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ABSTRACT

This study investigates the therapeutic effect of astrocyte-derived extracellular vesicles (EVs) in mitigating neurotoxicity-
induced transcriptome changes, mitochondrial function, and base excision repair mechanisms in human brain endothelial cells
(HBECs). Neurodegenerative disorders are marked by inflammatory processes impacting the blood—brain barrier (BBB) that
involve its main components- HBECs and astrocytes. Astrocytes maintain homeostasis through various mechanisms, including
EV release. The effect of these EVs on mitigating neurotoxicity in HBECs has not been investigated. This study assesses the
impact of astrocyte-derived EVs on global transcriptome changes, cell proliferation, cytotoxicity, oxidative DNA damage, and
mitochondrial morphology in HBECs exposed to the neurotoxic reagent Na,Cr,0;. Exposure to Na,Cr,0,for 5 and 16 h induced
oxidative DNA damage, measured by an increase in genomic 80HdG, while the EVs reduced the accumulation of the adduct.
A neurotoxic environment caused a non-statistically significant upregulation of the DNA repair enzyme OGG1 while the
addition of astrocyte-derived EVs was associated with the same level of expression. EVs caused increased cell proliferation
and reduced cytotoxicity in Na,Cr,O5-treated cells. Mitochondrial dysfunction associated with a reduced copy number and
circular morphology induced by neurotoxic exposure was not reversed by astrocyte-derived EVs. High-throughput RNA
sequencing revealed that exposure to Na,Cr,0; suppressed immune response genes. The addition of astrocyte-derived EVs
resulted in the dysregulation of long noncoding RNAs impacting genes associated with brain development and angiogenesis.
These findings reveal the positive impact of astrocytes-derived EVs in mitigating neurotoxicity and as potential therapeutic
avenues for neurodegenerative diseases.
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Introduction

Neurodegenerative  diseases, including Alzheimer’s, Parkinson’s,
amyotrophic lateral sclerosis, and Huntington’s, manifest as progressive
neuronal damage, resulting in diminished motor function and cognitive

decline. Emerging evidence highlights the role of oxidative stress- induced

ionizing radiation, as well as various drugs, environmental toxins, and
chemicals (Kim et al, 2015). The endogenous generation of ROS is caused by
mitochondrial and non-mitochondrial ROS-generating enzymes. These
enzymes, including nicotinamide adenine dinucleotide phosphate oxidase,
xanthine oxidase, cytochrome P450, and flavin oxidases, play a crucial role in
the regulated production of ROS as part of normal cellular processes. The
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neural cell damage in the development of these neurodegenerative disorders.
Reactive oxygen species (ROS) selectively target critical macromolecules
within the brain, including lipids, proteins, and nucleic acids, that lead to
impairment of physiological functions (Collin, 2019). ROS is associated with
the accumulation of DNA base modifications and the formation of single and
double-strand breaks. An elevated level of oxidative stress is a major factor in
the development of various neurodegenerative diseases (Singh et al, 2019).
Cellular ROS are generated from both exogenous and endogenous sources.
Exogenously, ROS can be produced through exposure to ultraviolet and

disruption of the equilibrium between ROS production and antioxidant

defenses leads to oxidative stress that contributes to the development and

progression of neurodegenerative diseases (Song and Zhou, 2015).
8-hydroxy-2 -deoxyguanosine (80HdG), an oxidized form of guanine, is a

biomarker for the assessment of oxidative stress and

2009). Unrepaired 80HdG induces

mutagenesis and carcinogenesis (Cooke et al., 2003). 8-Oxoguanosine DNA

carcinogenesis (Valanidis et al.,,

glycosylase-1 (OGG1) is the enzyme responsible for excising 80HdG through
the base excision repair pathway (Boiteux et al., 2000). The gene expression
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levels of OGG1 decrease in human astrocytes and A549 lung carcinoma cells
when exposed to sodium dichromate, suggesting a correlation between OGG1
expression and oxidative DNA damage (Hodges and Chipman, 2002). Brain
cells are continuously challenged by ROS, and effective neuronal repair of
ROS-induced 80HdG accumulation is critical to maintaining brain function and
reducing the rate of C: G to A: T transversion mutation. The blood-brain
barrier (BBB) is a highly specialized and selective physiological barrier that
separates the bloodstream from the central nervous system. It plays a crucial
role in maintaining the brain’s homeostasis and protecting it from potentially
harmful substances. Human brain endothelial cells (HBEC), along with
astrocytes and pericytes, play a key role in forming and maintaining the BBB
(Abbott et al., 2010). The intercellular communication between HBEC and
astrocytes is crucial for the proper functioning and maintenance of the BBB,
as well as various neurological processes. Astrocytes release signaling
molecules that induce the differentiation of HBEC, modulate the immune
response and BBB integrity, and provide metabolic support and
neuroprotection (Abbott et al., 2006).

Extracellular vesicles (EVs) are particles released from cells that have a lipid
bilayer and cannot replicate independently (Welsh et al.,, 2024). They
encapsulate nucleic acids, proteins, and lipids that can be transferred to
recipient cells to influence physiological responses (Lee and Kim, 2017;
Upadhya et al., 2020. These nanosized vesicles serve as a source of genomic
and proteomics biomarkers and play a role in the progression of
neurodegenerative diseases (Hill, 2019). Microglia- derived EVs play a crucial
role in the Amyloid Beta (AB) and tau propagation in Alzheimer’s disease (Lee
et al., 2019). Blood and cerebrospinal fluid-derived EVs from individuals with
Amyotrophic Lateral Sclerosis show enrichment for inflammatory RNA and
protein biomarkers (Barbo & Ravnik-Glava“c, 2023). Microglia-derived EVs
contribute to the aggregation and spread of a-syn in the brain of Parkinson’s
disease patients (Guo et al., 2020). Prion-infected cells release extracellular
vesicles containing cellular prion proteins and mitochondrial fragments,
serving as biomarkers for this neurological disease (Khadka et al., 2023). Due
to their nano-size, EVs can cross the BBB, but with low efficiency (Shi et al.,
2014).

Astrocyte-derived EVs encapsulate neuroglobin, suggesting their potential
role as vehicles for transferring neuroprotective factors to neurons (Venturini
etal., 2019). Apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1), the main
AP-endonuclease of the DNA base excision repair pathway, is enzymatically
active in EVs (Mangiapane et al., 2021). Long noncoding RNAs (IncRNA) are
encapsulated in EVs and facilitate the exchange of epigenetic information
(Dragomir et al., 2018). Several astrocytes EV-derived IncRNA have been
conformed to affect neuronal and microglia function. The long noncoding RNA
4933431K23Rik enhanced post-traumatic recovery and cognitive function by
targeting microglial activation (He et al., 2023). Astrocyte EV- derived lincRNA-
Cox2 enhanced microglial phagocytosis and contributed to the maintenance
of homeostasis (Hu et al., 2018). Astrocyte- derived EVs facilitate the transfer
of IncRNA NKILA into neurons, resulting in increased proliferation and reduced
apoptosis. This mechanism promotes brain recovery following traumatic brain
injury (He et al., 2021). However, the effect of astrocyte-derived EV on HBEC
remains unexplored.

The main goal of this in vitro study is to assess the therapeutic potential of
astrocyte-derived EVs on HEBCs. This work investigates the impact of EVs on
the transcriptome changes, repair capabilities, and
mitochondrial function of HBECs treated with the toxic reagent Na,Cr,07. Our
findings indicate that astrocyte-derived EVs transfer nucleic acids and proteins
that change the IncRNA expression profile of the recipient HEBC and offer
protection against ROS.

Experimental Procedures

base excision

Human astrocytes and human brain endothelial cell culture

Human astrocytes (ScienCell, Carlsbad, CA, #1800) were cultured in 100
mm Petri dishes coated with poly-L-lysine, containing 12 mL of Astrocyte
Medium (ScienCell, #1801), supplemented with 1 % penicillin/streptomycin
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solution (ScienCell, #0503), 2 % Fetal Bovine Serum (ScienCell, #0500), and 1
% astrocyte growth supplement (ScienCell #1852). Cultures were maintained
at 37 °C, 95 % humidity, and 5.0 % CO2/air until reaching 80 % confluence.
Subculturing was performed with a uniform seeding density of 2.2 x 10°cells
per petri dish using the Countess Il FL Automated Cell Counter (ThermoFisher
Scientific, Waltham, MA). Human brain endothelial cells (AddexBio, San Diego,
CA, #T0005011) were cultured in 100 mm Petri dishes coated with 0.1 %
gelatin, containing 12 mL of DMEM/F12 Endothelial Cell Medium
(ThermoFisher, Waltham, MA, # 11320033) supplemented with 40 pug mL"*
Endothelial Cell Growth supplement (Corning, Glendale, AZ, #354006) and 10
% Fetal Bovine Serum (Gibco, # A3160501). Cultures were seeded at 1.2 x 10°
seeding density, maintained at 37 °C, 95 % humidity, and 5.0 % CO/air until
reaching 80-90 % confluence. The HEBCs were treated with 10 uM and 100
UM NaCr207, with and without EVs, and incubated for 5 h and 16 h followed
by purification of RNA, DNA, MTT, and ROS assays. Nontreated cells were
maintained in parallel as a control.

Astrocytes-derived EV purification, protein characterization, and size
distribution analysis

Human astrocyte cell cultures were grown until reaching 80-90 %
confluency. Polymer-precipitation reagent (Total Cell Culture Exosomes
Isolation, Thermo Fisher Scientific, #4478359) was used to isolate EVs from 10
mL of astrocytes-conditioned cell media. The EVs were stored at - 20 ‘Cin a
PBS buffer for further analysis. Before protein quantification, the EVs were
lysed by adding 50 pL RIPA lysis buffer (Thermo Fisher Scientific, cat.89900) to
2 pL of EVs followed by 15 min of incubation on ice. The protein concentration
was measured using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific,
Cat. #23225). The concentrations of CD63 and calnexin were measured using
a Human CD63 ELISA kit (Cat. #A310656, Antibodies, USA) and a Human
Calnexin ELISA kit (Cat. #A312799, Antibodies, USA), respectively, following
the manufacturer’s guidelines. The assays were performed using 10 ug of
protein equivalent from lysed and intact EVs per well. A standard curve
provided by the manufacturer was generated for each experiment to
determine protein concentrations. Each experimental group included six
replicates. A t-test was conducted to assess the statistical significance
between the experimental groups. The intact EVs’ size distribution and
concentration were determined using a NanoSight Pro Nanoparticle analyzer
(Malvern Panalytical, UK). The sample was diluted with room temperature
DPBS in a 1:1 ratio before particle analyses and the analysis was performed
with 5 technical replicates (5 captures) using a light scatter filter (532 nm laser
wavelength). The treatment used 4.43 x 10° EVs equivalent to 747 ug of
protein per well.

Assessment of ROS levels, cell proliferation and cytotoxicity

ROS levels were assessed using the ROS Detection Assay kit (OZ
BioSciences, San Diego, CA, # ROS0300). Human brain endothelial cells were
cultured in gelatin-coated 96-well plates and treated with 10 uM and 100 uM
of Na,Cr,07for 5 hin the presence and absence of astrocyte- derived EVs. Non-
treated cells served as baseline control and each experimental group
consisted of eight biological replicates. The positive control, tert-butyl
hydrogen peroxide (TBHP), was added following the manufacturer’s protocol.
ROS levels for each treatment condition were quantified using an Infinite®
200 Pro microplate reader with ex485/ em535 (Tecan, USA). The cell viability
and cytotoxicity in the experimental groups were evaluated using the MTT Cell
Proliferation Assay Kit (Abcam, Cambridge, UK, # Ab211091). The results were
quantified by measuring absorbance at 450 nm with a MultiSkan Go (Thermo
Scientific, USA) and absorbance measurements were proportional to the cell
number in each well. The cytotoxicity for each experimental group represents
a percent change between the average absorbance of the untreated and
treated experimental groups.
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80HdG genomic levels

The Human brain endothelial cells were treated with 100 uM and 10 uM
NazCr,07 for 5 h and 16 h in the presence and absence of astrocytes- derived
EVs. The DNA was collected and purified using Monarch Genomic DNA
Purification Kit (New England BioLabs, Ipswich, MA, #T3010S) following the
manufacturer’s protocol. The DNA was quantified with the Qubit DNA Broad
Range Assay Kit (Invitrogen, Waltham, MA, #Q33265), and 100 ng of DNA was
used per well. The concentration of genomic 8-OHdG was assessed using ELISA
using an EpiQuick 8- OHdG DNA damage quantification kit (EpienTek,
Farmingdale, NY, cat. P-6004). Each experimental group comprised three
biological replicates, each representing the average of two technical replicate
measurements.

RT-qPCR analysis of OGGImRNA expression in HBECs

Total RNA from sodium dichromate-treated HBECs for 5 h and 16 h in the
presence or absence of astrocytes-derived EVs was extracted and purified
using the Monarch Total RNA Miniprep Kit (New England BioLab, Ipswich, MA,
# T2010S). The RNA concentration was quantified with the Qubit RNA Broad
Range Assay Kit (Invitrogen, Waltham, MA, # Q102100). TagMan™ RNA-to-
CT™ 1-Step Kit (ThermoFisher Scientific, cat.4392653) was utilized to measure
0OGG1 expression. TagMan™ Gene Expression Assay (FAM) (ThermoFisher
Scientific, USA) specific for 0GG1 was employed. Equal amounts of RNA (9 ng)
were combined with 10 pl of TagMan® RT-qPCR mix, 1 pl of TagMan® Gene
Expression Assay, 0.5 pl of TagMan® RT Enzyme Mix, and RNAse-free H20.
Amplification was conducted following the manufacturer’s instructions using
the QuantStudioTM 3 Real-time PCR system (Applied Biosystems, Waltham,
MA, Cat. # A28567). Data analysis was performed using GraphPad Prism 6
(GraphPad Software, La Jolla, USA). The results, presented as mean * standard
error, were calculated from three biological replicates, each including three
technical replicates. Fluorescence analysis of mitochondria morphology and
copy number

For mitochondria analysis, HBECs were cultured in a 96-well plate and
treated with 10 pM and 100 pM Na:Cr.07 for 5 h and 16 h. After the
incubation, the nucleus of the cells was stained with DAPI (Invitrogen,
#D1306), and the mitochondria were labeled with MitoTracker Green FM Dye
(Invitrogen, #M7514) following the manufacturer’s protocol. The nucleus of
the cells was stained with Hoechst Nucleic Acid Stain (ThermoFisher Scientific,
cat. H3570). The fluorescent images were obtained using Invitrogen™ EVOS™
FL Digital Inverted Fluorescence Microscope (ex./em. 490/516 nm and
350/460) and processed using FlJI/Image J following the pipeline protocol for
mitochondria morphology and networking quantification described by
Chaudhry et al., 2020. The mitochondria fluorescence was quantified using an
Infinite® 200 Pro microplate reader with ex/em 485/535 (Tecan, USA). Each
experimental group included eight biological replicates.

RNA sequencing of untreated and 10 uM Na:Cr:0; treated cells in the
presence and absence of astrocytes-derived EVs

Total RNA from three HBEC groups (untreated, 10 uM NazCr207
treated with astrocytes-derived EVs, and without EVs) was purified using the
Quick-DNA/RNA MicroPrep Plus Kit (Zymo Research, Orange, CA, #D7005).
Each experimental group included three biological replicates. The RNA was
quantified using a Qubit RNA BR assay kit (Invitrogen, #2216946). TruSeq®
Stranded Total RNA Library Prep kit (lllumina, San Diego, CA, cat. #20020596)
was used for library preparation using 1 ug of RNA per sample. Libraries were
quantified and normalized to 4 nM and then diluted to 2 pM. An internal
control, a 5 % library of 2 pM PhiX, was spiked in. Sequencing was performed
on an lllumina NextSeq 550 platform, generating an output of up to 400 M
reads per sample. Base calling and quality scoring were conducted using
Illumina Data Analysis Software. The T-Bioinfo server pipeline (Pine Biotech,
New Orleans, LA) was used for read grouping, alignment, and gene expression
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quantification, and provided a list of differentially expressed genes. Bowtie-2
algorithm was used for alignment of the reads to the reference Homo Sapiens
genome. The Sailfish algorithm was employed to determine the transcript
counts within each group and logzgene expression between the experimental
groups. Statistically significant differentially expressed genes with a fold
change greater or less than 2.0 were subjected to pathway enrichment
analysis using the GO enrichment tool GOrilla (Eden et al., 2009). GOrilla
compared the target gene list to a background set to assess the significance of
the enrichment for previously annotated GO terms.

Results

Astrocytes-derived EVs reduce ROS and cytotoxicity and increase proliferation
in HBEC treated with NaxCr207

The average size of the astrocytes-derived EVs was 196 nm, the mode was
152 nm and the concentration was 4.43 x 108EV ml- ! (Fig. 1a). The protein
content-based characterization of EVs revealed the presence of the
transmembrane EV marker CD63, localized on the outer surface of the vesicles
(Fig. 1b). The assessment of soluble proteins associated with intracellular
compartments indicated the presence of calnexin, a protein associated with
the endoplasmic reticulum and Golgi apparatus secretory pathways (Fig. 1c)
(Welsh et al., 2024). Calnexin enrichment has been specifically linked to larger
EVs within the 100400 nm size range
(Saludas et al., 2022). Treatment with 10 uM and 100 uM Na,Cr,0; for 5 h
resulted in a non-statistically significant elevation in ROS levels and reduced
proliferation in HBECs. The co-administration of astrocyte- derived EVs during
the treatment mitigated the adverse effects on the cells (Fig. 1d and 1e). The
ROS assay uses a fluorogenic probe that diffuses into the cells, becoming
fluorescent upon ROS-mediated oxidation. The average fluorescent intensity
correlates with cellular ROS levels and the cell count in each well. Cytotoxicity
analysis using the MTT assay confirmed a concentration-dependent increase
in cytotoxicity associated with Na:Cr,0;. The addition of EVs resulted in a
reduction a reduction in cytotoxicity (Fig. 1f).

Astrocytes-derived EVs and oxidative DNA damage of HEBCs

Exposure to the neurotoxic chemical Na.Cr207 is associated with a dose-
dependent increase in genomic levels of 80HdG. Following a 10 uM
treatment, changes in 80HdG were minimal. Increasing the concentration to
100 pM leads to a substantial 8OHdG increase of 200 % and 254 % after 5 and
16 h of exposure, respectively (Fig. 2a, b). The positive effect of astrocyte-
derived EVs on oxidative DNA damage of HEBC can be observed after 5 h of
exposure to a toxic environment. The genomic levels of 80HdG were reduced
by 50 % after 5 h and no difference was observed after 16 h of treatment with
10 uM NaxCr;07. This accumulation of 80HdG was not affected when the
concentration of the toxic reagent was increased (Fig. 2 a,b). Our findings align
with previous studies, confirming a positive correlation between Cr toxicity
and 80HdG levels. This relationship is reversed in the presence of the
antioxidative reagent glutathione and the ROS scavenger ascorbate (Kart et
al., 2016; Tsou et al., 1996). These results underscore the potential therapeutic
role of astrocyte-derived EVs in reducing HBEC oxidative DNA damage induced
by exposure to a toxic environment. The levels of
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Fig. 1. Size distribution of EVs and the effect of astrocyte-derived EVs on HBEC treated with Na,Cr,0;. (a) Size distribution of astrocytes-derived EVs; (b) Concentration of tetraspanin
CD63 in lysed and intact EVs derived from astrocytes, with 10 pg of protein equivalent per well; six biological replicates. (c) The concentration of calnexin in lysed and intact EVs derived
from astrocytes, with 10 ug of protein equivalent per well; six biological replicates; (d) Reactive oxygen species measurements in untreated HBEC and cells exposed to 10 uM and 100
UM Na,Cr,0; for 5 h, both in the presence (EV + ) and absence (EV-) of astrocyte-derived EVs. The positive control, TBHP, is a ROS-inducing reagent. (e) Assessment of MTT cell
proliferation and metabolic activity in untreated HBEC cells exposed to 10 uM and 100 uM Na,Cr,0; for 5 h, with and without astrocyte-derived EVs. (f) Evaluation of the cytotoxic
effects of 5-hour treatment with 10 uM and 100 pM Na,Cr,0; on HBEC, comparing the effect in the presence and absence of EVs. Eight biological replicates were included in each

experimental group. The error bars represent the
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SEM and the statistical analysis was performed using a t-test.

OGG1 mRNA expression were evaluated to investigate a correlation with the
observed changes in 8OHdG concentration. While exposure to the reagent led
to an increase in OGG1 expression in the absence of EVs, these results are not
statistically significant. The presence of astrocyte- derived EVs was associated
with a lack of upregulation of 0GG1 (Fig. 2 ¢, d). Other studies conducted using
human astrocytes revealed a non-statistically significant decrease in both
OGG1 mRNA and protein expression following treatment with 10 uM sodium
dichromate. (Nwokwu, 2022). Exposure of lung carcinoma cells to reagent
inhibited OGG1 expression at doses exceeding 25 uM (Hodges and Chipman,
2022). These findings suggest complex regulatory mechanisms involving EVs
and cellular responses to toxic insults, highlighting the need for analysis of
involved pathways in the context of oxidative stress.

Fluorescent analysis of mitochondrial morphology

MitoTracker™ Green, a cell-permeable probe, passively diffuses across the
plasma membrane and accumulates within active mitochondria. The increase
in fluorescence signal is proportional to the size or the number of
mitochondria per cell. Fluorescence-based analysis indicated a statistically
significant decrease in fluorescence following exposure to Na:Cr.0;. The
increase in mitochondria-associated signal was not statistically significant
upon the addition of astrocyte-derived EVs (Fig. 3a). A multidimensional
analysis of mitochondria was performed using fluorescence microscopy
imaging and the open-source image analysis platform Imagel. The results
indicated a dose and time-dependent reduction in HBECs mitochondrial copy

2V 2T )
NN

\QQ ,\QQ \QQQ \QQQ
number in response to Na:Cr.O; exposure. EVs didn’t have a statistically
significant effect on the change of mitochondria (Fig. 3b). The aspect ratio
measured as the length-to-width ratio was assessed to characterize
mitochondrial health. Increased exposure time and higher NazCr.07
concentration resulted in an aspect ratio decrease which is indicative of fission
and fragmentation, associated with mitophagy (Park et al., 2012). The addition
of EVs in the presence of toxic reagents didn’t cause a statistically significant
change in the aspect ratio of mitochondria (Fig. 3c). Fluorescent images of the
stained mitochondrial networks within the HEBC are shown in Fig. 3d. These
images show the overall effect of the Na,Cr.07 and EVs treatment on the
cellular morphology.

High throughput RNA sequencing: Suppression of inmunoregulation
following Na:Cr:07treatment and IncRNA-mediated transcriptome regulation
via astrocyte-derived EVs

RNA sequencing analysis revealed distinct read counts and mapping
efficiencies across experimental groups. The average number of reads in the
untreated group was 69,648,986. In the absence of EVs, the treated group had
an average of 48,178,445 reads, while in the presence of EVs, the average
reads were 39,179,927. The mapping efficiencies, expressed as the
percentage of reads successfully aligned to the reference human genome
were high among all experimental conditions. The untreated
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Fig. 2. Assessment of oxidative DNA damage and OGG1 mRNA expression in HBEC. Genomic levels of 8OHdG were measured in HBEC subjected to 10 uM and 100 uM Na,Cr,0;treatment,
both in the presence and absence of astrocyte-derived EVs, for (a) 5 h and (b) 16 h. The OGG1 gene expression was analyzed after treatment for (c) 5 and (d) 16 h with 10 uM and 100
UM Na,Cr,0;. 80HdG genomic concentration was determined using ELISA, while OGG1 mRNA expression was assessed via RT-gPCR. Each experimental group includes six biological and

two technical replicates. The error bars represent the SEM and the statistical analysis was performed
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group has a mapping efficiency of 98.7 %. In the 10 uM NaCr.0- treated
groups with and without EVs, 98.1 % and 96.7 % of the reads aligned to the
reference genome. Differential expression analysis was performed to
investigate the effect of the sodium dichromate treatment and the global
transcriptome changes in the HEBCs induced by astrocytes-derived EVs. A
significant number of genes were statistically significantly dysregulated
following 5 h exposure to 10 uM sodium dichromate (Fig. 4a). A smaller subset
of genes were up and downregulated due to the EV transfer of genetic cargo
(Fig. 4b). A heatmap, visually representing the top upregulated and
downregulated genes between the treated and untreated experimental
groups (Fig. 4c), revealed distinct expression patterns between the conditions.
The majority of genes exhibited an opposite expression trend following
exposure to 10 UM Na:Cr,0y, highlighting the impact of the treatment on the
expression of multiple genes.

The GO enrichment analysis was conducted on the statistically significant
(p <0.05) differentially expressed genes with a fold change greater than or less
than 2.0, between untreated human endothelial brain cells and those treated
with 10 pM NaCr207 (supplementary Table 1). The enriched GO terms
included the Biological Processes, Cellular Components, and Molecular
Function categories. The analysis revealed a significant downregulation of
genes associated with the regulation of immune system processes
(G0O:0002682), a decrease in response to external biotic stimuli (GO:0043207),
reduced cellular defense (GO:0006952), inflammatory (GO:0006954), and
immune (GO:0006955) responses (Fig. 5a). The downregulation of chemokine
(GO:0008009) and cytokine (GO:0005125) activities, as well as chemokine
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(GO:0042379) and CCR chemokine receptor binding (GO:0048020), suggest a
disruption of immune surveillance and inflammatory processes (Fig. 5b). The
RNA sequencing analysis indicated a significant upregulation in gene

expression related to plasma membrane-associated functions after treatment

with 10 UM NaCr.07. The enriched GO terms in the cellular components’
category indicate an increase in the activity of integral membrane proteins
(Fig. 5¢).

Comparison of the gene expression between the treated groups in the
presence or absence of astrocytes-derived EVs revealed that the majority of
the dysregulated genes are IncRNAs (supplementary Table 2). Most of the
INCRNA were transcripts that were not characterized yet. Recent studies have
found that two of the dysregulated IncRNAs, namely LMCD1-AS1 and
ADAMTS9-AS1, can target four different genes, including COL6A3 (Yu et al,,
2019), PAHA2 (Wang et al., 2019), miR- 106b-5p (He et al., 2020), and PRDM16
(Wu et al., 2023). The identified target genes play diverse roles in cellular
processes, ranging from extracellular matrix maintenance (COL6A3 and
P4HA2) (Zanotti et al., 2023; Myllyharju, 2003) to microRNA-mediated
regulation (miR-106b- 5p) and transcriptional modulation of neurogenesis
(PRDM16) (He, et al., 2021). The GO enrichment analysis of the statistically
significant downregulated genes following EV treatment reveals an impact on
key biological processes within the brain that include axon guidance,
responses to bone morphogenic protein (BMP) signaling, and cell
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Fig. 3. Fluorescence imaging of mitochondria and quantitative analysis of mitochondrial morphology. (a) Fluorescence plate reader assessment of MitoTracker™ Green dye accumulation
in HBECs following exposure to sodium dichromate, with and without astrocyte-derived EVs. (b) Dose-dependent reduction in mitochondrial copy numbers per cell upon Na,Cr,0;
exposure, mitigated by astrocyte-derived EVs at a lower dose (10 pM). (c) Aspect ratio measurement, indicating changes in mitochondrial elongation or circularity, with astrocyte-
derived EVs promoting a healthier and more interconnected mitochondrial network. Each experimental group included eight biological replicates. The results are presented as the
mean+/- SEM and the statistical analysis was performed using a t-test. (d) Fluorescent images of labeled mitochondria, scale bar is 200 um. The images correspond to the following
experimental groups: (i) 5 h untreated; (ii) 5 h 10 pM Na,Cr,0; EV-; (iii) 5 h 10 LM Na,Cr,07 EV+; (iv) 5 h 100 uM Na,Cr,07 EV-; (v) 5 h 100 UM Na,Cr,07 EV+; (vi) 16 h untreated; (vii) 16
h 10 UM Na,Cr,0; EV-; (viii) 16 h 10 UM Na,Cr,0; EV+; (ix) 16 h 100 UM Na,Cr,0; EV-; (x) 16 h 100 uM Na,Cr,0; EV+; (For interpretation of the references to colour in this figure legend,
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differentiation (Fig. 6a). These findings provide insights into the specific
molecular pathways and regulatory mechanisms in HBEC that are induced by
EV-derived cargo. The functional classification of differentially expressed
IncRNA types of post-EV treatment indicated predominant dysregulation in
antisense and intergenic IncRNAs, comprising 90 % of the identified transcripts
(Fig. 6b). These IncRNA subtypes are implicated in epigenetic and
transcriptional regulations, as well as direct protein-domain interactions
disrupting target protein function (Ransohoff et al., 2018). Antisense and
intergenic IncRNAs regulate gene expression, alternative splicing, and

chromatin organization (Mattick et al., 2023). Only one intronic and four sense
IncRNAs have been statistically significantly dysregulated.

Discussion

Astrocytes-derived EVs play a critical role in astrocytes-neuron
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communication, promoting neurite outgrowth after stroke (Shanthi et al.,
2023) and neuroprotective effects and improved motor and cognitive function
in traumatic brain injury. Despite these scientific advances, the
neuroprotective effects of astrocyte-derived EVs on HEBCs are not being
investigated. Considering the important function of astrocytes and HEBCs in
maintaining the BBB, this study aims to understand the fundamental
mechanisms of EV-mediated transcriptome changes, mitochondria response,
and base excision repair capabilities when the endothelial cells are exposed to
a toxic environment.

Sodium dichromate, a well-characterized toxic reagent, is associated with
an increase in cellular ROS through the reduction of hexavalent chromium Cr
(V1) to trivalent chromium Cr (lIl) (Bagchi et al., 1995). The assessments of ROS
levels and HBEC proliferation indicated a decrease in cellular metabolic activity
and a significant increase in ROS following exposure to Na:Cr.0;. The
introduction of astrocyte-derived EVs mitigated the negative cellular impact
(Fig. 1b and c). The assessment of cytotoxicity confirmed that astrocyte-
derived EVs reduce apoptosis in HBECs. This suggests a protective role for
astrocyte-derived EVs against the cytotoxic effects associated with Na2Cr,07
exposure. Other studies have shown time- and dose-dependent changes in
cell viability after treatment with chromium compound. Exposure of HepG2
cells to 12.5 uM potassium dichromate led to a decrease in cell viability by 45
% and 60 % after 24 and 48 h of exposure (Patlolla et al., 2009).

Treatment with a neurotoxic reagent led to a dose-dependent increase in
80HdG accumulation while the presence of astrocytes-derived EV was
associated with a decreased genomic accumulation of the adduct at a lower
concentration of the toxic reagent (Fig. 2). 80OHdG is a biomarker for oxidative
DNA damage and is often used as a measure of oxidative stress at the genomic
level. Elevated levels of 80HdG indicate oxidative DNA damage and are
reported to increase after Cr (IV) exposure (Kart et al., 2016). If the damage is
severe and persistent, it may interfere with the normal functioning of brain
endothelial cells. The cells have mechanisms for repairing DNA damage, but
chronic exposure to oxidative stress may overwhelm these repair mechanisms

(Valavanidis et al., 2009). An increase in the concentration or the duration of
the exposure to toxic reagent could interfere with the DNA repair capabilities
of the cells and therefore contribute to the insignificant effect of the EVs on
the 80HAG accumulation or OGG1 mRNA expression (Fig. 2). Oxidative stress
can trigger inflammatory responses as well. In brain endothelial cells,
inflammation can disrupt the tight junctions between cells, compromising the
integrity of the blood—brain barrier. This could lead to increased permeability,
allowing harmful substances to enter the brain. Excessive DNA damage may
induce programmed cell death in brain endothelial cells that could contribute
to a loss of BBB integrity and function (Galea, 2021).

The mitochondrial analysis of the sodium dichromate treated and
untreated group indicated a dose-dependent reduction in both copy number
and aspect ratio (Fig. 3). A lower mitochondrial count is associated with a
decrease in adenosine triphosphate production and reduced cell viability (Jeng
et al., 2008). The introduction of EVs counteracted this effect, contributing to
an increase in the number of mitochondria per cell when exposed to lower
levels of NaxCr,07 (Fig. 3b). However, this mitigating effect of EVs on
mitochondrial biogenesis was not evident at higher concentrations of
NazCr207. An increase in Na:Cr.07 concentration is associated with a further
reduction in mitochondrial copies and aspect ratio, indicative of a low number
of larger, more circular mitochondria with compromised function. Astrocytes-
derived EVs didn’t contribute to an increase in the aspect ratio that
corresponds to more elongated mitochondria that could be indicative of a
healthy network (van der Bliek et al.,, 2013). Other studies show that
potassium dichromate exposure is associated with an increase in
mitochondrial fission and a decrease in fusion that results in a larger
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number of fragmented mitochondria with altered permeability (Avila- Rojas et
al., 2020).

High throughput transcriptome analysis was performed to identify the
main biological pathways that are dysregulated after the sodium dichromate
treatment and in response to the astrocytes-derived EV exposure. The
downregulation of GO terms related to chemokines, cytokines, and receptor
interactions impacts the inflammatory response after treatment with
NazCr207. Reduced chemokine activity impacts the recruitment and migration
of immune cells to the site of inflammation.

Chemokine receptor binding is essential for signaling and immune cell
responses. Downregulation of chemokine receptor binding implies a decrease
in the interaction between chemokines and their receptors. Cytokines play a

crucial role in regulating immune responses. Downregulation of cytokine
activity may affect the modulation of inflammatory processes and immune cell
activation. The downregulation of these GO terms indicates a decrease in the
activity of chemokines, cytokines, and their interactions with receptors. This
molecular response may have implications for regulating immune responses,
immune cell recruitment, and the overall inflammatory environment within
the central nervous system during neuroinflammation. The upregulation of
GO terms related to the plasma membrane can have implications for
neuroinflammation as well. The plasma membrane is a crucial interface
between the cell and its external environment, and changes in membrane
composition or structure can influence various cellular functions, including
those related to immune responses and inflammation. The upregulation of
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Prostaglandin E Receptor 3 (PTGER3) can mediate the effects of prostaglandin,
particularly in amplifying the pro-inflammatory response (Hata and Breyer,
2004). The upregulation of IL12RB2 might contribute to the adaptive
preservation of immune homeostasis. By ensuring adequate responsiveness
to available IL-12, cells may attempt to regulate the balance of immune
functions and prevent immune dysfunction resulting from a deficiency in key
signaling molecules (Gately et al., 1998). The impact of astrocytes-derived EVs
on human endothelial brain cells is evident in the modulation of gene
expression, concerning key genes associated with brain development and the
regulation of neural tissues. LHX9 and DLX5 genes have important roles in the
differentiation and maturation of neural tissues (Peukert et al., 2011; Perera
et al,, 2004). An upregulation in DLX5 expression is associated with the
development of brain cancer and neurological disorders (Tan and Yesta, 2021).
This observation underscores the potential significance of DLX5 as a regulatory
factor in pathological conditions affecting the brain. The BMP gene family is
integral to various aspects of neural development, including neural induction,
patterning, neurogenesis, and the proper function of the blood—brain barrier
(Araya et al., 2008). BMP7, or bone morphogenetic protein 7, has a
neuroprotective role in stroke animal models and promotes endogenous
neurogenesis. The dysregulated genes identified in our study (supplementary
Table 2) include IncRNAs with uncharacterized functions. The high-throughput
sequencing analysis suggests that EVs primarily exert their neuroprotective
effects through IncRNA-mediated mechanisms. The IncRNA LMCD1-AS was
statistically significant downregulation following EV treatment. The validated
gene targets associated with LMCD1-AS are COL6A3, P4HL, and miR-106b-5p
(Bani-Yaghoub et al.,, 2008). Functional studies demonstrated that the
depletion of LMCD1-AS1 led to suppressed cell proliferation, reduced clone
formation, and inhibited invasion, while also inducing apoptosis. The LMCD1-
AS1/COL6A3 axis emerged as a key player in tumorigenesis and progression,
highlighting the oncogenic role of LMCD1-AS in these cellular processes (Yu et
al., 2019).

While this study provides important information about the relationship
between astrocyte-derived EVs and the cellular response of HEBCs, the work
has several limitations. The investigation was performed using a specific
concentration of EVs and therefore, may not capture the dose-response of
the HEBCs. Future studies will aim to investigate a range of EV concentrations
and treatment times for a more comprehensive understanding of the dose—
response relationship. The cellular responses observed in an in vitro study,
may not fully replicate the complex in vivo microenvironment. Incorporating
in vivo models or more sophisticated in vitro systems that mimic physiological
conditions could provide a more accurate representation of EV-mediated
effects in a physiological context.

IIn summary, this study investigated the impact of astrocytes-derived EVs
on HBEC’s function including oxidative DNA damage, global transcriptome
changes, and mitochondrial morphology. High throughput sequencing
analysis suggests that EVs exert a neuroprotective effect via changing the
expression of genes and IncRNAs that are associated with neurogenesis and
neuroprotection. These findings underscore the importance of IncRNAs,
particularly LMCD1-AS, in mediating the neuroprotective effects of EVs.
Further investigation of the LMCD1-AS1/ COL6A3 axis and targeting this
pathway in the context of neuroprotection and tumorigenesis could have
implications for therapeutic interventions.
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