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OZET

KUERSETIN ILE ZENGINLESTIRILMIS KORDON KAYNAKLI
MEZENKIMAL KOK HUCRE EKSOZOMLARININ, LPS INDUKLU HMC3
MIiKROGLIA NOROINFLAMASYON MODELINDE, ANTIENFLAMATUAR
ETKISININ INCELENMESI

Noroinflamasyon, heniiz tedavisi bulunamamis olan nérodejeneratif hastaliklarin
gelisiminde rol oynayan kritik bir patofizyolojik siirectir. Bagisiklik hiicreleri, 6zellikle
mikroglia, merkezi sinir sistemindeki inflamatuar yanitlarin ana diizenleyicileridir.
Norodejeneratif hastaliklarda mikroglia'nin roliiniin daha iyi anlasilmasi, etkili
tedavilerin gelistirilmesi ic¢in esastir, ¢iinkii karmasik hastaliklar karmasik tedaviler
gerektirir. Onceki ¢aligmalar, GK-MKH kokenli eksozomlarin néroinflamasyonu
azaltmada terapotik etkisini gostermistir. Benzer sekilde, kuersetin antioksidan, anti-
inflamatuar ve norokoruyucu etkiler gosterir ve néroinflamasyonu azaltmada énemli bir

rol oynar.

Bu calismada, kuersetin yiiklii eksozomlarin (Que-Exo) LPS ile indiiklenen
noroinflamasyon modelindeki anti-inflamatuar etkilerinin arastirilmasi1 amaglanmustir.
Bu hipotez; hiicre canliigimin degerlendirilmesi igin MTT analizi, pro-inflamatuar
sitokin analizi ig¢in, nitrit diizeyleri i¢in Griess analizi, iINOS enzim aktivitesi,
sitoplazmik NF-xB, iNOS ve COX-2 protein ekspresyonlari i¢in Western blot dahil

olmak tizere ¢esitli molekiiler analizlerle desteklenmistir.

Sonuglar, Que-Exo ©6n uygulamasimnin hiicre canliligmi o6nemli o6lgilide
tyilestirdigini ve LPS ile indiiklenen inflamatuar yanitlar1 azalttigini gostermistir.
Ozellikle, Que-Exo uygulamasi NF-kB sinyal yolunun aktivasyonunu artirirken, nitrit,
INOS ve COX-2 diizeylerini diisiirmiis ve pro-inflamatuar sitokin ekspresyonlarini

baskilamistir.

Bu bulgular, Que-Exo'nun kuersetinin biyoaktif 6zellikleri ile GK-MKH kokenli

eksozomlarin  hedefe yonelik tagima kapasitesini  birlestirerek  sinerjik  bir



antienflamatuar etki gdsterdigini ve noroinflamasyonu hafifletmede etkili bir tedavi

ajani olabilecegini gostermektedir.

Anahtar Kelimeler: Noroinflamasyon, Lipopolisakkarit, Mikroglia, HMCS3,

Eksozom, Mezenkimal kok hiicre, Gobek Kordon, Antioksidan, Kuersetin



ABSTRACT

INVESTIGATION OF THE ANTI-INFLAMMATORY EFFECT OF
UMBILICAL CORD MESENCHYMAL STEM CELL-DERIVED EXOSOMES
ENRICHED WITH QUERCETIN ON A NEUROINFLAMMATION MODEL
USING LPS-INDUCED MICROGLIA HMC3 CELL LINE

Neuroinflammation is a critical pathophysiological process implicated in the
development of neurodegenerative diseases, for which cures have not been discovered
yet. Among the immune cells involved, microglia serve as primary regulators of
inflammation within the central nervous system. Gaining deeper insight into microglial
function in these conditions is crucial for the development of targeted and effective
therapeutic strategies, especially given the complexity of such diseases. Previous
studies have demonstrated the therapeutic effect of exosomes derived from umbilical
cord-mesenchymal stem cells in diminishing neuroinflammation. Likewise, quercetin
exhibits neuroprotective, antioxidant, and anti-inflammatory properties that contribute

to its ability to mitigate neuroinflammatory responses.

This study aimed to evaluate the anti-inflammatory effects of quercetin-loaded
exosomes in a neuroinflammation model induced by LPS. This hypothesis was
supported by conducting molecular analysis, including MTT assay for cell viability,
pro-inflammatory cytokine analysis, Griess assay for nitrite levels, COX-2 and iNOS
enzyme activity assays, and Western blotting for cytoplasmic NF-kB, COX-2, and
INOS protein expressions.

The results demonstrated that pretreatment with quercetin-loaded exosomes
significantly improved cell viability and reduced LPS-induced inflammatory responses.
Notably, quercetin-loaded exosomes increaesd the expression of cytoplasmic NF-«B,
reduced nitrite levels, INOS enzyme activity, INOS and COX-2 protein expressions,

and downregulated the expression of pro-inflammatory cytokine IL-6.

These findings suggest that quercetin-loaded exosomes provide a synergistic anti-

inflammatory effect by combining the bioactive properties of quercetin with the



targeted delivery capability of mesenchymal stem cell-derived exosome, which serve as

an effective therapeutic agent for mitigating neuroinflammation.

Keywords: Neuroinflammation,  Lipopolysaccharide,  Microglia, = Exosome,
Mesenchymal stem cell, Umbilical Cord, Antioxidant, Quercetin



ACKNOWLEDGEMENT

| would like to extend my deepest gratitude to my MSc supervisor, Prof. Dr.
Sevim ISIK, whose support and guidance made this work possible. 1 am profoundly
grateful for the opportunity she provided me to conduct research under her supervision.
My heartfelt thanks also go to my co-advisor, Dr. Giilen Melike DEMIRBOLAT, for
her genuine support and invaluable contributions to the successful completion of this

thesis.

I am sincerely grateful to Dr. Bercem YEMAN KIYAK, manager of
USKOKMER, as well as to my laboratory mates, Aya SAHSAHI, Suhair SHAMSHIR,
Nesrin EDWAN SANCHEZ, and Sedra ALHELWANI, whose encouragement and
willingness to share knowledge significantly enriched my learning experience.

A special thanks to my beloved family, whose unwavering support has been the
backbone of my academic journey. | am deeply indebted to my father, Ghaleb
OSMAN, and my mother, Fadia AYOUBI, for their unconditional love and
encouragement. |1 am also grateful to my sister, Sarah, and my brothers, Osman, Moaz,
and Mohammad OSMAN, for their continuous support.

I sincerely thank TUSEB for their generous support of my master’s research
project (No. 43313), entitled “Investigation of the Anti-inflammatory Effect of
Umbilical Cord Mesenchymal Stem Cell-Derived Exosomes Enriched with Quercetin
on a Neuroinflammation Model Using LPS-Induced Microglia HMC3 Cell Line.” Their

funding enabled me to carry out this research successfully.

Lastly, I would like to thank everyone who supported me in any way during this
research journey, whether directly or indirectly. Their contributions, no matter how

small they were, have been deeply appreciated and valued.



DECLARATION

| hereby declare that the thesis entitled “Investigation of the Anti-Inflammatory
Effect of Umbilical Cord Mesenchymal Stem Cell-Derived Exosomes Enriched with
Quercetin on a Neuroinflammation Model Using LPS-Induced Microglia HMC3 Cell
Line” is the result of my independent research. This work has not been previously
submitted, in whole or in part, for the award of any academic degree or professional

qualification at any other institution.

| further affirm that all sources of information, data, and scholarly content have
been duly cited and acknowledged in accordance with the principles of academic
honesty and ethical research conduct. This thesis fully complies with the institutional

standards of academic integrity and responsible authorship.

07/07/2025
Sajeda OSMAN

Vi



CONTENTS

OZET ...ttt i
AB ST RACT Lttt b et et e e beenree s i
ACKNOWLEDGEMENT ...ttt Y
DECLARATION ..ottt ettt e s \Y
CONT ENT Sttt sb e et e e bb e et e e saeeenes vii
INDEX OF TABLES ...t X
INDEX OF FIGURES ...ttt Xi
INDEX OF ABBREVIATIONS ...ttt xiii
1 INTRODUCGTION ...ttt sttt ettt ne e nae e 1
2. GENERAL INFORMATION ..ottt 2
2.1, NeuroinflammMEtioN ...........cooiiiiiiieie e 2
2.2, IVIICTOGHIA ..ottt bbbt 3
2.2.1. Origin and Characterization of MiCroghia..........ccoccerveiiriniiiiiieeee e 3
2.2.2. Morphology OF MICIOGHA. .......coveviiiiiiirieeee s 4
2.2.3. ACtivation Of MICTOGIIA. .......ccoiiiiiiiiiiieeee s 5
2.2.4. HMGC3 Cell LINE ...eiiiiiiiieee ettt 8
2.3, SEEM CRIIS .t 9
2.3.1. Umbilical Cord-Derived Mesenchymal Stem Cells ..........ccooviiiiiinenciinnnnen 10
2.3.2. Limitations of Mesenchymal Stem CellS.........cccoooviiiiiiiiiiiiecc e 10
2.4, EXOSOMIES ...ttt bbbttt b s 11
2.4.1. Characterization and Composition of EXOSOMES.........ccccccceriviceriniseeniviseeneseenas 11
2.4.2. BIOgENESIS OF EXOSOIMES .....c.vvivciiiicieiieste ettt s 13
2.4.3. Exosome Interactions with Recipient Cell..........ccocooiviciiiinccsceese e 16

vii



2.4.4. Advantages Of EXOSOMES.......ccccceureriereiieisssess sttt 19

2.4.5. Mesenchymal Stem Cell-Derived EXOSOMES...........cccvurrirrererereeierereeeessesessnsseens 20
2.5, QUETCELIN ....vcviicteteees ettt st b e s bt as e b et ese st ebese e et ebene st ebens 21
3. MATERIALS & METHODS. ... 24
3.1. HMC3 Cell LiNe CURUIE ..o s 25
3.1.1. Freezing OFf HMC3 CelIS.......ccoiiiiieiieiese e 25
3.1.2. Thawing of HMC3 CellS......ccooiiiiiiiiiiieee e 25
3.1.3. Subculture of HMC3 CellS .......coiiiiiiiiicee e 25
3.2, UC-MSC CURUIE......eeiiiieiieeeese e 26
3.2.1. Freezing Of UC-MSC ..ottt st 26
3.2.2. Thawing OF UC-MSC.......cooiiiiiiici ettt 26
3.2.3. SUDCUItUrE OFf UC-IMSC......c.oiiiiiiiiiiieie e 27
3.3. EXOSOME ISOIALION ...t 27
3.4. Preparation of Quercetin-Loaded EXOSOMES..........ccceveiieiieiiesiiesecie e 28
3.5. Characterization of Exosome and Quercetin-Loaded EXOSOMES..........cccccveverennene. 28
3.5. 1. WESEEIN BIOT ...t 28
3.5.2. Particle Size and Distribution Measurement............ccccovverereiineneiscneseeseeee 34
3.5.3. Zeta Potential ANAIYSIS .......covoiiiieiice e 34
3.5.4. Transmission EIectron MICrOSCOPY ......ccovevveeieiieiieeiesie st 34
3.6. Determination of Entrapment Efficiency % for Quercetin-Loaded Exosomes...... 34
3.7. In Vitro Release Study of Quercetin-Loaded EXOSOMES..........ccccevveririieiverieannnn 35
3.8. In Vitro Cellular Uptake of Quercetin-Loaded EXOSOMES.........cccccvevviieiveriennnene 35
3.9. Induction of Neuroinflammation Model .............ccoocoiiiiiiiinii s 36
3.10. EXPerimental DeSIGN........cccuiiiieiie ettt 36
3,11, MOIECUIAr ANAIYSIS ...ccvviiiiieciee et 37
3.11.1. Cell VIability ASSAY .....veeiiiiiiieiie sttt re e beesraeane e 37

viii



3.11.2. CytoKINE ANAIYSIS.......cieeiiecieieeie et sre e 38

3.11.3. NItrite MEASUIEMENT......civiiiiieieierie sttt 38
3 11,4, ENZYIME ASSAYS ...vveeiuireeisiieesiieeesiteessiteeestsesasbaeesbeaesnbeaessbeesssbeeessbeessnbeesnnseesnneeeans 38
3115, WESEEIN BIOL ...ttt 39
3.12. StAtISICAl ANAIYSIS. ..o 39
A, FINDINGS ... e e ae e e e e nnae e e 40
4.1. UC-MSC Culture ConditioNS .........cceierieiiieiieiesiesieeie e siee e siee e see e e snee e 40
4.2. HMC3 CUlture CONGITIONS........ccveiieiiaiesiesie e see et nee e nee e 41
4.3. Characterization of exosomes and quercetin-loaded X0SOMES...........c.ccocevvrennnns 42
4.4. Successful entrapment of quercetin iNt0 EX0SOMES...........covverieiereerenenenesenieas 44
4.5. SUCCESSTUI Arug rEIEASE .......veeiieicie e 44
4.6. Successful quercetin-loaded exosomes uptake by HMC3 cells. ...........ccccveneneee. 45
4.7. Assessment of HMC3 cell viability upon different treatments..............ccccceeeveneee. 47
4.8. Quercetin-loaded exosomes attenuate IL-6 expression in neuroinflammation...... 51
4.9. Quercetin-loaded exosomes inhibit the NF-kB pathway activated by LPS........... 52

4.10. Quercetin-loaded exosomes inhibit pro-inflammatory enzymes in HMC3 cells.. 53

5. DISCUSSION ...t 57
6. CONCLUSION & RECOMMENDATIONS ... 61
RESOURCES ... .o e 62



INDEX OF TABLES

Page
Table 1: BSA standard’s preparation...........cccccvevueiieereeriesieesessieseesresseesseessessssssesssesseenns 29
Table 2: Preparation of 10% acrylamide gel ... 30
Table 3: Preparation of 10X SDS-PAGE Running Buffer ...........cccccooeviiiniinine 30
Table 4: Preparation of 1X transfer buffer..........c.ccccoovei i 31
Table 5: Preparation of Coomassie Blue SOIUtION ...........cccocvvviiieii i 32
Table 6: Preparation of Coomassie Destaining SOIUtION............ccoovvvierieieienineneseee 32
Table 7: Preparation of BIocKing SOIUTION ..........ocviiiiiiiiiceeee s 32
Table 8: Preparation 0f NeW TBS........ccooiiiice e 33
Table 9: Preparation of Antibody SOIULION ...........ccveiiiiiicec e 33
Table 10: Preparation 0f LOX TBS ......ccooiiiiiiieie et 33
Table 11: Preparation Of TTBS.......ccooo i 33
Table 12: EXPerimental GrOUPS .........civeiieiieieeieseesteeieseeste e sreesre et e saeeaesneesne e e 37



INDEX OF FIGURES

Page

Figure 1: The advantages and disadvantages of neuroinflammation (DiSabato et al.,

Figure 2: Origination of microglia from eEMPs in the yolk sac and their migration to

parenchyma (de Aratjo et al., 2022).....cccueiiiiiiieiieie et seeas 4
Figure 3: Distinct morphological characteristics of microglia in their ramified and
amoeboid forms (Rawlinson et al., 2020)..........ccccooveiiiiieieeie e 5
Figure 4: Initiation of LPS-mediated neuroinflammation (Mazgaeen et al., 2020) ......... 7
Figure 5: M1 and M2 microglia phenotypes (Isik et al., 2023). .......cccccoovriiiniiniiniieienn. 8
Figure 6: Morphology of HMC3 (ATCC CRL-3304). ...ccccoviieiieieceeie e 9
Figure 7: Structure and composition of exosome (Xiao et al., 2021) ..........cccceevevvvenenne. 11
Figure 8: Multiple pathways of EV Biogenesis (Lee et al., 2024) ..........c.ccoovvvrvinennn. 12
Figure 9: The mechanism of exosome’s biogenesis (Gurung et al., 2021) .................... 14

Figure 10: Biogenesis of exosomes by ESCRT dependent and independent pathways
(Gurunathan et al., 2021). .......coiiieiiecece et 15
Figure 11: Different exosome internalisation pathways (Gurung et al., 2021) ............. 17
Figure 12: Mesenchymal stem cell-derived exosomes exhibit neuroprotective effects by

regulating signalling pathways and attenuating neuroinflammation induced by glial

CEllS (GE et al., 2024) ......oceeeee et e 21
Figure 13: Chemical structure of quercetin (Salehi vd., 2020).........c.cccociinininnninnnn, 22
Figure 14: Neuroprotective mechanisms of quercetin (Chiang et al., 2023)................... 23
Figure 15: Overview of the Project DeSIgN .......coveiveieiieieee e 24
Figure 16: Experimental timeline ...........ccooiviiiie i 36
Figure 17: Morphological images of UC-MSC (ATCC PCS-500-010) using 5X and
10X objections of early passages. A: Passage 0 and B: Passage 4.........cccooevvevvvreennnn. 40

Figure 18: Morphological images of Exo-depleted UC-MSC using 10x objections of
QL2 ST [0 T TSR PRR PP 41
Figure 19: Morphological images of HMC3 (ATCC CRL-3304) using 10x objection;
(A) 9" passage, an early passage, and (B) 16" passage, late passage. ..........cc........... 41
Figure 20: Characterization of Exo and Que-Exo. (A) Western Blot analysis for Exo

markers. (B) Zeta potential analysis of Exo and Que-Exo. Size detection of (C) Exo and

Xi



(D) Que-Exo using DLS. TEM images of (E) Exo and (F) Que-Exo using 200 nm
magnification; scale bar: 1 LM ....ocooiiiiiiiii e 43
Figure 21: UV-Spectrophotometry method. Calibration curve of Que with 256 nm
ADSOIDANCE ... bbb 44
Figure 22: The drug release study of Que-Exo and Que over a 24-hour period............. 45
Figure 23: Cellular uptake of CM-DiD labeled Exo with their accumulation around the
nucleus. Red fluorescence signals show Exo while blue refers to the stained nuclei with
DAPI. (A) Fluorescent images of HMC3 cells obtained after 3, 6, and 24h using 40x
magnification; scale bar: 20 um. (B) CM-DiD-labeled Exo’s intensity. (C) Percentage

of HMC3 cells that had internalized the CM-DID dye..........ccoceiiiiiiniiiiinieieceees 46
Figure 24: Measurement of HMC3 cell viability after treatment with ATP, LPS, and
IFN-v; 1=2; MEAN &= SD ...ooiiiiiii e 47

Figure 25: Measurement of HMC3 cell viability after Que treatment with different
concentrations (ULM); N=2; Mean &= SD .........ccceiiiriiiiieie e 48
Figure 26: Measurement of HMC3 cell viability after Exo treatment with different
concentrations (particle/mL); n=3; mean £ SD ........ccccoiiiiiiiiiiiiiie e 49
Figure 27: Measurement of HMC3 cell viability after Que-Exo treatment with different
concentrations; N=3; MEaN £ SD .........ccceiiviiiiiiiie et re e re e 49
Figure 28: Measurement of HMC3 cell viability under 1h pretreatment with Exo, Que-
Exo, and Que under normal and NI conditions; n=2; mean = SD ..........cccccccvveeriiinnennns 50

Figure 29: Measurement of IL-6 pro-inflammatory cytokine among the experimental

group; N=2; MeaN £ SD ..ot 51
Figure 30: Protein expression levels of NF-kB; n=3; mean = SD.........cccccceecvrvrrvernrnn. 52
Figure 31: Measurement of iNOS enzyme activity; n=2; mean = SD...........cc.ceevvrennnn. 53

Figure 32: Measurement of nitrite concentrations secreted by HMC3 cells among the

groups; N=3; MEAN & SD ....uiiiiiiiiiii e 54
Figure 33: Protein expression levels of iNOS; n=3; mean £ SD .........cc.ccoevvvivnirinnnnn. 55
Figure 34: Protein expression levels of COX-2; n=3; mean £ SD ........cccccevvrvvrrvennne 56

Figure 35: The schematic illustration outlines the fundamental process by which Que-

Exo exert their anti-inflammatory effectS...........ccccvvveiiiiicc 59

Xii



INDEX OF ABBREVIATIONS

AD: Alzheimer’s disease

AKT: Protein kinase B

ALIX: ALG-2 interacting protein X

AMPK: AMP-activated protein kinase

ANXA2: Calcium-regulated membrane-binding protein
Arg-1: Arginase-1

ATP: Adenosine triphosphate

Bax: Bcl-2-associated X protein

BBB: Blood-brain barrier

Bcl-2: B-cell lymphoma 2

BV2: Murine-derived microglia clone-3 cell line

CD: Tetraspanin cluster of differentiation

CD206: Mannose receptor

CNS: Central nervous system

COX-1: Cyclooxygenase-1

COX-2: Cyclooxygenase-2

DAPI: 4',6-diamidino-2-phenylindole

DMSO: Dimethyl Sulfoxide

eEMP: Early erythroid myeloid progenitor

ERKZ1/2: Extracellular signal-regulated kinase 1 and 2

EV: Extracellular vesicle

Xiii



Exo: Exosome

Fas: Fas ligand

FBS: Fetal bovine serum

F1ZZ1: Found in inflammatory zone 1
HD: Huntington’s disease

HMC3: Human microglia cell line
HO-1: Heme oxygenase-1

HSP: Heat shock protein

IFN-y: Interferon-gamma

IGF-1: Insulin-like growth factor 1

IL: Interleukin

ILV: Intraluminal vesicle

INOS: inducible nitric oxide synthase
IxkBa: NF-kB inhibitor alpha

LPS: Lipopolysaccharide

MAPK: Mitogen-activated protein kinase
MEM: Modified eagle’s medium
MHC-I: Histocompatibility complex class |
MHC-I11: Histocompatibility complex class Il
MSC: Mesenchymal stem cell

MTOR: Mammalian target of rapamycin
MVB: Multivesicular body

NFxB: Nuclear factor kappa B

NI: Neuroinflammation

NLRP3: NOD-like receptor pyrin domain-containing protein 3

Xiv



Nrf2: Nuclear factor E2-related factor 2

p53: Tumor protein P53

PBS: Phosphate buffered saline

PD: Parkinson’s disease

P13K: Phosphoinositide 3-kinase

PLC: Phospholipase C

Que: Quercetin

Que-Exo: Quercetin-loaded exosome

Rab: Ras-associated binding

RhoA: Ras homolog gene family member A
ROS: Reactive oxygen species

SIRT1: NAD-dependent deacetylase sirtuin-1
SNARE: Soluble NSF-attachment protein receptor
TGF-g: Transforming growth factor-3

TLR: Toll-like receptor

TNF-a: Tumor necrosis factor-alpha

TRAIL: TNF-related apoptosis-inducing ligand
TREM2: Triggering receptor expressed on myeloid cells 2
TSG101: Tumor susceptibility gene 101

UC: Umbilical cord

VPS4: Vacuolar protein sorting-associated protein
WJ: Wharton jelly

Ym-1: Chitinase 3-like

XV



1. INTRODUCTION

Neuroinflammation is a complex and sustained immune response that occurs in
the central nervous system (CNS), primarily mediated by microglia and astrocytes (Isik
et al., 2023). Under normal conditions, this response serves to protect the brain and
restore its homeostasis. However, in the context of neurodegenerative diseases (ND),
such as Alzheimer’s disease (AD) or Parkinson’s disease (PD), neuroinflammation
becomes chronic and destructive, contributing to the progression of neuronal damage.
Prolonged activation of glial cells results in the overproduction of pro-inflammatory

cytokines, oxidative stress, and disruption of neuronal signaling (DiSabato et al., 2016).

In this context, mesenchymal stem cell (MSC)-derived exosomes (Exo) have
drawn considerable interest due to their natural regenerative and immunomodulatory
properties. Through the delivery of key regulatory molecules, these Exo help attenuate
neuroinflammatory processes and contribute to the maintenance of neural homeostasis
(Thomi et al., 2019, Peng et al., 2022).

Quercetin (Que), a natural flavonoid known for its antioxidant and anti-
inflammatory effects, has shown potential in inhibiting neuroinflammation (Jembrek et
al., 2021). However, its poor solubility and low bioavailability remain major limitations
(Gongalves et al., 2015). To overcome these challenges, loading quercetin into Exo
may enhance its stability, improve cellular uptake, and increase its anti-inflammatory

efficacy within the brain.

Based on this idea, our aim was to investigate the use of Que-loaded Exo (Que-
Exo) as a therapeutic approach to mitigate neuroinflammation, which may contribute to
the development of effective treatments against NDs in the future.



2. GENERAL INFORMATION

2.1. Neuroinflammation

Neuroinflammation is a response that occurs in the CNS (Shabab et al., 2017; Isik
et al., 2023), involves the activation of various cells, including macroglia, microglia,
and neurons. This response is triggered by a wide range of factors, such as the initial
insult to the CNS, genetic predispositions, environmental influences, an individual's age,

and prior experiences that may have primed the immune system.

A hallmark event in the initiation and propagation of neuroinflammation is
microglial activation, the resident immune cells of the CNS (Shabab et al., 2017). This
activation process involves a range of changes, including morphological alterations
(Paolicelli & Gross, 2011), proliferation (Gomez-Nicola et al., 2013), and migration to
the sites of injury or infection (Lively & Schlichter, 2013). These activated microglia,
along with endothelial cells, peripherally derived immune cells, and other resident glial
cells such as astrocytes, play a pivotal role in orchestrating the inflammatory response.

Once activated, microglia and other immune cells release a variety of mediators
that are crucial in shaping the outcome of neuroinflammation. These include cytokines,
which are signaling proteins that regulate the immune response; chemokines, which
guide the movement of immune cells to sites of injury; reactive oxygen species (ROS),
which can have both protective and damaging effects; and secondary messengers that
further amplify the inflammatory signal (DiSabato et al., 2016).
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2.2. Microglia
2.2.1. Origin and Characteristics of Microglia

Microglia are the primary immune cells residing within the CNS, playing a vital
role in maintaining brain homeostasis, responding to injury, and modulating neural
networks. These specialized cells constantly survey the brain environment and
responding to a variety of stimuli, both pathological and physiological. Their capacity
to detect and respond to changes enables microglia to serve as the first line of defense
against threats such as pathogens or tissue damage. Originating from early erythroid
myeloid progenitors (eEMPs) located in the yolk sac (Figure 2) (de Aratjo et al.,
2022), microglia are distinct from other immune cells and are classified as resident
macrophages of the CNS (Streit et al., 2004). This unique lineage allows them to
effectively contribute to immune surveillance, tissue homeostasis, and the response to
injury within the brain. Moreover, microglia are distributed evenly throughout the CNS,
ensuring comprehensive coverage and oversight of the neural environment (Isik et al.,
2023).
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Figure 2: Origination of microglia from eEMPs in the yolk sac and their migration to brain

parenchyma (de Aratjo et al., 2022).

Microglia play a central role in mediating neuroinflammation (Streit et al., 2004)
and are essential for maintaining tissue homeostasis, removing invading pathogens, and
promoting recovery from injury (Zhang et al., 2023). Additionally, they play a major
role in neurodegenerative disorders and brain inflammation (Harry & Kraft, 2012;
Shabab et al., 2017).

2.2.2. Morphology of Microglia

The morphology of microglia serves as a visual indicator of their activation and
functional states. In a healthy brain, microglia exhibit a ramified morphology,
characterized by small cell bodies and long, thin, highly branched processes. Therefore,
microglia form a complex network that permits them to interact with blood vessels,
astrocytes, and neurons. This ramified form enables microglia to effectively monitor the
brain microenvironment, constantly surveying for signs of disturbance or damage
(Streit et al., 1999).



Nevertheless, upon microglial activation triggered by factors such as infection,
trauma, or neurodegenerative processes, microglia undergo significant morphological
changes. They undergo a morphological change from ramified to amoeboid (Figure 3),
characterized by an enlarged, rounded cell body and retraction of their branched
processes. This amoeboid form is associated with an escalation in the pro-inflammatory
and phagocytic activities of cells (Kettenmann et al., 2011). The cytoplasm becomes
enlarged, reflecting the cell's heightened capacity to engulf and digest cellular debris,
pathogens, or damaged cells (Streit et al., 1999).

State of “Activating”

< Resting “Activating”

Figure 3: Distinct morphological characteristics of microglia in their ramified and amoeboid forms
(Rawlinson et al., 2020).

2.2.3. Activation of Microglia

The microglia in the CNS adopt various functional phenotypes, depending on the
specific conditions and signals present in their environment. They can adopt either pro-
inflammatory or neuroprotective roles based on their activation state (Salvi et al.,
2017). M1 microglia are associated with neuroinflammation and neurotoxicity and are
often triggered by factors such as pathogens, tissue damage, neurotoxins, infection, or
injury (Isik et al., 2023). Hence, they can physically assault healthy neurons through
processes such as phagocytosis or the release of apoptotic factors (Shabab et al., 2017).
In response to these triggers, microglia can undergo physiological changes that drive
them into a “reactive state,” during which they secrete inflammatory molecules that

contribute to neuroinflammation (Isik et al., 2023).



Neuroinflammation can be either acute or chronic, and plays a significant role in
CNS pathologies (Streit et al., 2004). Acute inflammation is a rapid response involved
in tissue repair, typically triggered by injury or infection. In contrast, chronic
inflammation is linked to NDs, which is associated with neuronal impairment, damage,

and disease progression (Streit et al., 2004; Isik et al., 2023).

Upon activation, microglia engage in various activities: they gather at the site of
injury, proliferate, migrate, phagocytize debris, present antigens to T cells, and release
oxidative molecules. They also activate multiple genes and proteins, including pro-
inflammatory enzymes such as, inducible nitric oxide synthase (iNOS),
cyclooxygenase-1 (COX-1), cyclooxygenase-2 (COX-2), pro-inflammatory cytokines
like interleukin-1 beta (IL-1p), tumor necrosis factor-alpha (TNF-a), and ROS. During
chronic inflammation, microglia can stay in an active state for prolonged periods,
persistently secreting neurotoxic factors and inflammatory cytokines, which exacerbate

neurodegeneration over time.

Moreover, the nuclear factor-xB (NF-kB) signalling pathway triggers the
expression of the NOD-like receptor pyrin domain-containing protein 3 (NLRP3)
inflammasome. A plethora of research has shown the role of this inflammasome in
modulating the release of inflammatory cytokines following microglial activation in
chronic NDs (Barczuk et al., 2022). Hence, preventing the secretion of pro-
inflammatory mediators induced by the activation of microglia may be a useful

treatment approach for slowing the progression of NDs (Shabab et al., 2017).

For instance, systemic inflammatory response syndrome is triggered by
lipopolysaccharide (LPS), a toxic component on the outer membrane of gram-negative
bacteria, via toll-like receptor (TLR) signalling, as illustrated in Figure 4. LPS interacts
with toll-like receptor 4 (TLR4) on microglial surfaces, initiating several intracellular
signaling cascades, including mammalian target of rapamycin (mTOR), mitogen-
activated protein kinase (MAPK), and phosphoinositide 3-kinase/protein kinase B
(PIBK/AKT). In fact, these pathways ultimately result in the activation of NF-«B.
Subsequently, stimulating the expression of pro-inflammatory cytokines, chemokines,
and enzymes such as COX-2 and iNOS, which are key contributors to the

neuroinflammatory response (Shabab et al., 2017). Such inflammation influences not



only immune functions but also physiological, metabolic, and psychological states.
Furthermore, the length and progression of the initial stimulation determine the extent
of neuroinflammation (DiSabato et al., 2016).
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Figure 4: Initiation of LPS-mediated neuroinflammation (Mazgaeen et al., 2020).

Conversely, the activation of M2 microglia, termed “alternative activation,” is
triggered by anti-inflammatory signals including IL-4, IL-10, IL-13, TGF-B, and
glucocorticoids. This activation state is essential for resolving inflammation and
promoting the re-establishment of homeostasis within the CNS. M2 microglia are
distinguished by surface markers like the mannose receptor (CD206) and Triggering
receptor expressed on myeloid cells 2 (TREM2), which are integral to their anti-
inflammatory function. Furthermore, these cells release anti-inflammatory and tissue-
repair-related factors such as arginase-1 (Arg-1), which supports extracellular matrix
formation and healing processes. They also produce growth factors including insulin-
like growth factor 1 (IGF-1), chitinase 3-like 3 (Ym-1), and found in inflammatory zone

1 (FIZZ1), which aid in matrix remodeling and tissue regeneration (Salvi et al., 2017).



The distinct functions of the M1 and M2 microglial phenotypes in both inflammatory

responses and homeostatic maintenance are illustrated in Figure 5.
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Figure 5: M1 and M2 microglia phenotypes (lIsik et al., 2023).

2.2.4. HMC3 Cell Line

Although microglial activation and functions have been extensively studied in in
vivo models, research utilizing human microglia remains limited, primarily due to the
difficulty in obtaining primary human microglial cells. To overcome this limitation,
several immortalized human microglial cell lines have been established (Dello Russo et
al., 2018).

One such line is HMC3 (Human Microglia Clone 3), which originates from fetal
brain tissue and was immortalized using the SV40 large T antigen. This modification
enables the cells to proliferate continuously in vitro while preserving many of the
essential characteristics of primary human microglia (Gunasegaran et al., 2025). HMC3
cells display diverse and complex morphology, including vacuolated cytoplasm and
short cellular extensions. Additionally, they express key myeloid markers such as



CD68, CD11b, and CD14 (Dello Russo et al., 2018).
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Figure 6: Morphology of HMC3 (ATCC CRL-3304).

The HMC3 cell line is extensively used in neuroinflammation research, serving
as a reliable model for studying microglial activation and behaviour under diverse
stimuli (Etemad et al., 2012; Li et al., 2018).

2.3. Stem Cells

Stem cells are the building blocks of every cell in the body and have a
tremendous potential to ameliorate human health (Weissman et al., 2000). These
undifferentiated cells possess the ability to self-renew and differentiate into various
specialized cells within an organism. Mesenchymal stem cells (MSCs), which can be
isolated from multiple tissues, have the capacity to develop into bone, cartilage, and
adipose cells (Zakrzewski et al., 2019). Due to their unique immunological properties,
ease of laboratory cultivation, and ability to differentiate into diverse cell lineages,
MSCs are considered highly valuable for cell-based therapies and tissue repair
strategies (Abbaszadeh et al., 2020).



2.3.1. Umbilical Cord-Derived Mesenchymal Stem Cells

The umbilical cord (UC) joins the placenta and fetus to enable gas exchange
(oxygen and carbon dioxide) and feeding. It is composed of two main parts: the
perivascular region, which surrounds and protects the blood vessels, and the central
portion called Wharton’s jelly (WJ). The WJ is abundant in glycosaminoglycans such
as hyaluronic acid and chondroitin sulfate, giving the cord its gelatinous structure and
elasticity. UC collection is non-invasive and does not raise any moral concerns, making
it an attractive source for obtaining large numbers of MSCs (Halbutogullar: et al.,
2023). MSCs obtained from WJ of the UC (UC-MSCs) show promising potential for
future clinical applications. They are appealing because of their limited variability and
unique characteristics, including straightforward isolation and culture, widespread
presence in tissues, immunomodulatory effects, self-renewal capability, multipotent
differentiation, and lack of ethical concerns. Moreover, the process of obtaining and
isolating UC-MSCs avoids invasive surgical procedures, ensuring that there are no
complications or risks for the donor. This provides an advantage over other MSC

Sources.

2.3.2. Limitations of Mesenchymal Stem Cells

In the application of stem cell-based therapies, it is crucial to carefully consider
possible opposing effects. One concern is tumorigenesis, which may occur following
stem cell transplantation due to their prolonged proliferative capacity and resistance to
apoptosis. In addition, MSCs tend to have low engraftment because of their limited
viability shortly after the injection. Although most research indicates that a single MSC
transplant is generally safe and does not provoke an immune response, repeated MSC
injections can potentially induce the formation of allo-antibodies (Abbaszadeh et al.,
2020). Moreover, MSCs express major Histocompatibility Complex (MHC) class |,
which may strongly stimulate allogeneic immune responses that cause tissue damage
and inflammation in recipients (Harrell et al., 2021). Consequently, it is essential to
employ a distinct yet advantageous method to ensure the long-term treatment of
neuroinflammation. These limitations can be overcome by employing alternative

methods aimed at reducing neuroinflammation and enhancing neuroregeneration.
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2.4. Exosomes
2.4.1 Characteristics and Compositions of Exosomes

Cells produce exosomes (Exo), which are membrane-containing vesicles, where
their sizes range between 30-150 nm (Doyle & Wang, 2019). They can perform
essential tasks such as preserving cellular homeostasis, eliminating cellular trash, and
promoting intercellular communication by delivering biochemical such as proteins,
lipids, MRNA, miRNA, and DNA (He et al., 2023; Krylova & Feng, 2023) (Figure 7).
The lipid bilayer membrane that encloses Exo is made up of phosphatidylserine,
phosphatidylcholine, sphingomyelin, ceramides, and cholesterol, which is vital for

preserving both their stability and activity (Kalluri et al., 2020).

Exo are enriched with a wide variety of proteins located on their membranes as
well as within their cytosol. Proteins involved in membrane transport and fusion are
particularly abundant, enabling Exo to interact with recipient cells effectively. On their
surface, Exo are densely packed with proteins that bind to receptors on target cells,
triggering intracellular signalling pathways. They also display surface glycoproteins,
glycolipids, and various signalling agents like cytokines, growth factors, small
molecules, and metabolites. Furthermore, they are capable of transporting various
bioactive substances, including proteins, metabolites, and nucleic acids (Kalluri et al.,
2020). This diverse molecular composition underscores their potential in intercellular
communication and their emerging potential in therapeutic applications (Dixson et al.,
2023).
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Figure 7: Structure and composition of exosome (Xiao et al., 2021).
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Exo have attracted considerable interest owing to their distinct features that set
them apart from other types of extracellular vesicles (EVs). Specifically, their distinct
compositions and roles in intercellular communication have made them a central focus
of research, with profound implications for understanding pathophysiological processes
and advancing innovative therapeutic approaches (Kalluri et al., 2020) (Figure 8).

\"'r‘[‘::‘

Tetraspanins \“\
e Adhesion
molecules

Immunomodulatory Signaling o, ¢»
proteins "
W  Cytoskeletal ') Membrane
i i Nuclei Transport/Fusion
e
—————
Melabollles WG
Transmembrane t & . Microvesicles
proteins . - «* JJ (100-1,000nm)
Lipids v\
Exosome A
(30-150nm)
% Budding
o \ [ ) )
Secretory ' RAB Cytoskeleton Apoptotic bodies
autophagosome Autophagosome ')GTP"“ {50-5,000nm)
2 : ILVs —, . ./—\ Early e
X 3 s MVB endosome y \ ‘,:
T8y Trans-golgi S
B/ Cargo . network ./
. in/out . K i
Innerautophagesome \\ " feal TN el i o S
membrane vesicles ,'l
Lysosome K
Nucleus ; /fl‘:'\*"
+* Apoptotic | =
Amphisome tndolyaodomm’ »  death
autolysosome

Figure 8: Multiple pathways of EV Biogenesis (Lee et al., 2024).

Moreover, Exo transport their molecular messages, known as "cargo™ (He et al.,
2023), via autocrine, paracrine, and endocrine pathways, circulating through all bodily
fluids (Krylova & Feng, 2023). The cargo can be present either on the surface or within
the Exo. Externally, cargo components can directly interact with recipient cells,
triggering signalling pathways or facilitating targeted delivery. Internally, cargo is
released once the Exo is taken up by recipient cells, subsequently modulating cellular
processes at the genetic, protein, or lipid levels. The presence of both surface-bound
and internal molecular components enhances the versatility of exosomes in facilitating
intercellular communication and the transfer of biological information. Therefore, the

precise sorting and encapsulation of specific biomolecules during exosome formation
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are fundamental to their development and functionality. Gaining insights into the
molecular mechanisms governing cargo selection during exosome biogenesis is critical
for understanding their physiological significance and holds great promise for the
development of innovative diagnostic and therapeutic applications across a wide range
of diseases (Lee et al., 2024).

2.4.2. Biogenesis of Exosomes

The processes of biogenesis and secretion for Exo are distinct from those of
microvesicles. Microvesicles are generated through the outward budding of the plasma
membrane, while Exo are released through the fusion of multivesicular bodies (MVBS)
with the plasma membrane (Figure 9) (Rastogi et al., 2021). Research has shown that
Exo formation is highly dependent on the physiological states of both donor and
recipient cells, resulting in differences in the protein, lipid, and nucleic acid

compositions of various Exo (Pegtel et al., 2019).

Exo formation initiates with the Golgi apparatus releasing cargo, which is then
directed to endosomal membranes that evolve into MVBs, generally ranging from 250
to 1000 nm in diameter. As MVBs mature, numerous intraluminal vesicles (ILVSs)
develop, measuring between 30 and 150 nm, via inward invagination of the endosomal
membrane (Heijnen et al., 1999). During this maturation phase, particular cargoes are
sorted and integrated into ILVs through selective pathways, which encompass both
ESCRT-dependent and ESCRT-independent mechanisms (Figure 10) (Henne et al.,
2011; Stuffers et al., 2009).
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Figure 9: The mechanism of exosome’s biogenesis (Gurung et al., 2021).

The ESCRT-dependent pathway involves a conserved set of protein
complexes, namely ESCRT-0, ESCRT-I, ESCRT-Il, and ESCRT-Ill—that are are
essential for cargo selection and the formation of MVBs and ILVs. In fact, ESCRT-0
and ESCRT-I are responsible for the segregation of ubiquitinated cargo into lipid
microdomains located on the membranes of MVBs, whereas ESCRT-II and ESCRT-III
facilitate the invagination process and the subsequent formation of MVBs and ILVs.
Additionally, other proteins, including ALG-2-interacting protein X (ALIX), tumor
susceptibility gene 101, and vacuolar protein sorting-associated protein (VPS4),
contribute to this pathway (Rastogi et al., 2021).

Nevertheless, the ESCRT-independent pathway employs tetraspanin clusters of
differentiation like CD63, CD81, CD82, CD37, and CD9, along with molecular
chaperones like HSP60, HSP70, and HSP90, to aggregate cargo within lipid
microdomains, facilitating the formation of MVBs and ILVs (Colombo et al., 2019;
Lotvall et al., 2014; Mulcahy et al., 2014). CD63 and CD81 are commonly found on

ILV membranes and serve as exosome markers. Additionally, syntenin contributes to
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the ESCRT-related sorting and recycling of cargo during vesicle formation (Rastogi et
al., 2021).
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Exo biogenesis is influenced by both ESCRT-dependent and independent
mechanisms, with the choice of pathway primarily determined by the specific cargo and
the type of cell involved (Mulcahy et al., 2014). The transfer and docking of MVBs to
the plasma membrane are energetically supported by Ras-associated binding (Rab)
GTPases. The subsequent fusion of MVBs with the plasma membrane requires the
action of soluble NSF attachment protein receptor (SNARE) complexes (Anand et al.,
2019; Klumperman et al., 2014; Stuffers et al., 2009). Once fusion occurs, MVBs
release their ILVs, which transform into Exo as they enter the extracellular

environment. However, it is important to recognize that not all MVBs proceed to
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exocytosis; some are redirected to lysosomes for degradation instea (Rastogi et al.,
2021).

2.4.3. Exosome Interactions with Recipient Cell

Upon arriving at the target cell, Exo can initiate signalling by binding directly to
extracellular receptors, fusing with the plasma membrane, or being internalised by the
cell (Gurung et al., 2021).

Direct Interaction: Ligands present on Exo can engage with receptors on target
cells, initiating a series of intracellular signalling pathways. This interaction is essential
for modulating immune responses and inducing cell apoptosis. For instance, Exo
secreted from dendritic cells activate T lymphocytes through MHC-peptide complexes
(Tkach et al., 2017) and engage TLRs on bacterial cells, thereby activating nearby
dendritic cells and boosting immune responses (Sobo-Vujanovic et al., 2014). Exo
derived from UC blood, which display tumor antigens like MHC-1 and MHC-I11, and
tetraspanins CD34 and CD80 (Guan et al., 2014), facilitate T cell proliferation and
support antitumor responses. Ligands such as TNF, Fas ligand (Fas), and TNF-related
apoptosis-inducing ligand (TRAIL) on Exo surfaces can bind to TNF receptors on
tumor cells, triggering caspase activation and leading to apoptosis (Munich et al.,
2012).

Fusion with Plasma Membrane: Exo can also fuse directly with the plasma
membrane of recipient cells, allowing their contents to enter the cytosol. This fusion
process is thought to be aided by SNARE and Rab protein families, which play roles
similar to those involved in cell membrane fusion (Gurung et al., 2021). Moreover,
lipid raft-like domains, along with integrins and adhesion molecules on Exo surfaces,
help facilitate these interactions and the fusion process with recipient cells (Mulcahy et
al., 2014, Valapala et al., 2011).

Internalisation: Exo are internalised by target cells, leading to the release of
their cargo into the cytoplasm (Joshi et al., 2020; Tian et al., 2014). This uptake is a
fast, temperature-dependent process, where colder conditions reduce the rate of

internalisation (Escrevente et al., 2011).
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Figure 11: Different exosome internalisation pathways (Gurung et al., 2021).

h many endocytic pathways (Figure 11),
notably clathrin-mediated endocytosis. During this process, receptors and ligands
coated vesicles that, once internalised, shed
tlen et al., 2018). This uptake mechanism is
and colon cancer cells (Escrevente et al.,
2011; Verweij et al.,, 2018), cardiomyocytes (Eguchi et al., 2019), macrophages
(Benmerah et al., 1999; Feng et al., 2010),
cells (Guan et al., 2014), and epithelial cells (Yoon et al., 2020), highlighting its

hepatocytes (Benmerah et al., 1999), neural

dependence on clathrin-mediated components. The inhibition protein dynamin-2 has
been demonstrated to reduce Exo uptake in macrophages (Barres et al., 2010; Feng et

al., 2010) and microglial cells (Fitzner et al., 2011). Furthermore, the transferrin
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receptor's overexpression boosts Exo uptake by cancer cells, suggesting clathrin-
mediated endocytosis is a main route for Exo internalisation (Amber Gonda et al.,
2019).

Another key endocytic pathway is lipid raft-associated membrane
invagination, which facilitates the transfer of cargo into early endosomes and impacts
Exo uptake (Delenclos et al., 2017). Lipid rafts are stable microdomains enriched with
cholesterol, sphingolipids, and GPI-anchored proteins (Mulcahy et al., 2014). Changes
in lipid metabolism can disrupt Exo uptake; for instance, using agents like methyl-p-
cyclodextrin reduces Exo uptake in breast cancer cells (Koumangoye et al., 2011).
Likewise, inhibiting sphingolipid synthesis impairs Exo uptake in dendritic cells, and
disruptions in cholesterol transport further hinder this process. Calcium-regulated
membrane-binding protein (ANXAZ2) enhances this pathway by anchoring Exo to
specific adhesion sites on the cell surface. Additionally, flotillin, a protein associated
with lipid rafts, plays a supportive role in promoting lipid type of endocytosis (Gurung
etal., 2021).

Caveolin-dependent endocytosis involves caveolin, an integral membrane
protein, which creates small invaginations on the plasma membrane. These caveolae
support the internalisation of caveosomes, which are larger vesicles containing
hydrophobic lipids. In fact, caveolin-1, 2, and 3 make up the caveolae (Kiss et al.,
2009). In epithelial cells, Caveolin-1 has been demonstrated to promote Exo uptake
(Nanbo et al., 2013), though it can reduce uptake in fibroblasts and glioma cells
(Svensson et al., 2013).

Exo uptake can also occur through phagocytosis, a process where immune cells
internalise large particles and, occasionally, smaller ones like Exo, forming
phagosomes that ultimately transport the internalised cargo to lysosomes for
degradation (Gordon et al., 2016). This process relies on the closure of phagosomes,
with enzymes such as PI3K and phospholipase C (PLC) playing essential roles (Fukami
et al., 2010).

Macropinocytosis is characterised by inward folding of the plasma membrane,
driven by actin, resulting in the formation of macropinosomes. This pathway relies on

growth factors for uptaking extracellular molecules (Lim et al., 2011). This process can
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be influenced by several regulatory factors, including Racl GTPase and Na+/H+

exchanger activity (Kerr et al., 2009).

Additionally, there has been recent identification of a specific filopodial entry
route in fibroblasts (Heusermann et al., 2016). Filopodia are actin-rich protrusions that
help cells interact with their environment (Mattila et al., 2008), and they can also
influence processes such as Exo uptake, resembling how pathogenic bacteria and
viruses enter cells (Lehmann et al., 2005). Exo can travel along filopodia before being
internalised, sometimes through pulling motions. Nevertheless, additional work is
required to ascertain the particulars of this process and its exclusivity to fibroblasts.
(Gurung et al., 2021).

2.4.4. Advantages of Exosomes

Exo offer numerous advantages, making them valuable in diagnostics, research,
and therapeutics. As natural drug delivery vehicles, they are biocompatible and non-
immunogenic (Rajput et al., 2022), able to deliver both hydrophilic and hydrophobic
molecules. The high stability of Exo (Nikfarjam et al., 2020) allows them to easily pass
across a variety of physiological barriers, such as plasma membrane of cells and the
blood-brain (BBB). In addition, their lipid bilayer structure permit them to fuse with
other membrane-like bodily structures, notably the BBB (He et al., 2023). Furthermore,
Exo are involved in a wide range of cell-to-cell communication pathways that are
connected to both physiological and pathological processes (Nikfarjam et al., 2020).
They are also a type of biological machinery that can be dysregulated or captured by
pathogenic processes in many disease situations. This phenomenon has sparked
heightened interest in investigating Exo as potential diagnostic markers and therapeutic
targets (Krylova & Feng, 2023). They have also demonstrated great promise as
alternatives to cellular treatments (Halbutogullar1 et al., 2023). They are also ideal for
non-invasive diagnostics, as they can be isolated from body fluids like blood, urine, and
saliva, with their molecular cargo reflecting the originating cells' physiological or
pathological state (Kanninen et al., 2016). Hence, their natural origin reduces toxicity
and minimises off-target effects, positioning Exo as a powerful and versatile tool in
advancing personalised medicine and innovative therapeutic strategies (Rajput et al.,
2022).
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2.4.5. Mesenchymal Stem Cell-Derived Exosomes

MSC-derived Exo exhibit no significant differences in morphology, isolation
methods, or storage conditions compared to Exo from other sources (Fakouri et al.,
2024). For identification, they express standard exosomal surface markers such as CD9
and CD81, along with adhesion molecules like CD29, CD44, and CD73, which are
characteristic of the MSC membrane (Yu et al., 2014). Similar to Exo from other
origins, the protein content of MSC-derived Exo varies depending on the MSC batch
from which they are isolated. Functional clustering of these proteins indicates that Exo
support a wide range of biological processes, aligning with the documented therapeutic
efficacy of MSCs in treating various medical conditions (Fakouri et al., 2024). For
instance, MSC-derived Exo are rich in various proteasome subunits, particularly the
20S proteasome. These subunits play a critical role in degrading misfolded or damaged

proteins, which are essential for maintaining cellular health (Lai et al., 2012).

These Exo are enriched with microRNAs, particularly miR-133b. Research has
demonstrated that this specific microRNA can significantly promote recovery in
neurons and astrocytes under adverse conditions, such as those associated with
Parkinson's disease. The elevated levels of miR-133b can exert a protective impact on
neurons, fostering the development of nerve axons and mitigating the progression of
neurodegenerative conditions. Moreover, miR-133b facilitates neurite outgrowth by
modulating the extracellular Signal-Regulated Kinase 1 and 2 (ERK1/2) and PI3K/Akt
signalling pathways through the inhibition of the ras homolog gene family member A
(RhoA). This highlights the possible of MSC-derived Exo as a promising avenue in
regenerative medicine and the advancement of novel therapeutic approaches for NDs
(Peng et al., 2022).

Furthermore, MSC-derived Exo have been demonstrated to suppress microglial
activation (Figure 12). A previous study demonstrated that Exo derived from WJ-
MSCs declined pro-inflammatory cytokines secreted by the microglia BV-2 cell line
and primary mixed glial cells. A considerable decrease was observed in the expression
of genes LPS-induced neuroinflammation in BV-2 microglia and primary mixed glial
cells. Furthermore, Exo altered BV-2 microglia's TLR4 signalling, inhibiting the

phosphorylation of members of the mitogen-activated protein kinase family in response
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to LPS stimulation and the degradation of the NF-xB inhibitor, known as NF-xB
inhibitor alpha (IxkBa). Ultimately, Exo administered intravenously to rats diminished
neuroinflammation caused by microglia with perinatal brain damage (Thomi et al.,
2019).
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Figure 12: Mesenchymal stem cell-derived exosomes exhibit neuroprotective effects by regulating
signalling pathways and attenuating neuroinflammation induced by glial cells (Ge et al., 2024).

2.5. Quercetin

Quercetin (Que; 3,3',4",5,7-pentahydroxyflavone) is a natural flavonoid with anti-
inflammatory, anti-oxidative, and anti-apoptotic properties. It is widely found in regular
meals, mostly in fruits and vegetables. The chemical structure of Que is depicted in

Figure 13.

Due to its numerous pharmacological and health-promoting benefits, Que has
been linked to promising therapeutic potential in multiple studies. Que has been
demonstated to exhibit neuroprotective properties in both in vitro and in vivo models of
neurodegenerative disorders. Apart from diminishing oxidative stress and
neuroinflammation, Que promotes neuronal renewal and neurogenesis, while

improving the functionality of preexisting neurons (Jembrek et al., 2021).
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Figure 13: Chemical structure of quercetin (Salehi vd., 2020).

Moreover, Que can autofluoresce by exhibiting a particular fluorescence (488
nmex/500-540 nmem), and this phenomenon is attributed to non-covalent binding to
intracellular molecules (Nifli et al., 2007). Its autofluorescence capacity allows for
further examination of its cellular distribution (Pawlikowska-Pawlega et al., 2007). Que
is known for its potent antioxidant and anti-inflammatory properties (Han et al., 2021);
however, multiple factors, including poor water solubility, limit its bioavailability,
limited absorption in the gastrointestinal tract, and rapid metabolism and excretion from
the body (Gongalves et al., 2015).

Earlier research has shown that microglial activation is mediated by both elevated
ROS stress and reduced autophagy (Han et al., 2021). Moreoever, Que has been shown
to modulate signalling pathways linked with neuroinflammation (Chiang et al., 2023).
Que was shown to elevate Bcl-2 (B-cell lymphoma 2) and reduce Bax (Bcl-2-
associated X protein) expressions, consequently inhibiting the caspase signalling and
reducing p53 expression (Tumor protein P53). Hence, the antioxidant effects of Que are
crucial in suppressing apoptosis. It was also demonstrated the anti-inflammatory and
neuroprotective effects of Que on increasing NAD-dependent deacetylase sirtuin-1
(SIRT1) expression (Jembrek et al., 2021) by supressing the expression of NF-xB, thus
decreasing the expression of the pro-inflammatory cytokines TNF-a, IL-1p, and 1L-6
(Cui et al., 2022). Moreover, this powerful antioxidant reduced neuroinflammatory
markers, such as iINOS and COX-2, and escalated nuclear factor E2-related factor 2
(Nrf2) and heme oxygenase-1 (HO-1) (Jembrek et al., 2021). Additionally, Que
activates AMPK (AMP-activated protein kinase), which eventually induces anti-

inflammatory responses (Benameur et al., 2021). Figure 14 demonstrates the
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neuroprotective effects of Que through the regulation of different intracellular

signalling pathways.
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Figure 14: Neuroprotective mechanisms of quercetin (Chiang et al., 2023).

In previous research, Que was shown to dramatically reduce LPS-induced
production of inflammatory mediators, microglial proliferation, and activation of the
NF-xB signaling pathway. Furthermore, Que reduced the amounts of proteins
associated with pyroptosis, including NLRP3 inflammasome, cleaved IL-1p, active
caspase-1, GSDMD N-terminus, and the NLR family (Han et al., 2021). More recently,
Que was demonstrated to dramatically reduce both NO and iNOS expressions in LPS-
induced BV2 microglial cells, an effect attributed to its ability to supress NF-«B

activation by stabilizing IkBa and preventing its degradation (Kang et al., 2013).
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3. MATERIALS & METHODS

1. Assessment of Quercetin's Cytotoxicity in HMC3 Cells:
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Figure 15: Overview of the Project Design.
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3.1. HMC3 Cell Line Culture
3.1.1. Freezing of HMC3 Cells

To preserve HMC3 cells for a long time, they were homogenized in FBS (fetal
bovine serum, Gibco, 10270106) at a density of 0.5-1 x 10¢ cells/mL. After 900uL of
homogenized cells was added to each cryovial tube, they were placed on ice.
Afterwards, 100 uL of DMSO (Dimethyl Sulfoxide, GENAXXON, M6323.0100) was
added to each tube. Following these steps, the tubes were kept at -20°C for 2h and then
at -80°C overnight. Finally, the tubes were transferred to a liquid nitrogen tank at -

196°C for long-term storage.

3.1.2. Thawing of HMC3 Cells

The HMC3 cells were thawed for use in future experiments. To thaw HMC3
cells, 9 mL of MEM with Earle's Salts without L-Glutamine (Minimum Essential
Medium, Capricorn, MEM-XA) containing 1% pen/strep (Penicillin/Streptomycin,
Capricorn, PS-B) was warmed in a 37°C water bath and then added to a 15 mL
centrifuge tube. After the cryovial tube was removed from the nitrogen tank, it was
thawed in a 37°C water bath for a maximum of 2 min. The cells were then transferred to
a centrifuge tube containing MEM and centrifuged for 5 min at 1700 rpm.
Subsequently, the supernatant was discarded, and the washing step was repeated to
ensure complete removal of DMSO. The pellet was resuspended in complete MEM
containing 15% FBS, 1% sodium pyruvate (Capricorn, NPY.B), and 1% L-glutamine
(Capricorn, GLN.B), and then seeded in a 25 cm? flask. Later, the cells were incubated
at 37°C in a humidified atmosphere with 5% COea.

3.1.3. Subculture of HMC3 Cells

The human Microglial HMC3 cell line was purchased from the American Type
Culture Collection (ATCC, USA, CRL-3304) within the scope of the previously
accepted TUBITAK 1001 project. Cells were seeded in MEM with Earle's Salts
without L-glutamine, containing 10% FBS, 1% sodium pyruvate, 1% L-glutamine, and
1% pen/strep. When the cells reached 70-80% confluency, cell passaging was
performed. The old medium was discarded from the flask, followed by washing with 3
mL PBS. Afterwards, adherent cells were detached from the flask using 1 mL of 0.25%
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Trypsin-EDTA solution and kept in an incubator at 37°C for 2 min. The cells were
observed under a microscope (Zeiss, Zen 3.3) to ensure detachment from the flask
surface. Deactivation of trypsin was performed after adding 3 mL of 10% FBS-
contained MEM, then the cells were transferred to a 15 mL centrifuge tube and
centrifuged at 1700 rpm for 5 min. Subsequently, the supernatant was discarded, and
the pellet was homogenized in 1 mL of complete MEM. For cell counting, 20 pL of
suspended cells were mixed with the same amount of Trypan blue and added on both
sides of a hemocytometer. After performing the calculations, 5 x 10* cells were seeded
in a 25 cme flask containing complete MEM as previously optimized and then incubated
at 37°C in a humidified atmosphere with 5% CO.. The medium was refreshed every
day, and the cells were subcultured twice per week.

3.2. UC-MSC Culture
3.2.1. Freezing of UC-MSC

To preserve UC-MSCs for a long time, they were homogenized in MSC-qualified
FBS (fetal bovine serum, Gibco, 10270106). After 900uL of homogenized cells was
added to each cryovial tube, they were placed on ice. Afterwards, 100uL. of DMSO
(Dimethyl Sulfoxide, GENAXXON, M6323.0100) was added to each tube.
Subsequently, the tubes were kept at -20°C for 2h and then at -80°C overnight. Finally,

the tubes were transferred to a liquid nitrogen tank at -196°C for long-term storage.

3.2.2. Thawing of UC-MSC

The UC-MSCs were thawed for use in future experiments. To thaw UC-MSCs,
15 mL of DMEM-LG (Dulbecco's Modified Eagle Medium-Low Glucose, Gibco)
containing 1% pen/strep was warmed in a 37°C water bath and then added to a 15 mL
centrifuge tube. After the cryovial tube was removed from the nitrogen tank, it was
thawed in a 37°C water bath for a maximum of 2 min. The cells were then transferred to
a centrifuge tube containing 9 mL DMEM-LG and centrifuged at 1800 rpm for 7 min.
Subsequently, the supernatant was discarded, and the washing step was repeated using
6 mL of washing medium to ensure complete removal of DMSO. The pellet was
resuspended in complete DMEM-LG containing 10% FBS, 1% sodium pyruvate
(Capricorn, NPY.B), and 1% L-glutamine (Capricorn, GLN.B), and then seeded in a 25
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cme flask. Later, the cells were incubated at 37°C in a humidified atmosphere with 5%
CO..

3.2.3. Seeding and Expansion of UC-MSC

The UC-MSC was purchased (ATCC, PCS-500-010) within the scope of another
project (TUBITAK Project no. 1138763) and is stored in a liquid nitrogen tank for
long-term use. Cells were seeded in DMEM-LG containing 10% FBS, 1% sodium
pyruvate, 1% L-glutamine, and 1% pen/strep. When the cells reached 70-80%
confluency, cell passaging was performed. The old medium was discarded from the
flask, followed by washing with PBS (Phosphate Buffered Saline, Capricorn).
Afterwards, adherent cells were detached from the flask using 0.25% Trypsin-EDTA
(Gibco, 25200056) solution and kept in an incubator at 37°C for 2 min. The cells were
observed under a microscope (Zeiss, Zen 3.3) to ensure detachment from the flask
surface. Deactivation of trypsin was performed after adding 10% FBS-contained
DMEM-LG, then the cells were transferred to a centrifuge tube and centrifuged at 1800
rom for 7 min. Subsequently, the supernatant was discarded, and the pellet was
homogenized in complete DMEM-LG. For cell counting, 20 uL of suspended cells
were mixed with the same amount of Trypan blue (Sigma, T8154) and added on both
sides of a hemocytometer. After performing the calculations, cells were seeded at a
density of 10,000 cell/cm? in DMEM-LG containing 10% FBS, 1% sodium pyruvate,
1% L-glutamine, and 1% pen/strep, and then incubated at 37°C in a humidified
atmosphere with 5% CO,. The medium was refreshed twice a week, and the

subculturing of UC-MSCs was repeated every 5-6 days.

3.3. Exosome Isolation

To minimize FBS-induced Exo contamination, MSC-qualified FBS was filtered
using Amicon® Ultra-Centrifugal Filters (Sigma Aldrich, UFC900324). First, 15 mL of
FBS was added to the Amicon® Ultra Filter device and the capped filtered device was
placed in a centrifuge rotor. The device was spinned at 3,000xg at 4°C for 90 min.
Finally, the retentate was withdrawn and the ultrafiltrate was stored in centrifuge tubes
at -20°C. For the preparation of Exo-depleted FBS medium, 10% of the ultrafiltrate was
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added to DMEM-LG with 1% pen/strep, and the conditioned medium was
collected after 48h.

Exo were isolated from UC-MSCs using ultracentrifugation method. The culture
media were first centrifuged at 300xg for 10 min to remove dead cells, and the
supernatant was centrifuged again at 10,000xg for 30 min to remove cell debris. The
supernatant was passed through a 0.22 um filter then centrifuged in ultracentrifuge
tubes at 100,000xg for 70 min. The Exo pellets were resuspended in PBS and
centrifuged again at 100,000xg for 70 min at 4°C. Finally, the pellet containing Exo
was suspended in 500 uL PBS and stored at -80°C.

3.4. Preparation of Quercetin-Loaded Exosomes

Que was loaded into Exo using an ultrasonic probe (Bandelin Sonoplus TS103)
after Exo isolation. A stock solution was prepared by mixing 4 mL of Exo sample and 1
mg of Que in a glass vial. The following settings were followed with 20% amplitude: 6
cycles of ultrasonication were applied for 3 seconds on /off for 3 min with a 2-minute
cooling period in an ice bath between each cycle. After sonication, the prepared Que-
Exo were incubated at 37°C for 1h to permit the recovery of the exosomal membrane.

They were then stored at -20°C.

3.5. Characterization of Exosomes and Quercetin-Loaded Exosomes
3.5.1. Western Blot

Exosomal Protein Collection and Concentration Measurement: To identify Exo
markers CD9, CD63 and CD81, the pellet collected after ultracentrifugation was
suspended with 50 uL 1x RIPA (Radioimmunoprecipitation) lysis buffer (containing

1% protease inhibitor). Exo lysates were boiled at 95°C for 2 min and stored at -20°C.

To determine the Exo protein concentration, the Pierce™ Rapid Gold BCA
Protein Assay Kit (Thermo Fisher, A53225) was used. Both the standard and protein
samples were prepared according to the kit’s protocol, using a dilution ratio of 1:5. The
standard protein (BSA) was diluted as shown in Table 1. For the protein sample, 2 pL
of protein and 8 pL of dH20 were added to reach a final volume of 10 pL.

Furthermore, 10 uL was added from both standard and protein samples into a 96-well
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plate. The volume of the Working Reagent was calculated as follows: the amount of
Reagent A was determined using the formula (#standards + #sample) x (# replication) x
(0.2 mL), and the amount of Reagent B was calculated based on its ratio to Reagent A
(1:5). In darkness, both reagents were combined in a tube, vortexed, and 200 puL. was
added to each well containing the standard and protein samples. The absorbance was
measured at 480 nm using a microplate reader, and the obtained concentrations were

multiplied by 5 to account for the 1:5 dilution ratio.

Table 1: BSA standard’s preparation.

. Final BSA
Standard Diluent volume BSA volume (unL) concentration
. (ng/mL)
A 0 150 (stock) 2000
B 31.25 93.75 (stock) 1500
C 50 50 (stock) 1000
D 50 50 (from B) 750
E 50 50 (from C) 500
F 50 50 (from E) 250
G 50 50 (from F) 125
H 80 20 (from G) 25
I 100 0 0

Gel Preparation: The 10% separating gel was poured into the casting module, and
isopropanol was added to remove air bubbles and prevent the gel from drying. Once the
gel solidified, the isopropanol was poured off and the gel was washed with dH20 until
the smell disappeared. Subsequently, the stacking gel was prepared and poured into the
casting module, and a 10-well comb was immediately placed. After the gel had
completely solidified, it was either used directly or kept at 4°C, wrapped in a wet filter

paper, for later use.
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Table 2: Preparation of 10% acrylamide gel.

Component Separating gel Stacking gel
dH20 2.25 mL 2.212 mL

1M Tris HCI 3.75 mL (pH 8.8) 0.38 mL (pH 6.8)
40% acrylamide 2.5mL 0.225 mL

2% APS 0.5mL 0.15mL

1% SDS 1mL 30 uL

TEMED 10 uL 4 uL

Total 10 mL 3mL

SDS-PAGE: To load the protein samples, 10 pg of protein, 25% 4X Laemmli
Sample Buffer (Bio-Rad, 1610747) (containing 10% 335 mM 2-mercaptoethanol
(Neofroxx, 1414ML100)), and RIPA buffer were mixed in a tube to reach a final
volume of 20 uL. The gel was placed into a Mini-PROTEAN Tetra Vertical
Electrophoresis Cell for Mini Precast Gels (Bio-Rad, 1658004), and 1X Running Buffer
(Table 3) was added. The 10-well comb was removed, then a syringe was used to wash
the wells to ensure they were clean. Both the protein ladder (ThermoFisher Scientific,
26616) and the protein samples were loaded into the wells. Electrophoresis was run at a
constant voltage, starting at 100 V for 30 min, and then increasing to 150 V until the

protein samples reached near the end of the gel.

Table 3: Preparation of 10X SDS-PAGE Running Buffer.

Component Amount
Glycine 36 ¢

Tris 75759

SDS 2590

dH20 Up to 250 mL
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Blotting: The Trans-Blot Turbo RTA Mini PVDF kit (Bio-Rad, 1704272) was
used to transfer proteins from the gel to a 0.2 um PVDF membrane. Two ion reservoir
stacks were immersed in 1X Transfer Buffer (Table 4) for 2-3 min on a rocking
shaker. The PVDF membrane was immersed in 99.9% absolute ethanol for 20-30
seconds until it became translucent, then transferred to 1X Transfer Buffer. The blotting
sandwich was assembled at the center of the Blot Turbo Transfer System cassette (Bio-
Rad, 1704150). The assembly was arranged in the following order: stack, PVDF
membrane, gel, and a final layer of stack. A blot roller was used to remove air bubbles
from all layers except the gel. Blotting was performed at a constant current of 1 A, with

variable voltage, for 70 min.

Table 4: Preparation of 1X transfer buffer.

Component Amount Final concentration
5X transfer buffer 50 mL 1X

EtOH 50 mL

dH20 150 mL

Total 250 mL

After blotting, the gel was transferred to Coomassie Blue solution (Table 5) and
incubated for 45 min, followed by transfer to a Destaining solution (Table 6) and
overnight incubation on a rocking shaker. The PVDF membrane was transferred to a
Blocking solution (Table 7) and incubated on a 3D shaker for 1h at room temperature.
After blocking, the membrane was not cut, as the targeted proteins were located very
close to each other. The membrane was incubated overnight at 4°C in primary antibody
solutions (Table 9) containing anti-GAPDH (Boster, M00227) at a 1:10,000 dilution,
and anti-CD9 (Affinity, AF5139), anti-CD63 (Affinity, AF5117), and anti-CD81
(Affinity, DF2306) primary antibodies, each at a 1:1,000 dilution. The following day,
the membrane was incubated for 2h on a 3D shaker at room temperature, followed by
three washes with TTBS (Table 11), each lasting 5 min. Afterwards, they were
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incubated with a secondary antibody solution in darkness for 1h, then the membranes

were washed three times with TTBS (each washing lasted for 5 min).

Table 5: Preparation of Coomassie Blue solution.

Component Amount Final Concentration
Coomassie Blue 059 1.1%

MeOH 200 mL 40%

AcOH 5mL 1%

dH20 295 mL

Total 500 mL

Table 6: Preparation of Coomassie Destaining solution.

Component Amount Final Concentration
MeOH 200 mL 40%

AcOH 5mL 1%

dH20 295 mL

Total 500 mL

Table 7: Preparation of Blocking solution.

Component Amount Final Concentration
Skim Milk 05g¢g 5%

TWEEN-20 10 uL 0.1%

New TBS 10 mL
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Table 8: Preparation of NEW TBS.

Component Amount
1M Tris-HCI (pH 7.5) 10 mL
5M NaCl 20 mL
dH20 960 mL
Total 1000 mL

Table 9: Preparation of Antibody solution.

Component Amount Final Concentration

Skim Milk 1.25¢g 5%

TWEEN-20 250 uL 1%

New TBS 25 mL

Table 10: Preparation of 10X TBS.

Component Amount Final Concentration
1M Tris-HCI (pH 7.5) 200 mL 200 mM

NaCl 292.2 g 5M

dH20 Up to 1000 mL

Table 11: Preparation of TTBS.

Component Amount Final Concentration
10X TBS 100 mL 1X

TWEEN-20 0.5mL 0.05%

dH20 900 mL

Total 1000 mL
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WesternBright ECL-HRP substrate (Advansta, ADV-K-12045-C20) was
prepared in a 1:1 ratio. The membrane was drained of excess TTBS, and the prepared
ECL-HRP substrate was applied to the membrane, followed by a 2-minute incubation.
Excess solution was then removed, and the membrane was visualized using the C-Digit

Blot Scanner (LI-COR). Band densities were analyzed using the ImageJ program.

3.5.2. Particle Size and Distribution Measurement

The Exo and Que-Exo concentrations and sizes were determined by
Dynamic Light Scattering (DLS) method using the Wyatt DynaPro NanoStar
device. Both samples were diluted and 2 uL added to a cuvette then placed in the
device to record the data. Both the concentrations (particle/mL) and size

distributions of Exo and Que-Exo obtained from the medium were determined.

3.5.3. Zeta Potential Analysis

The Anton Paar, Litesizer 500 device was used to determine the stability
of Exo and Que-Exo. 700 pL of each samples was added to a folded capillary
zeta cell. The result of one repeated measurement was calculated as the
meantstandard deviation, and the zeta potential was measured in millivolts

(mV).

3.5.4. Transmission Electron Microscopy

Morphological analysis of Exo and Que-Exo was performed using a Thermo
Scientific™ Talos L120C Transmission Electron Microscopy (TEM) device. 10 pL of
the Exo and Que-Exo samples were each dropped onto a petri dish then was covered
with a carbon-coated grid. The samples were kept drying completely at room
temperature overnight. Finally, the dried grids were placed on the device via the

apparatus, and images were taken at different magnifications.

3.6. Determination of Entrapment Efficiency % for Quercetin-Loaded Exosomes

The Que content in the Exo was determined indirectly by measuring the drug
present in the external phase. Unloaded Que was removed by centrifuging the solution

at 10,000xg for 10 min at 4°C. The supernatant was transferred to a clean eppendorf
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tube, while the pellet (unloaded Que, which is poorly water-soluble) was dissolved in
methanol to calculate the loading efficiency of Que. The supernatant containing Que-
Exo was then analyzed for drug content using a double beam UV-VIS
spectrophotometer at 256 nm and 370 nm. The absorbance values at 256 nm were used
in all calculations due to their high consistency. The amount of Que was calculated
using a previously constructed calibration curve. The percentage of drug encapsulation

in Exo was determined using an indirect method, as shown in the following equation:

Total amount of drug—Amount of free drug

x 100

Encapsulation Efficiency (EE) % =

Total amount of drug

3.7. In Vitro Release Study of Quercetin-Loaded Exosomes

The in vitro release of Que from Que-Exo and Que suspensions were evaluated
using the dialysis bag method. A 12-14 kDa pore-size dialysis membrane was pre-
soaked in PBS for 1 day before assembling the Franz Cell system to evaluate the
release of Que from Exo. The system was kept at 37°C with a stirring speed of 200
rpm. Two Franz Cells were prepared, each containing a receptor compartment filled
with 15 mL of warm PBS (pH 7.4) and a magnetic stirring bar. To ensure a total
volume of 16 mL in each compartment, an additional 15 mL of PBS was added through
the sampling ports. The experiment began by adding 1 mL of Que-Exo to one dialysis
bag and 1 mL of Que dissolved in PBS to the other. Samples were collected at
predetermined time intervals: 10, 20 min, 1, 6, and 24h. These samples were analyzed
using UV-VIS spectrophotometry to generate drug release profiles over time. The data

was collected to construct the graph for Que release (%).

3.8. In Vitro Cellular Uptake of Quercetin-Loaded Exosomes

To label the Exo and evaluate their uptake by cells, Cytotrace™ CM-DiD (AAT
Bioquest, 22060) dye was used. A total of 300 puL of the Exo sample was incubated
with 5 uM CM-DiD dye at 37 °C for 30 min. The exosome/dye sample was added to
the Amicon® Ultra-Centrifugal Filters, washed with 10 mL of ddH,O, and then
centrifuged at 3,000xg for 30 min at 4°C to remove the unbound dye. HMC3 cells were
seeded in a 24-well plate and then treated with the labeled Exo for 3, 6, and 24h.
Following treatment, the cells were fixed with 4% PFA, and the nuclei were stained
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with DAPI (NEOFROXX, 1322MG005). The samples were then mounted with
ProLong™ Glass Antifade Mountant (Thermo Fisher Scientific, P36980) and covered
with cover slips. Fluorescence images were taken using a Zeiss fluorescence
microscope, and the presence of CM-DiD-labeled Exo within HMC3 cells was

examined to confirm Exo uptake.

3.9. Induction of Neuroinflammation Model

To induce activation in HMC3 cells, a sequential stimulation protocol was
employed. Once the cells reached approximately 70-80% confluency, they were first
treated with 50 uM ATP for 10 min to mimic an acute inflammatory signal and initiate
a rapid microglial response. Following this initial stimulation, 1 pg/mL of LPS and 10
ng/mL of IFN-y were added to the culture medium to further promote a sustained pro-
inflammatory activation state. The cells were then incubated under these conditions for

48h, followed by various molecular analyses.

3.10. Experimental Design

The experimental design for this study included eight distinct groups, each
structured to evaluate specific aspects of the research objectives. To comprehensively
assess cellular and molecular responses, a range of molecular analyses were conducted
on all experimental groups. These analyses included pro-inflammatory cytokine
analysis using flow cytometer, nitrite measurement to assess nitric oxide production,
enzymatic assay to evaluate functional changes in inflammatory, western blotting for
protein expression profiling, particularly of signaling molecules such as NF-kB, COX-

2, and iNOS to assess their changes under different treatment conditions.

Molecular

Pretreatment NI Model Analysis
. | PY PA P » Hour

. = Pro-inflammarory Cytokine
T Analysis

-24h 1h 48h Western Blot

Enzyme Aetivity

Nitrite Measurement

Figure 16: Experiment timeline.
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Table 12: Experimental Groups

Groups | Experimental Groups Description
1 Control (Ctrl) No application.
2 Exo Exo application on HMC3
3 Que-Exo Que-Exo application on HMC3
4 Que Que application on HMC3
5 NI Model NI model with LPS and IFN-y.
6 NI Model + Exo NI model with LPS and IFN-y + Exo.
7 NI Model + Que-Exo NI model with LPS and IFN-y + Que-Exo.
8 NI Model + Que NI model with LPS and IFN-y + Que.

3.11. Molecular analysis
3.11.1. Cell Viability Assay

The cell viability assay was conducted using the MTT method to evaluate the
effects of the NI model, Que (MedChemExpress, HY-18095), Exo, and Que-Exo. A
total of 10,000 cells were seeded per well in a 96-well plate and treated with various
concentrations of the respective agents. Triplicate wells were set up for each
experiment. 24h after the treatments, MTT reagent (Roche, 11465007001) was added to
the cells, and after 4h, a solubilization buffer was added. The cells were incubated at
37°C with 5% CO; for 16h. Finally, absorbance measurements were taken at 570 nm

using a spectrophotometer to assess cell viability.

To prepare 100 uM stock solution of quercetin, 10 mg was weighed and
dissolved in 330.86 puLL DMSO until a homogenized solution was obtained.
Subsequently, the solution was divided into 0.2 mL PCR tubes, sealed with aluminum
foil, and stored in -20°C.

37



The treatment groups were as follows:

NI model: LPS, IFN-y, LPS + IFN-y, ATP, ATP + LPS, ATP + IFN-y, and ATP + LPS
+ IFN-y.

Que: 10, 50, 100, 200, 300, 400, and 500 pM.

Exo: 1 x 103, 5 x 103, 1 x 10%, 4.94 x 10* 5 x 10* 1 x 10°, 5 x 10°, 1 x 10%, and 5 x
108

Que-Exo: 1 x 103 5 x 103, 1 x 10*, 4.94 x 10* 5 x 10*, 1 x 10°, and 5 x 10°.

3.11.2. Cytokine Analysis

Cell culture supernatants were collected 48h after NI induction and stored at
—20°C until analysis. The expression levels of the pro-inflammatory cytokine IL-6
secreted by HMC3 microglial cells were quantified using the LEGENDplex™ Human
Essential Immune Response Panel (BioLegend, 740929), following the manufacturer’s
instructions. This bead-based multiplex assay enables the simultaneous detection of
multiple cytokines via flow cytometry (Attune™ NxT Acoustic Focusing Cytometer,

Thermo Fisher Scientific), offering high sensitivity and specificity.

3.11.3. Nitrite Measurement

Nitrite levels in the cell culture supernatants were quantified using the Griess
Reagent (Cell Signaling Technologies, 13547). The standard was prepared by serially
diluting the 0.1 M nitrite standard with MEM to obtain the following concentrations:
1.56, 3.13, 6.25, 12.5, 25, 50, and 100 uM. The supernatants were collected from the
groups and 50 pL was added each in a 96-well plate, similarly for the nitrite standards.
Afterwards, 50 uL Griess Reagent (A mixture of sulfanilamide solution and N-(1-
naphthyl)ethylenediamine dihydrochloride (NED) solutions of 1:1 ratio) was added to
each well and was incubated for 10 min in darkness. The measurements were obtained

at an absorbance of 550 nm.
3.11.4. Enzyme Assay

INOS enzyme activity measurement: The activity of iNOS was determined
using the NOS Activity Assay Kit (Cayman, 781001), following the manufacturer's
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instructions. The kit is based on the biochemical principle of converting L-arginine to
L-citrulline. The kit measures the rate of citrulline production, thereby providing an
indirect assessment of INOS enzyme activity.

3.11.5. Western Blot

Proteins were isolated from the cells in the experimental groups and their
concentrations were determined. 35 pg protein was loaded on 10% SDS-PAGE gel and
transferred to PVDF membrane after electrophoresis. The membrane was first blocked
with TBS-T containing 5% BSA and then incubated with anti-NFkB (Cell Signaling
Technologies, 8242), anti-INOS (Cell Signaling Technologies, #13120), anti-COX-2
(ThermoFiher Scientific, #35-8200), and anti-GAPDH (Boster, #M00227) antibodies
for 1h. After washing, incubation was performed with HRP-conjugated secondary
antibody, ECL substrate solution was added, and imaging was performed with C-Digit

Blot Scanner. Band intensities were analyzed by ImageJ program.

3.12. Statistical Analysis

All data were expressed as mean + standard deviation (SD). Statistical analysis
was performed using GraphPad Prism software. One-way analysis of variance
(ANOVA) was used to compare differences among groups. Statistical significance
relative to the control group was indicated by asterisks: *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001. Comparisons with the neuroinflammation group were
denoted by number signs: #p<0.05, ##p<0.01, ###p<0.001, and ####p<0.0001. Non-

significant differences were labeled as “ns.”
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4. FINDINGS

4.1. UC-MSC culture conditions

UC-MSCs were subcultured twice a week in a medium containing DMEM-LG
containing 15% FBS, and 1% pen/strep. To maintain optimal cell health, they were
refreshed every day by removing half of the old and adding half of the new medium.
UC-MSCs typically display a fibroblast-like morphology often form colonies (Figure
17). Under normal culture conditions, they appear as spindle-shaped or elongated cells.
As they proliferate, UC-MSCs maintain a relatively consistent morphology; however,
they enlarge and become rounded as the passage number increases. The conditioned

media were collected at passage 6.

A--
B--

Figure 17: Morphological images of UC-MSC (ATCC PCS-500-010) using 5x and 10x objections of

early passages. A: Passage 0 and B: Passage 4.

Culturing UC-MSCs with Exo-depleted FBS successfully maintained their
cellular growth. However, as the cells progressed to later passages, noticeable
morphological changes began to emerge. Specifically, the UC-MSCs adopted a wider
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and more flattened appearance, deviating from their typical spindle-shaped

morphology.

Figure 18: Morphological images of Exo-depleted UC-MSC using 10x objection of passage 6.

4.2. HMCS3 culture conditions

HMC3 cells were subcultured twice a week in a medium containing MEM
containing 10% FBS, 1% sodium pyruvate, 1% L-glutamine, and 1% pen/strep. Cells

were refreshed every day.

HMC3 cells are a heterogeneous population, exhibiting variability in size and
shape at the molecular level (Figure 19). Over time and with continuous passage
particularly between passages 10 and 16, during which molecular analysis was
conducted, noticeable changes in cell morphology were observed. Molecular analysis
was conducted between passages 10 and 16.

Figure 19: Morphological images of HMC3 (ATCC CRL-3304) using 10x objection; (A) 9™ passage,
an early passage, and (B) 16" passage, late passage.
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4.3. Characterization of exosomes and quercetin-loaded exosomes

Western blot analysis indicated that Exo express specific Exo markers (Figure
20A), including CD63, CD81, and CD9. Western blot analysis confirmed the successful
isolation and characterization of Exo. Strong bands were observed for CD9, while

CD81 and CD63 showed weaker, yet detectable signals.

The zeta potential, which indicates the surface charge and colloidal stability of
nanoparticles, was higher for the Que-Exo, with a measurement of -13.9 mV, compared
to -3.63 mV for free Exo (Figure 20B). The increase in negative charge suggests that
loading quercetin improved the stability of the Exo, as a higher zeta potential typically
correlates with enhanced stability and reduced likelihood of aggregation.

The size distribution of Exo (Figure 20C, D) was altered following Que loading.
The DLS indicated that Exo and Que-Exo had mean diameters of 110 nm and 150 nm.
The size enlargement suggested that Que loading effectively altered the physical
properties of the Exo. In addition, there was a notable difference in the concentration of
Exo and Que-Exo, which were both detected by DLS. The concentration of Exo was
4.2 x 107 particles/mL, whereas the Que-Exo’s concentration was 4.75 x 10°

particles/mL.

TEM images revealed that the Exo and Que-Exo were relatively uniform in size
and exhibited a characteristic spherical morphology with well-defined lipid bilayer
membranes, consistent with typical exosomal structures (Figure 20E, F).
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Figure 20: Characterization of Exo and Que-Exo (A) Western Blot analysis for Exo markers. (B) Zeta
potential analysis of Exo and Que-Exo. Size detection of (C) Exo and (D) Que-Exo using DLS. TEM
images of (E) Exo and (F) Que-Exo using 200 nm magnification; scale bar: 1 pm.
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4.4. Successful entrapment of quercetin into exosomes

The EE (%) of Que-Exo was quantitatively assessed using the dialysis bag
method. The EE was calculated to be 46.26%, indicating that nearly half of the initially
added Que was successfully entrapped within the Exo. Hence, this suggests effective
loading of the hydrophobic compound into the exosomal structure, likely due to
hydrophobic interactions between Que and the lipid bilayer of the Exo.

The amount of Que was calculated using the constructed calibration curve at 256
nm absorbance (Figure 21).
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y =0.0815x + 0.031
R? = 0.9996
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Figure 21: UV-Spectrophotometry method. Calibration curve of Que with 256 nm absorbance.

4.5. Successful drug release

The release of the Que-Exo formulation (Figure 22) was significantly higher
than that of Que at all measured time points. The release of Que-Exo began after 30
min, while that of free Que started after 10 min. Moreover, both completed their release
by 6h. Que-Exo exhibited a rapid and sustained release profile, reaching slightly above
100% by 6h and maintaining this level up to 24h. In contrast, Que showed a lower
release, peaking at approximately 42.17% at 6h and slightly declining by 24h. These
results suggested that exosomal encapsulation enhanced the solubility and release of

Que, potentially improving its bioavailability and therapeutic effectiveness.
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Figure 22: The drug release study of Que-Exo and Que over a 24-hour period.

4.6. Successful quercetin-loaded exosomes uptake by HMC3 cells

To investigate the time-dependent uptake of Exo by HMC3 cells, they were
incubated with CM-DiD-labeled Exo and monitored at different time points using
fluorescence microscopy (Figure 23). The CM-DiD dye selectively labeled the lipid

membrane of the Exo, while DAPI staining was used to visualize the cell nuclei.

At the 3-hour time point, no CM-DiD fluorescence signal was observed around the
cells, indicating a lack of Exo internalization at this early stage. After 6h of incubation,
weak CM-DiD fluorescence began to appear around the nucleus region of the cells,
suggesting the onset of Exo uptake. By 24h, a notable increase in CM-DiD signal
intensity was observed, with widespread accumulation of labeled Exo around the
nucleus of the HMC3 cells. These results indicate that Exo uptake by microglial cells

occurs gradually over time, becoming markedly more pronounced by 24h of incubation.
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Figure 23: Cellular uptake of CM-DiD labeled Exo with their accumulation around the nucleus. Red
fluorescence signals show Exo while blue refers to the stained nuclei with DAPI. (A) Fluorescent images
of HMC3 cells obtained after 3, 6, and 24h using 40x magnification; scale bar: 20 pm. (B) CM-DiD-
labeled Exo’s intensity. (C) Percentage of HMC3 cells that had internalized the CM-DiD dye.
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4.7. Assessment of HMC3 cell viability upon different treatments

To evaluate the effects of several compounds on the viability of microglial cells, a
comprehensive cell viability analysis was conducted using HMC3 cell line. The goal
was to assess how inflammatory stimuli and potential therapeutic agents, such as EXxo,

Que-Exo, and Que, influence cell viability under both normal and NI conditions.

As a preliminary step, different agents commonly used to induce NI were tested
for their impact on HMC3 viability. Treatment with ATP significantly reduced cell
viability to 64%, indicating high cytotoxicity. LPS caused a milder reduction, lowering
viability to 88%, whereas IFN-y unexpectedly increased viability to 104%, suggesting a
possible stimulatory effect on cell proliferation or survival mechanisms in this context
(Figure 24).
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Figure 24: Measurement of HMC3 cell viability after treatment with ATP, LPS, and IFN-y; n=2; mean +
SD.

Cell Viability Assay of Que (Figure 25): At a lower concentration of 10 uM,

Que significantly enhanced cell viability, reaching 112%, indicating a beneficial or

47



protective effect on the cells at this dose. However, as the concentration of Que
increased, its effect on cell viability became detrimental. At 50 puM, cell viability
dropped to 94%, and further increasing the concentration to 500 uM caused a dramatic
decline in cell viability to 44%. This sharp decrease suggested that higher

concentrations of Que were toxic to HMC3 cells.
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Figure 25: Measurement of HMC3 cell viability after Que treatment with different concentrations (uM);

n=2; mean £ SD.

Cell Viability Assay of Exo (Figure 26) and Que-Exo (Figure 27): The tested
concentrations of Exo and Que-Exo ranged from 1 x 10° to 5 x 10° particle/mL. For
Exo, concentrations between 1 x 10% and 1 x 10° particle/mL had no considerable
effect on HMC3 cell viability. However, from 5 x 10* and 5 x 10° particle/mL, a
gradual decline in cell viability was detected. Similarly, for Que-Exo, concentrations
between 1 x 10% and 1 x 10° particles/mL did not affect cell viability. Nevertheless,
starting from 4.94 x 10* to 5 x 10° particles/mL, a gradual decline in cell viability was

observed, indicating a potential dose-dependent effect of Que-Exo.
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Figure 26: Measurement of HMC3 cell viability after Exo treatment with different concentrations

(particle/mL); n=3; mean + SD.
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Figure 27: Measurement of HMC3 cell viability after Que-Exo treatment with different concentrations

(particle/mL); n=3; mean = SD.
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Under normal conditions (Figure 28), 1h treatment with Exo, Que-Exo, and Que
each led to a slight but statistically significant decrease in cell viability relative to the
untreated control group. Cells treated with Exo and Que-Exo showed comparatively
milder reductions in viability, while no toxicity was observed when treated with Que.
However, under NI conditions, a marked shift was observed. All three treatments—
Exo, Que-Exo, and Que—Ied to a significant increase in cell viability compared to the
NI group. Among the treatments, Que-Exo demonstrated the most pronounced
restorative effect, surpassing both Exo and Que alone. These findings highlight that
while the treatments might mildly suppress viability under normal conditions, they
confer strong protective and potentially therapeutic benefits in the context of

neuroinflammation—particularly when Que is delivered via Exo.
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Figure 28: Measurement of HMC3 viability under 1h pretreatment with Exo, Que-Exo, and Que under

normal and NI conditions; n=2; mean + SD.
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4.8. Quercetin-loaded exosomes attenuate IL-6 expression in neuroinflammation

The expression level of the pro-inflammatory cytokine IL-6 (Figure 29) was
markedly elevated in the NI group following stimulation with LPS and IFN-y. This
represents a significant increase relative to the unstimulated control group,

demonstrating the successful generation of an inflammatory response.

In contrast, pretreatment with either Exo or Que led to a modest reduction in IL-
6 levels, where they exerted a partial anti-inflammatory effect relative to the NI group.
Notably, in the Que-Exo-pretreated group, IL-6 expression decreased significantly.
This substantial reduction highlights the enhanced therapeutic and synergistic efficacy
of the combined formulation, suggesting that the exosomal delivery of quercetin may

improve its bioavailability and anti-inflammatory activity.
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Figure 29: Measurement of IL-6 pro-inflammatory cytokine among the experimental group; n=2; mean
+ SD.
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4.9. Quercetin-loaded exosomes inhibit the NF-kB pathway activated by LPS

According to the Western blot results (Figure 30), the NI group demonstrated a
decline in cytoplasmic NF-kB expression relative to the control, which is contrary to
the expected increase typically associated with inflammatory activation. This suggests
successful translocation of NF-kB from the cytoplasm to the nucleus. However, Exo,
Que, and Que-Exo pretreatments led to an increase in cytoplasmic NF-kB expression,
indicating their potential to suppress NF-kB nuclear translocation. These treatments,
especially Que-Exo, kept NF-kB in the cytoplasm, leading to higher cytoplasmic
expression levels.
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Figure 30: Protein expression levels of NF-kB; n=3; mean + SD.
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4.10. Quercetin-loaded exosomes inhibit pro-inflammatory enzymes in HMC3 cells

The anti-inflammatory potential of Que-Exo was evaluated by measuring nitrite
production and iNOS protein expressions and enzyme activities, which are key
indicators of inflammatory responses in microglia.

INOS enzyme activity was assessed under various treatment conditions to
evaluate the anti-inflammatory potential of Que-Exo (Figure 31). In the NI group, a
considerable escalation in iNOS activity was detected, confirming the successful
induction of an inflammatory state. In contrast, the NI+Exo and NI+Que groups
exhibited only modest reductions in INOS activity, indicating minimal anti-
inflammatory effects.

Notably, pretreatment with Que-Exo showed a marked suppression of iNOS
activity compared to Exo and Que treatments alone, demonstrating an enhanced

inhibitory effect.
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Figure 31: Measurement of iNOS enzyme activity; n=2; mean = SD.
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Nitrite levels were quantified using the Griess reagent kit to indirectly assess NO
production, as it is a primary reactive species synthesized by INOS during
inflammatory responses. Nitrite levels (Figure 32) were elevated in the NI group,
confirming successful induction of inflammation. Treatments with Exo, Que-Exo, and
Que alone did not increase nitrite levels relative to the control group. Importantly, pre-
treatment of Exo and Que with NI model slightly reduced nitrite concentration
compared to NI group. Pre-treatment of Que-Exo demonstrated a marked anti-

inflammatory effect, where it decreased nitrite levels compared to NI group.
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Figure 32: Measurement of nitrite concentrations secreted by HMC3 cells among the groups; n=3; mean
+ SD.

The protein expression levels of INOS and COX-2 were further investigated
using Western blot to evaluate their regulation under different treatment conditions. In
the analysis of iINOS protein expression (Figure 33), a slight increase was observed in
the NI group relative to the control, representing an elevation in the inflammatory
response following the induction of the neuroinflammatory condition. NI+Exo and
NI+Que groups led to a slight reduction in INOS levels, suggesting a mild anti-

inflammatory effect exerted by both agents individually. Notably, pretreatment with
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Que-Exo demonstrated a significant decrease in iNOS expression compared to the NI

group.
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Figure 33: Protein expression levels of iNOS; n=3; mean = SD.

For COX-2 expression (Figure 34), a slight increase was detected in the NI
group relative to the control. Pretreatment with Exo and Que resulted in a mild decrease
in COX-2 levels. Moreover, the group pretreated with Que-Exo also demonstrated a
considerable decrease in COX-2 expression compared to the NI group. Although the
reduction was not as pronounced as observed for iNOS in the same group, it still
suggests that Que-Exo can attenuate inflammatory signaling, due to synergistic or
enhanced anti-inflammatory effect resulting from the combination of Que and Exo-
based delivery, highlighting the potential therapeutic advantage of Que-Exo in

mitigating neuroinflammation.
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5. DISCUSSION

NDs, including AD, PD, and HD, are fatal disorders marked by the progressive
and persistent deterioration of brain function and structure. Neuroinflammation,
mediated by microglia, is a central contributor to disease progression. Microglia, the
intrinsic immune cells of the CNS, act as primary responders to injury and infection.
Nonetheless, their persistent activation results in the secretion of neurotoxic agents,
including as pro-inflammatory cytokines, enzymes, nitric oxide, and reactive oxygen
species, which ultimately facilitate neuronal injury and cell demise. Therefore,
modulating microglial activation constitutes an essential therapeutic target in the

treatment of NDs.

Quercetin, a naturally occurring flavonoid present in various fruits and
vegetables, has shown considerable potential in mitigating neuroinflammation owing to
its powerful antioxidant and anti-inflammatory characteristics. It inhibits Microglial
and astrocyte activation, reduces the expression of pro-inflammatory cytokines such as
TNF-a and IL-6, and modulates signaling pathways like NF-kB and MAPK that are
central to neuroinflammatory responses. These properties make quercetin a promising
treatment for NDs characterized by persistent inflammation. However, despite its
promising bioactivity, the application of quercetin is limited by its poor water
solubility, low bioavailability, and swift metabolism, which restricts its ability to reach
effective concentrations in the CNS. These limitations have driven research into novel
delivery systems, such as nanoparticle or exosome-based carriers, to enhance its

therapeutic efficacy in targeting neuroinflammation.

In this study, we explored the therapeutic potential of exosome-based delivery of
quercetin, in an in vitro model of neuroinflammation using HMC3 cell line. The
neuroinflammation model had been previously optimized in our lab, where the most
suitable combination of substances for inducing inflammation was determined to be 50
uM ATP, followed by 1 pg/ml LPS and 10 ng/ml IFN-y. This model was then used to
assess the effects of quercetin-loaded exosomes on inflammation as part of the

hypothesis.
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Que-Exo effectively increased the cytoplasmic expression of NF-kB by
preventing its translocation to the nucleus, a critical step required for the activation of
pro-inflammatory gene expression. By inhibiting this translocation, Que-Exo disrupted
the NF-xB signaling cascade and consequently suppressed the transcription of various

pro-inflammatory mediators.

In this study, IL-6 expression was markedly elevated in the neuroinflammation
group following stimulation with LPS and IFN-y, confirming the successful activation
of an inflammatory response in HMC3 cells. This highlights that the pro-inflammatory
cytokine IL-6 is involved in the progression of neuroinflammatory responses.
Pretreatment with either Exo or Que led to a slight reduction in IL-6 levels, indicating
that both agents possess some inherent anti-inflammatory properties. However, their
individual effects appeared limited in suppressing the strong cytokine response
triggered by the inflammatory stimuli. Nevertheless, the combination of exosomes and
quercetin resulted in a pronounced suppression of IL-6 expression. This outcome
strongly suggests a “synergistic effect” between the bioactive compound and its
exosomal carrier. The use of exosome as a delivery vehicle likely enhanced the cellular
uptake and stability of quercetin, improving its ability to modulate inflammatory

signaling pathways inclusing NF-xB, which regulates IL-6 production.

Our findings revealed that Que-Exo induced a considerable decline in iNOS and
COX-2 expressions, supporting the hypothesis that these two pro-inflammatory
enzymes are transcriptionally regulated by NF-xB. Their downregulation further
confirms the effective inhibition of the NF-xB signaling pathway. These differences
may reflect the sensitivity of iNOS and COX-2 expression to quercetin concentration
and intracellular availability, with INOS potentially being more responsive to

antioxidant and anti-inflammatory modulation.

NO is a key mediator of neuroinflammatory damage and is primarily produced
by iINOS in activated microglia. Under pathological conditions, excessive NO
contributes to oxidative stress and neuronal injury. In our study, iINOS expression was

found to be slightly elevated in the neuroinflammation group compared to the control,
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which was consistent with the increased NO production measured via the Griess
Reagent assay. Pretreatment with Exo or Que led to a slight decrease in both iINOS
expression and nitrite levels, suggesting some suppression of the inflammatory
response. Notably, the group pretreated with Que-Exo exhibited a significant reduction
in INOS expression and a corresponding decrease in nitrite concentration, as
determined by the Griess Reagent assay. This parallel decline in both iINOS and NO
levels reinforces the anti-inflammatory efficacy of Que-Exo and indicates that the
inhibition of INOS-mediated NO production is a key mechanism by which Que-Exo

mitigates neuroinflammation.
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Figure 35: The schematic illustration outlines the fundamental process by which Que-Exo exert their
anti-inflammatory effects.

The observed biological outcomes underscore the therapeutic potential of
exosome-mediated drug delivery, but also point to several challenges that must be
addressed. Most importantly, the mechanism of cellular uptake, intracellular trafficking,
and drug release from exosomes remains incompletely understood and warrants further
investigation. Moreover, the moderate drug loading efficiency observed with sonication
suggests that alternative loading methods, such as electroporation, extrusion, or
chemical conjugation, should be explored to enhance drug incorporation without

compromising exosome integrity.

In brief, this study provides compelling evidence that Que-Exo represent a
promising nanotherapeutic platform for the modulation of microglia-mediated
neuroinflammation. Through a combination of physicochemical characterization and

biological assessment, we demonstrated their capability to deliver bioactive compounds
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with improved stability and cellular response. With further optimization and in vivo

validation, this strategy has great potential for developing targeted therapies for NDs.
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6. CONCLUSION & RECOMMENDATIONS

In this study, the therapeutic potential of Que-loaded Exo was investigated in the
context of microglia-mediated neuroinflammation. An in vitro model of
neuroinflammation was established using HMC3 cell line, and modulatory effect of
quercetin, when delivered via exosomes, was assessed by evaluating COX-2 and iNOS
activities, nitrite measurement, and NF-«xB, iNOS, COX-2 protein expressions, which are

critical indicators of inflammatory response.

It was concluded that Que-Exo exhibited a more pronounced anti-inflammatory
effect compared to Exo and Que, suggesting that Exo delivery enhances the
bioavailability and cellular uptake of Que. Furthermore, Que-Exo demonstrated a
sustained modulatory effect, supporting their potential in targeting microglial activation

and preventing neurodegenerative progression.

Although Exo are widely regarded as potentia nanocarriers for drug delivery
owing to their biocompatibility and ability to bypass biological barriers, our
experimental results revealed that high concentrations of Exo exhibited cytotoxic
effects. In particular, increasing the dose of Exo led to a marked reduction in cell
viability, indicating a dose-dependent toxicity. This unexpected outcome highlights a
critical limitation in the application of Exo, especially when high doses are required to
achieve therapeutic efficacy. The observed cytotoxicity may be attributed to the
accumulation of Exo in the cellular environment, potential immune responses, or
interference with cellular signaling pathways. These findings emphasize the need for
developing alternative strategies that can maintain effective drug delivery without

compromising cell health.
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