morphological features characteristic of the M1 pro-inflammatory
phenotype, including an enlarged cell body and retracted cellular processes. Control BV2 cells (A)
and cells treated with EVs-CTR (D) show a quiescent microglial morphology. BV2 cells stimulated
with LPS alone (B) show an amoeboid phenotype characteristic of the pro-inflammatory state, charac-
terized by a small central body and numerous elongated processes. Treatment with EVs-Chry (E) and
Chrysin (C) alone led to a ramified morphology characterized by a small central soma, very similar
to the resting state observed in control cells both in size and shape. Cells treated with both EVs-Chry
and LPS (F) showed a marked reduction in LPS-induced amoeboid morphology. Scale bar represents
100 um (10x objective). Arrows in the images highlight cells exhibiting morphological changes. Cell
area (um?) was quantified using Image] software (version 1.8.0) with 64-bit Java 8 support.

Cells treated with both EVs-Chry and LPS (Figure 4F) exhibited a marked reduc-
tion in the amoeboid morphology induced by LPS, suggesting that EVs-Chry exert anti-
inflammatory effects and promote a shift toward the anti-inflammatory M2 phenotype.
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The quantitative analysis of cellular areas (Figure 5) confirmed these observations
visible under the optical microscope: LPS-treated cells showed a significant increase in
cell size compared to controls. Conversely, cells treated with both EVs-Chry and LPS
demonstrated a significant reduction in cell area, indicating a reversal of the LPS-induced
morphological changes.

1200
1100
1000

Cell Area (um?)
g

Figure 5. Quantitative analysis of cell areas. LPS-treated cells have a significant increase in cell size
compared to controls. In contrast, cells treated with EVs-Chry and LPS showed a significant reduction
in cell area, indicating a reversal of LPS-induced morphological alterations. Values are reported as
mean =+ standard deviation. A highly statistically significant difference was observed between the
control and LPS-treated groups (*** p < 0.001), as well as between the EVs-Chry + LPS group and
LPS-only groups (### p < 0.001).

2.4. EVs-Chry Attenuate LPS-Induced Migration of BV2 Microglial Cells

To evaluate the effects of EVs-Chry on BV2 cells migration, a wound healing assay
was performed. BV2 cells were scratched and treated with LPS, Chrysin (5 uM), EVs-CTR,
EVs-Chry, or a combination of EVs-Chry and LPS. After a 24 h incubation period, BV2
cells treated with LPS alone (Figure 6C) exhibited a significantly accelerated rate of wound
repair compared to the untreated cells (CTR). In contrast, treatment of BV2 with EVs-Chry
(Figure 6F) resulted in wound opening comparable to that observed in CTR and EVs-CTR
treated cells. Finally, co-treatment with EVs-Chry and LPS (Figure 6G) significantly reduced
wound repair capacity compared to treatment with LPS alone, indicating an inhibitory
effect on LPS-induced microglial migration. These findings are quantified in Figure 7,
where analysis of the wound area confirms the statistical significance of both LPS and EVs-
Chry+LPS treatments. Collectively, these results demonstrate that EVs-Chry attenuates
BV2 microglial migration and may counteract the pro-migratory effects induced by LPS.

2.5. Suppression Effect of EVs-Chry on Expression of Pro-Inflammatory Molecules in BV2 Cells

In neurodegenerative diseases, inflammation plays a fundamental role in promoting
both cell proliferation and migration. Indeed, prolonged inflammation can increase the
levels of pro-inflammatory cytokines and proteases in the CNS, which can induce neuronal
damage and cell death. In order to assess the anti-inflammatory potential of EVs-Chry,
we evaluated its efficacy in suppressing the expression of pro-inflammatory cytokines.
BV2 microglial cells were treated for 24 h with one of the following conditions: LPS
alone, 5 uM chrysin, EVs-CTR, EVs-Chry alone, or a combination of EVs-Chry and LPS.
As expected, LPS treatment significantly increased the expression of pro-inflammatory
cytokines, including IL-13 and IL-6. However, EVs-Chry treatment reduced the expression
levels of IL-1$ and IL-6.
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(D) Chrysin 5pM
i [

Figure 6. The analysis of the migratory capacity of microglia after the administration of EVs-Chry in
the presence or absence of LPS. A wound was introduced into a sub-confluent monolayer of BV2 cells,
and images of the wound area were captured at 0 and 24 h post-treatment: (A) BV2 cells at time 0,
(B) 24 h under control conditions, (C) treated with LPS, (D) with Chrysin at 5 uM, (E) with EVs-CTR,
(F) with EVs-Chry, and (G) cotreated EVs-Chry + LPS. The images shown are representative of one of
three independent experiments. Scale bar: 75 um (20 objective).

120

100

) I I I I l
0

Chrysin 5puM EVs-CTR EVs-Chry  EVs-Chry+LPS

Cell Area Covered {%)
3

Figure 7. Wound closure was quantified using Image] software and subsequently plotted as the
percentage of gap closure relative to the 0 h condition. Wound closure was quantified using Image]
software, and results were plotted as the percentage of gap closure relative to the 0 h condition.
Data are expressed as mean + standard deviation. *** p < 0.001 vs. control; ### p < 0.001 vs.
LPS-treated group.

Furthermore, co-treatment with EVs-Chry and LPS significantly reduced the levels
of these cytokines compared to LPS treatment alone (Figure 8). In addition, western blot
analysis revealed a significant decrease in the protein expression level of caspase-1 fol-
lowing EVs-Chry treatment (Figure 9). Caspase-1 is associated with the inflammasome
pathway and is upregulated in response to LPS stimulation, where it facilitates the re-
lease of IL-13. These results suggest that EVs-Chry can drive microglial activation and
promote the transition from pro-inflammatory state to neuroprotective phenotype by
suppressing the expression of pro-inflammatory cytokines and associated inflammasome
signaling components.
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Figure 8. Modulatory effect of EVs-Chry on proinflammatory markers. Evaluation of IL-6 and IL1§3
expression is performed with ELISA following administration of EVs-Chry, with or without LPS.
Data relating to cytokine concentrations of IL-6 (A) and IL-1f (B) show how EVs-Chry reduced the
expression levels of IL-1p and IL-6. In particular, concomitant treatment with EVs-Chry and LPS
significantly reduced the levels of these cytokines compared to treatment with LPS alone. Data are
expressed as means (pg/mL) £ standard deviations (SD). (*** p < 0.001 compared to the control
condition; and ### p < 0.001 compared to the condition of cells stimulated with LPS).
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Figure 9. Modulatory effect of EVs-Chry on caspase-1. EVs-Chry modulate the expression of
caspase-1, which is associated with the inflammasome pathway and appears increased in response
to LPS stimulation, where it facilitates the release of IL-1f3. Detection of caspase-1 expression by
Western blotting and densitometric analysis. Data are expressed as mean =+ standard deviation (SD).
*** p < 0.001 vs. control. ### p < 0.001 vs. LPS group.

2.6. EVs-Chry Stimulate the Increase in the Anti-Apoptotic Protein Bcl-xL in BV-2 Cells

To evaluate the impact of EVs-Chry on the regulation of the synthesis of mitochondria-
associated apoptotic proteins, we analyzed the expression levels of the anti-apoptotic
protein Bcl-xL (Figure 10). Treatment with LPS alone led to a significant reduction in
Bcl-xL expression, consistent with the pro-apoptotic environment induced by inflammatory
stimuli. In contrast, treatment with EVs-Chry alone resulted in a marked upregulation of
Bcl-xL expression compared to the control (CTR), indicating a potential protective effect. In
the course of our research, we examined the impact of a double EVs-Chry treatment in the
presence of LPS. Furthermore, co-treatment with EVs-Chry in the presence of LPS effec-
tively restored Bcl-xL expression to levels significantly higher than those observed with LPS
treatment alone. These results suggest that EVs-Chry prevent LPS-induced downregulation
of anti-apoptotic signaling and exert a protective effect against inflammation-induced cellu-
lar apoptosis. This highlights the potential of EVs-Chry not only as an anti-inflammatory
agent but also as a modulator of apoptosis through mitochondrial pathways.
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Figure 10. EVs-Chry prevents the downregulation of LPS-induced anti-apoptotic signaling and
exerts a protective effect against inflammation-induced cell apoptosis. LPS treatment alone led to a
significant reduction in Bcl-xL expression. In contrast, EVs-Chry treatment alone led to a marked
upregulation of Bcl-xL expression compared to control (CTR), indicating a potential protective effect.
Co-treatment with EVs-Chry in the presence of LPS effectively restored Bcl-xL expression. Assess-
ment of anti-apoptotic Bcl-xL protein by ELISA. Data are expressed as means (pg/mL) + standard
deviations (SD). *** p < 0.001 compared to control condition. ### p < 0.001 compared to LPS-stimulated
microglia condition. *** p < 0.001 compared to CTR.

3. Discussion

This study investigated the immunomodulatory potential of BV2-derived EVs-Chry.
Chrysin promoted microglial proliferation without toxicity. Interestingly, our results show
that EVs-Chry exhibit neuroprotective effects in the context of LPS-induced microglial
activation. Indeed, EVs-Chry significantly reduced LPS-induced cell proliferation and
restored resting microglial morphology while reducing migratory capacity. The EVs were
able to modulate the responses of microglia to inflammatory stimuli, thereby attenuating
pro-inflammatory signalling and promoting cellular homeostasis. The results of combined
treatment with EVs-Chry and LPS show reduced expression of pro-inflammatory cytokines
such as IL-13, IL-6 and caspase-1, while increasing anti-apoptotic Bcl-xL levels.

In recent years, the importance of small cell-derived extracellular vesicles as key
mediators of intercellular communication has become increasingly apparent. The CNS
comprises several cell types, each of which is capable of releasing EVs in both in vitro
and in vivo settings, contributing to physiological and pathological conditions in the
brain [40]. EVs act as signal carriers between adjacent cells within the CNS, playing
essential roles under normal physiological conditions, such as development and synaptic
neurotransmission, as well as in pathological and neurodegenerative conditions. Cells
release heterogeneous populations of EVs that vary in size and secretion pathways [41,42].
Based on their origin and physical characteristics, EVs can be classified based on biogenesis
and size into three main categories: exosomes, microvesicles (MV), and apoptotic bodies.
Exosomes are small EVs of nanometer size, typically 30-100 nm in diameter [43].

They form as intraluminal vesicles within endosomal multivesicular bodies (MVBs),
which are released from cells into the extracellular environment upon fusion of MVBs with
the plasma membrane [43]. MVs, also known as ectosomes, typically range from 100 to
1000 nm in diameter and originated from the external budding of the plasma membrane
and are subsequently released into the extracellular space after selective incorporation of
proteins, nucleic acids and lipids. Apoptotic bodies are larger, with diameters ranging
from 500 nm to 5 pm, and are released into the extracellular space during the process
of apoptosis [44,45]. As demonstrated in previous studies, EVs have been shown to
possess intrinsic properties that are associated with a variety of immune responses and the
regulation of complex intracellular pathways [46,47].

This has led to an increased recognition of their potential utility in the therapeutic man-
agement of various pathologies, including neurodegenerative conditions. Therefore, the
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present study specifically investigated the effects of EVs loaded with chrysin, a compound
previously demonstrated to possess strong anti-inflammatory properties on microglial
cells [48-50].

To assess the potential cytotoxicity of the EV samples, BV2 microglial cells were treated
with various concentrations of EVs, including those loaded with chrysin, for 24 h. Cell
viability was measured by quantifying DNA content, allowing for a direct assessment of
cell number without reliance on metabolic activity assays. No significant cytotoxic effects
were observed in any treatment group compared to the untreated control.

However, in the case of the sample treated with EVs-Chry at 5 uM and EVs-Chry
at 20 puM, the vesicles demonstrated the ability to reverse the proliferative effect due
to the inflammation caused by LPS. These treatments maintained cell viability at levels
significantly lower than those observed in the LPS group, more closely resembling control
levels. In the context of neuroinflammation, microglia cells are activated in response to
different microenvironmental stimuli, by polarizing into a distinct activated state. These
states are categorized into two different phenotypes, M1 (pro-inflammatory) and M2 (anti-
inflammatory), that have different morphological and biological characteristics [51-53].

The M1 microglial phenotype is characterized by the release of pro-inflammatory
cytokines and chemokines, which, when produced persistently, can lead to chronic neuroin-
flammation and neuronal damage. In contrast, activation of the M2 microglial phenotype
results in the upregulation of anti-inflammatory cytokines and neuroprotective molecules,
which in turn promote tissue repair and maintenance [54-56]. An imbalance in microglial
polarization favoring the presence of the M1 phenotype at the expense of M2 is largely
recognized as a contributing factor in the pathogenesis of neurodegeneration. Therefore,
modulating microglial activation toward a more balanced or M2-dominant state is crit-
ical for preserving central nervous system homeostasis and may represent a promising
therapeutic strategy for preventing neurodegeneration [57,58].

In our study, LPS was used as a pro-inflammatory stimulus to induce the activated M1
phenotype in vitro and analyze the morphological changes of BV2. Morphological analysis
following LPS treatment revealed that microglia adopted a characteristic pro-inflammatory
M1 amoeboid morphology, typified by enlarged, thickened cell bodies and reduced cellular
processes. Quantitative assessment of the cell area demonstrated a significant increase in cell
area compared to the control group. For the combined treatment group with EVs-Chry+LPS,
microglia were dynamically directed towards a branched, non-amoeboid morphology.
This phenotypic transition was associated with enhanced neuroprotective effects and
a significant reduction in pro-inflammatory features. These findings support existing
evidence suggesting that promoting microglial polarisation toward the M2 phenotype
may offer a promising therapeutic strategy for alleviating neuroinflammation-related
disorders [59,60].

From a physiological perspective, microglia play a key role in the process of synaptic
pruning and remodeling processes, which are essential to maintain an optimal neural
circuitry and brain connectivity. Under pathological conditions characterized by increased
neuroinflammation, the activated pro-inflammatory M1 phenotype migrates to the site of
injury [61]. This directed migration is mediated by an increased release of inflammatory
mediators, such as TNF-&, monocyte chemotactic protein-1 (MCP-1), and ROS, prominently
expressed at sites of neuroinflammation [62,63]. Furthermore, previous studies have
demonstrated that in inflammatory environments, such as those stimulated by LPS, EVs
released from cells can exacerbate the inflammatory message by further activation of
microglia [62]. This propagation of inflammation not only enhances microglial activation
but also exerts detrimental effects on all other brain cells. Thus, EVs serve as critical
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mediators of cell-to-cell communication by carrying signals that alter the phenotype of
recipient cells [64].

LPS treatment is well documented to induce microglial phagocytosis, increase cellular
migration and induce neuroinflammatory responses [65,66]. In our study, we established
that LPS significantly enhanced microglial mobility, resulting in accelerated wound repair
compared to the CTR. In contrast, treatment with EVs-Chry attenuated the LPS-induced
increase in BV-2 cell migration, suggesting that EVs-Chry could alleviate inflammation-
induced microglial activation. Our investigation focused on the later stages of chronic
neuroinflammation, during which microglia upregulate inflammatory mediators such as
IL-6 and IL-1(3. IL-6 is a key proinflammatory cytokine implicated in several neurological
disorders, including stroke and epilepsy [67,68]. Its biological activity is mediated via
binding to the IL-6 receptor (IL-6R) [69,70].

Given the demonstrated anti-inflammatory properties of EVs-Chry, we investigated
their impact on two key proinflammatory cytokines: IL-6 and IL-1f3. Our findings show
a significant reduction in the levels of both cytokines IL-6 and IL-1f3 in the presence of
EVs-Chry and LPS, confirming the downregulating and protective effect of these vesicles.

In parallel, it is well established that activation of the NLRP3 inflammasome induces
the autocleavage and activation of pro-caspase-1, which in turn facilitates the proteolytic
maturation of the pro-inflammatory cytokines IL-1f3 and IL-18 [71,72]. Furthermore, acti-
vated caspase-1 also cleaves gasdermin D (GSDMD) and releases its N-terminal domain,
which is transferred to the cell membrane and forms pores, mediating the release of cel-
lular contents, including the inflammatory cytokines IL-1f and IL-18, and inducing the
inflammatory cell death known as pyroptosis [73,74].

To evaluate the ability of EVs-Chry to modulate additional inflammatory pathways,
we have measured the intracellular levels of caspase-1, an essential effector protease
involved in inflammasome activation. As previously demonstrated, treatment with EVs-
Chry resulted in a significant reduction in caspase-1 levels, even when induced by LPS
stimulation [75,76].

Subsequently, we investigated the antiapoptotic effects of the released EVs-Chry by
analyzing the expression of Bcl-xL, a member of the Bcl-2 family [77]. The Bcl-2 family
plays a central role in regulating mitochondrial-mediated apoptosis, primarily through
modulation of cytochrome c released from the mitochondrial intermembrane space, which
initiates caspase activation and the execution phase of programmed cell death [78,79].

Co-treatment with EVs-Chry led to an upregulation of Bcl-xL expression even in the
presence of LPS, thus suggesting that EVs-Chry may influence the activity of Bcl-2 family
effectors and regulate apoptotic responses. These findings indicate that EVs-Chry enhance
the expression of Bcl-xL, a physiological molecule that plays a pivotal role in counteracting
LPS-induced toxicity in microglia. Importantly, EVs-CTR exhibited no comparable anti-
inflammatory or anti-apoptotic activity in any of the experimental conditions tested. This
observation is consistent with previous results [62] and underscores the critical importance
of vesicle cargo composition in determining the functional properties of EVs, with EVs-Chry
carrying a distinct bioactive load responsible for their observed therapeutic potential.

In conclusion, this study investigated the therapeutic potential of EVs-Chry as a
strategy to enhance the cellular efficacy of chrysin delivery [80]. Here, we have assessed
the anti-inflammatory effects of the isolated EVs-Chry and their possible neuroprotective
potential, attenuating neuroinflammatory responses through a comprehensive set of in vitro
analyses. A relevant aspect of our study is the result demonstrating the double anti-
inflammatory and antiapoptotic effect played by EVs-Chry, indicating their potential to
modulate the survival cellular pathways associated with neuroinflammation. Unlike the
direct administration of free chrysin, the use of EVs as delivery vehicles offers several
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advantages due to their intrinsic biological composition. EVs naturally encapsulate a
diverse cargo, including cellular proteins, DNA and RNA. EVs showed multiple benefits
related to their biocompatibility, reduced immunogenicity, stability, pharmacokinetics, and
biodistribution. Moreover, their efficient cellular uptake mechanisms further support their
suitability as nanocarriers for therapeutic agents [81].

This use of EVs represents a particularly promising strategy for chrysin delivery, as
EVs can cross the BBB and can selectively target specific cell types. They facilitate the
transfer of both intravesicular cargo and membrane receptors to recipient cells [82]. These
properties collectively and synergistically contribute to the observed anti-inflammatory
and antiapoptotic effects, which closely mirror the direct effects of chrysin on cells. EVs
offer a competitive advantage over synthetic drug delivery systems due to their low
immunogenicity and cytotoxicity. Unlike EVs, synthetic lipid nanoparticles often elicit
toxic immune responses in vivo and tend to accumulate mainly in the liver, limiting their
effectiveness and raising safety concerns. EVs, due to their endogenous origin and high
biocompatibility, are more likely to evade immune detection and clearance. However,
despite their potential, the biogenesis, transport mechanisms, and cellular uptake of EVs
remain poorly understood. Moreover, the complex biochemical nature of EVs raises several
challenges, including the standard methods of isolation and purification and the efficiency
of loading of substances. Therefore, further studies are necessary to fully characterize EVs
and optimize their loading efficiency to prevent potential side effects and enhance their
clinical application.

4. Materials and Methods
4.1. Microglial Cell Culture

In this study, the BV2 murine microglial cell line (American Type Culture Collection,
Manassas, VA, USA) were maintained in Dulbecco’s Modified Eagle Medium (DMEM,
Euroclone) supplemented with 10% fetal bovine serum (FBS; Euroclone, Milan, Italy),
100 U/mL penicillin, 100 ug/mL streptomycin, (penicillin-streptomycin; Euroclone), and
2 mM glutamine (glutamine; Euroclone)). Cultures were incubated at 37 °C in a humidified
incubator with 5% CO,. Adherent BV2 cells were detached using Trypsin-EDTA (1X in PBS;
Euroclone) and replated at the desired density. For the cell migration and morphological
assays, cells were seeded into six-well plates. For viability assay, cells were seeded into
24-well plates and incubated for 24 h. Following incubation, they were divided into
experimental groups. One group was treated with varying concentrations of chrysin,
another was exposed to 1 ug/mL LPS from Escherichia coli O128: B12 (Sigma-Aldrich,
St. Louis, MI, USA), and a third group was pretreated with chrysin for 2 h prior to LPS
stimulation. After 24 h of treatment, cells were collected for further analysis.

4.2. EVs Production and Isolation

The murine BV2 microglial cell line was used for the production of extracellular
vesicles (EVs). Cells were seeded and cultured to approximately 80% confluence as previ-
ously described, then treated with Chrysin at concentrations of 5 pM and 20 uM for 24 h.
Following incubation, culture supernatants from both treated and untreated cells were
collected and centrifuged at 1500 x g for 10 min to remove cells and large debris. EVs were
then isolated through successive centrifugation at 14,000 g for 45 min. The obtained EV
pellets were washed and resuspended in 400 pL of (0.9% w/v) NaCl solution. The final
supernatant from the washing step, which was free of EVs, served as the control (vehicle).
EV concentration was determined by quantifying the total EV-associated proteins using
the Qubit Protein Assay Kit with the Qubit® 2.0 Fluorometer (Life Technologies, Eugene,
OR, USA).
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4.3. EV's Analysis

The isolated exosomes were characterized by nanoparticle tracking analysis (NTA)
using the ZetaView system (Particle Metrix, Meerbusch, Germany). The particle size
distribution and concentration were analyzed using the ZetaView instrument and its ac-
companying software. The system measures particle diameters within a range of 0-500 nm.
Samples were diluted 1:1 with 1 x PBS to loading the measurement chamber. Data were
collected from 11 distinct positions within the cell, with two measurement cycles performed
for each sample. Nanoparticle tracking analysis (NTA) was conducted under standardized
conditions: a temperature of 23 °C, sensitivity set to 85.0, a frame rate of 30 frames per
second, and a shutter speed of 100. The total vesicle protein content was determined using
the BCA Protein Assay Kit (Pierce, Rockford, IL, USA).

4.4. Crhysin Solution Preparation

Chrysin (Purity > 99.4% (HPLC); MP Biomedicals) was initially dissolved in DMSO
(dimethyl sulfoxide, cell culture reagent; MP Biomedicals) to prepare 1M stock solution.
For experimental purposes, this stock solution of chrysin was diluted in DMEM to prepare
the desired working concentrations. To assess the in vitro effects of chrysin, cells were
pre-incubated with chrysin diluted in DMEM for up to 24 h.

4.5. Cell Proliferation Assay

The cytotoxic effects of chrysin on BV2 cells were evaluated using the CyQUANT®
Cell Proliferation Assay, a fluorescence-based method for quantifying cells and assessing
cell proliferation and cytotoxicity. The BV2 cells were seeded in 96-well plates at a density
of 5 x 10* cells per well and incubated at 37 °C in a humidified atmosphere with 5% CO, for
24 h. The initial chrysin concentrations used to assess cytotoxicity were 5 uM, 10 uM, 20 uM
and 50 uM. Then the CYyQUANT® Assay was conducted using 5 uM and 20 uM of chrysin,
both in the absence and presence of LPS, for 24 h. Fluorescence was measured using
CLARIOstar® Plus plate reader( BMG LABTECH SARL, Champigny s/Marne, France)
with excitation/emission filters set to ~480 nm and ~520 nm, respectively.

4.6. Cell Morphology Analysis

Microglial morphology was analyzed by measuring the cell body area to determine
the effect of chrysin on BV2 cells’ activation, both in the absence and presence of the
pro-inflammatory stimulus LPS. Approximately 5 x 10° cells were seeded into six-well
plates. All morphological analyses were performed in triplicate. The results are presented
as the mean cell body area, calculated from five independent experiments, with three cells
analyzed per sample in each experiment. Morphological assessments were performed
using a Leica DM IRB microscopy system (Leica Microsystems GmbH, Wetzlar, Germany)
at 10x and 20x magnifications. Cell body areas (1m?) were quantified using Image]
software version 1.8.0 with 64-bit Java 8 support.

4.7. Wound Healing Assay

To evaluate two-dimensional cell migration, a wound healing assay was performed
using BV2 cells. A total of (1 x 10°) cells were seeded into six-well plates and cultured until
reaching confluence. A uniform scratch was created in the cell monolayer using a sterile
scraper. Following PBS washing and replacement with fresh DMEM, the remaining cells
were incubated for 24 h under various conditions: chrysin, chrysin-loaded extracellular
vesicles (EVs-Chry), or LPS treatment. All migration assays were conducted in triplicate.
After 24 h, three representative images were captured per wound area for each condition
using phase-contrast microscopy. Wound repair was quantified using Image] software and
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expressed as the percentage of the initial wound area covered by migrating cells, relative to
the initial wound size at time zero (the start of the assay).

4.8. EISA Quantification of Cytokines

An ELISA test was performed on culture supernatants collected from the morpho-
logical assay. After 24 h of incubation, the culture medium was carefully aspirated and
centrifuged at 1500 rpm for 10 min at 4 °C to remove residual cellular debris. The levels
of the pro-inflammatory cytokines IL-6 and IL-1f3, along with the anti-apoptotic protein
Bcl-xL, were determined using an ELISA kit, following the manufacturer’s protocol (R&D
system, a biotech brand; USA). Optical density (OD) was measured at 450 nm using a
CLARIOstar® Plus microplate reader (BMG Labtech, Ortenberg, Germany).

4.9. Protein Extraction and Western Blot Analysis

Following the treatment mentioned above, BV2 cells were gently detached from the
culture plates by scraping and collected after centrifugation at 2000 rpm for 10 min at 4 °C.
The obtained cell pellets were then lysed in an ice-cold lysis buffer containing 50 nM Tris-
HCI (pH 8.0), 1% (v/v) Triton X-100, 1.5 M NaCl, 0.1% SDS, 1 uM leupeptin hemisulfate salt,
100 uM phenylmethylsulfonyl fluoride (PMSF), and 4 U/mL aprotinin (Sigma Aldrich). The
cell lysates were subject to eight cycles of freezing and thawing, followed by centrifugation
at 12,000 rpm for 30 min at 4 °C to remove insoluble debris. The supernatants were
collected for further analysis. Western blotting was performed using primary antibodies
against caspase-1 (1:500) and B-actin (1:500) (Santa Cruz Biotechnology, Inc., Heidelberg,
Germany), with (3-actin serving as a loading control to normalize protein expression levels.
The membranes were incubated with the primary antibodies for 1 h at room temperature,
followed by overnight incubation at 4 °C. Subsequently, membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10,000); Santa Cruz
Biotechnology) for 1 h at room temperature. Inmunoreactive bands were visualized using
a chemiluminescence detection system (BioRad Laboratories, Hercules, CA, USA). Band
intensities were quantified by densitometric analysis using Image]J software, and results
are reported in arbitrary units.

4.10. Statistical Analysis

Statistical analysis was carried out using Statgraphics Centurion (Statgraphics Tech-
nologies Inc., The Plains, VA, USA). Comparisons between groups were conducted using
two-sample tests, one-way analysis of variance (ANOVA), followed by Tukey’s post hoc
test for multiple comparisons. Results from five independent experiments are expressed as
mean =+ standard deviation (SD), with all experiments conducted in triplicate. Statistical
significance was set at p-value < 0.05.
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