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ABSTRACT 

 

Effects of Resolvin D1 on Blood-Brain Barrier Disruption Induced by Angiotensin 
II 

nomen 

Doctor of Philosophy in Cellular and Molecular Medicine  

July 14, 2025 

 

Chronic hypertension is a major contributor to cerebrovascular dysfunction and 
the progression of neurodegenerative disease through disruption of the blood-brain barrier 
(BBB) and neurovascular unit (NVU). Although hypertension can be controlled by 
antihypertensive medications, therapeutic approaches cannot fully ameliorate the damage 
to the cardiovascular and cerebrovascular structures. Specialized pro-resolving mediators 
such as Resolvin D1 (RvD1) have emerged as a promising candidate for improving 
neuroinflammation and restoring BBB integrity under hypertensive conditions.   

In this study, we investigated the therapeutic potential of RvD1 in attenuating 
BBB disruption induced by chronic hypertension. An in vitro BBB model was established 
using mouse brain microvascular endothelial cells (bEnd.3) and following Ang 
(Angiotensin) II and/or RvD1 administration, cell viability, transendothelial electrical 
resistance (TEER), paracellular permeability of sodium fluorescein (NaFl), and 
expression of claudin-5, caveolin-1 (Cav-1), and major facilitator superfamily domain 2a 
(Mfsd2a) were assessed. In parallel, chronic hypertension was induced in mice via Ang 
II (1000 ng/kg/min) infusion using osmotic mini pumps. Then, hypertensive animals were 
intraperitoneally treated with RvD1 (3 μg/kg/day) for 5 days. BBB integrity was 
evaluated via quantification of Alexa Fluor 594 conjugated bovine serum albumin (BSA) 
leakage and, claudin-5, Cav-1, and Mfsd2a expressions. In addition, Prussian blue 
staining was performed to assess microvascular damage, and glial fibrillary acidic protein 
(GFAP) immunofluorescence staining was conducted to evaluate astrogliosis. 

Ang II administration resulted in a significant decrease in cell viability and TEER 
values, accompanied by an increase in NaFl permeability (p<0.01). Furthermore, Ang II 
caused alterations in the paracellular pathway by decreasing claudin-5 and in the 
transcellular pathway by increasing Cav-1 and decreasing Mfsd2a expression (p<0.001). 
RvD1 treatment remarkably increased TEER values (p<0.001), reduced NaFl 
permeability (p<0.001), downregulated Cav-1 (p<0.01), and upregulated claudin-5 
(p<0.05) and Mfsd2a expressions (p<0.001) in Ang II-treated cells. In vivo, subcutaneous 
Ang II-infusion elevated arterial blood pressure, increased Alexa Fluor 594-conjugated 
BSA leakage, exacerbated microhemorrhages, and astrogliosis as evidenced by increased 
GFAP intensity in the brain (p<0.01). In addition, Cav-1 was upregulated (p<0.0001) 
along with the downregulation of claudin-5 (p<0.01) and Mfsd2a (p<0.05) in these 
animals. Following RvD1 administration, arterial blood pressure and BBB permeability 
of Alexa Fluor-594 conjugated tracer were decreased, and microhemorrhage burden was 
reduced along with the attenuation of reactive astrocytes (p<0.01). Moreover, RvD1 
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restored tight junctions by increasing claudin-5, and reversed transcytotic shift by 
decreasing Cav-1 (p<0.0001) and increasing Mfsd2a expressions (p<0.0001). 

In conclusion, our results demonstrate that RvD1 protects BBB integrity under 
hypertensive conditions. Thus, RvD1 can be a promising therapeutic agent against 
hypertension-associated cerebrovascular pathologies. 
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Ö  ZETÇ E 

 
Doktora Tez Başlığı 

Discipulus nomen 

Hücresel ve Moleküler Tıp, Doktora 

 14 Temmuz 2025 

 

Kronik hipertansiyon, kan-beyin bariyerinin (KBB) ve nörovasküler ünitenin 
(NVU) bütünlüğünü bozarak serebrovasküler disfonksiyon ve nörodejeneratif 
hastalıkların ilerlemesinde önemli bir rol oynar. Antihipertansif ilaçlarla hipertansiyon 
kontrol altına alınabilse de mevcut tedavi yaklaşımları kardiyovasküler ve 
serebrovasküler yapılarda oluşan tüm hasarı geri döndüremez. Rezolvin D1 (RvD1) gibi 
özel çözümleyici aracılar, hipertansif koşullar altında nöroenflamasyonu azaltma/ortadan 
kaldırma ve KBB bütünlüğünü yeniden sağlama potansiyeli taşıyan umut verici adaylar 
arasında yer almaktadır. 

Bu çalışmada, RvD1’in kronik hipertansiyona bağlı KBB bozulmasını 
hafifletmedeki terapötik etkisi araştırılmıştır. Fare beyin mikrovasküler endotel hücreleri 
(bEnd.3) kullanılarak oluşturulan in vitro KBB modelinde hücre canlılığı, 
transendotelyal elektrik direnci (TEER), sodyum flöresin (NaFl) geçişi ve klaudin-5, 
kaveolin-1 (Cav-1) ile majör taşıyıcı süper ailesi alan içeren protein 2a (Mfsd2a) protein 
miktarları tespit edildi. Çalışmanın in vivo kısmında, ozmotik mini pompalar aracılığıyla 
uygulanan anjiyotensin II (Ang II, 1000 ng/kg/dk) infüzyonu ile kronik hipertansiyon 
modeli geliştirildi. Bu modele sahip farelere 5 gün boyunca periton içi enjeksiyon yoluyla 
RvD1 (3 μg/kg/gün) uygulandı. KBB bütünlüğü; Alexa Fluor-594 ile konjuge edilmiş 
sığır serum albümininin (BSA) sızıntısı, klaudin-5, Cav-1 ve Mfsd2a proteinlerinin 
kantifikasyonu ile değerlendirildi. Ek olarak, beyindeki mikrovasküler hasarın 
belirlenmesi amacıyla Prusya mavisi ve astrositozun incelenmesi içinse glial fibriler 
asidik protein (GFAP) immünofloresan boyaması yapıldı. 

Ang II uygulanması, hücre canlılığında ve TEER değerlerinde anlamlı bir 
azalmaya yol açarken, NaFl geçirgenliğinde artışa neden oldu (p<0.01). Ayrıca, Ang II, 
Cav-1 düzeyini artırarak, klaudin-5 ile Mfsd2a protein miktarlarını azaltarak hem 
paraselüler hem de transelüler yolakları bozmuştur (p<0.001). RvD1 tedavisi, Ang II ile 
uyarılan hücrelerde TEER değerlerini artırdı (p<0.001), NaFl geçirgenliğini azalttı 
(p<0.001), Cav-1 ifadesini baskıladı (p<0.01) ve klaudin-5 (p<0.05) ile Mfsd2a 
düzeylerini yükseltti (p<0.001). In vivo deney sonuçları incelediğinde, subkutan Ang II 
infüzyonunun arteriyel kan basıncının yükselmesine, Alexa Fluor-594 ile konjugat BSA 
sızıntısının, mikrokanama oluşumunun ve GFAP protein miktarının artışına neden 
olduğu tespit edildi (p<0.01). Ek olarak, Ang II, Cav-1 düzeyini yükseltirken (p<0.0001), 
klaudin-5 (p<0.001) ve Mfsd2a (p<0.05) miktarlarını düşürdü ve geçirgenliği arttırarak 
KBB bütünlüğünün bozulmasına yola açtı. RvD1 uygulanmasının ardından, arteriyel kan 
basıncı ve floresan konjugat albümin geçirgenliğinin azaldığı, mikrokanamaların 
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yatıştırıldığı ve reaktif astrosit aktivitesini baskılandığı gözlendi (p<0.01). Ayrıca RvD1 
tedavisi, klaudin-5 protein miktarını artırarak sıkı bağlantı bütünlüğünü iyileştirmesinin 
yanı sıra, Cav-1 protein miktarını azaltıp (p<0.0001) Mfsd2a’nınkini artırarak 
(p<0.0001) Ang II’nin yol açtığı KBB hasarının azaltılmasını sağladı. 

Sonuç olarak, bu çalışmadan elde edilen veriler RvD1’in hipertansiyon 
koşullarında KBB bütünlüğünü koruyabildiğini göstermektedir. Bu nedenle RvD1, 
hipertansiyonla ilişkili serebrovasküler patolojilere karşı potansiyel bir terapötik ajan 
olarak değerlendirilebilir.
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CHAPTER 1 

INTRODUCTION 

The brain serves as the primary control center of the body, managing cognitive skills, 

motor functions, and sensory adaptation. The vital functions of the brain are mainly 

maintained by the blood-brain barrier (BBB). The brain homeostasis is affected by 

alterations in vascular morphology, cerebral blood flow (CBF), and disruptions in the 

elements of the neurovascular unit (NVU) (Rowsthorn et al., 2023). The loss of BBB 

integrity leads to cerebrovascular diseases, such as epilepsy and cerebral small vessel 

disease (CSVD). Disruptive damage within the small cerebral vessels is associated with 

chronic hypertension, stroke, and neurodegenerative diseases (Mogi, 2024; Presa et al., 

2020). 

1.1 The Neurovascular Unit  

 The main structural and functional unit of the brain is the NVU, which is responsible 

for providing nutrition and energy supply, clearing the metabolites, cellular trafficking, 

and maintaining brain homeostasis and dynamic blood flow (Iadecola, 2017). The NVU 

is established by the morphological and molecular interactions of endothelial cells with 

pericytes, astrocytes, and neurons (Figure 1; Abbott et al., 2010a; Weiss et al., 2009).  
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Figure 1.1: Schematic representation of the NVU (created with biorender.com). 

 

1.2 Endothelial Cells and Blood-Brain Barrier 

The BBB is a compartment constituted by blood microvessel endothelial cells that 

separates the brain and blood circulation. The BBB not only protects brain parenchyma 

from blood-borne biological molecules such as hormones, neurotransmitters, 

xenobiotics, and neurotoxic compounds or circulating cells such as leukocytes, 

neutrophils and lymphocytes, but also provides essential nutrients to the brain via 

component-specific transporters, maintains ionic balance and neural homeostasis 

(Abbott, 2002; Abbott & Romero, 1996; Hawkins & Davis, 2005). Endothelial cells 

need to interact with NVU cells, like pericytes, astrocytes, and neurons, to develop and 

maintain their BBB characteristics. 

 The first attempt to demonstrate the existence of the BBB was made by Paul Ehrlich 

(Ehrlich, 1885). Ehrlich injected a dye into the blood circulation to track the staining 

pattern in the entire body. Interestingly, all organs were stained except the brain and 

spinal cord. Afterward, Goldmann administered trypan blue to the cerebrospinal fluid 

(CSF) instead of the blood circulation (Goldmann, 1912). Therefore, all the brain cells 

were stained this time, but trypan blue could not enter the blood circulation and stained 

the peripheral organs. These experiments provided evidence for the existence of a 
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selective barrier that controls the substance exchange between blood and brain 

parenchyma. 

Brain microvessel endothelial cells have a more compact lining than peripheral 

endothelial layers (Abbott & Romero, 1996). Brain microvascular endothelial cells are 

interconnected with junctional complexes, which include tight and adherens junctions. 

Tight junctions (TJs) restrict paracellular passage and provide high trans endothelial 

electrical resistance (TEER) across the cell layer (Helms et al., 2016). Brain endothelial 

cells have high electrical resistance and act as a physical barrier, but they also exhibit 

efflux and metabolic barrier properties with special transporter systems and drug-

metabolizing enzymes. Barrier-type endothelial cells have no fenestrae, which limit the 

passage of substances, and they lack pinocytotic activity for transcytotic transport (Petty 

& Lo, 2002). These cells have special transporter systems that pump toxic molecules 

back into the blood or facilitate the passage of substances like glucose or amino acids. 

Besides, lipophilic molecules use transcellular pathways, and specialized transporter 

systems deliver nutrients and essential metabolites. Barrier-type endothelial cells have a 

high number of mitochondria correlated with high energy demand compared to 

peripheral-type endothelial cells (Abbott et al., 2010b). TJ complexes control paracellular 

transport between endothelial cells and maintain cell polarity by separating apical and 

basolateral membranes. The tightness of the endothelial cell layer can be evaluated by 

TEER and permeability assays using hydrophilic tracer molecules ranging from low- to 

high- molecular weights, including sodium fluorescein (NaFl; 376 Da), lucifer yellow 

(444 Da), dextrans of various molecular weights (4, 10, 20, 40, and 70 kDa), horseradish 

peroxidae (44 kDa), Evans blue-bound albumin (69 kDa), Alexa Fluor conjugated 

albumin and immunoglobulins G (150 kDa) (Scalisi et al., 2021).  

1.2.1 Junctional complexes 

Adherens and TJs physically work together to limit paracellular permeability and 

crosstalk, thereby maintaining the integrity of the barrier-type endothelial cell by 

supporting TJ formation and mechanical organization. Adherens junctions are 

transmembrane proteins connected with scaffolding proteins called catenin within the 

cytoplasm and provide cell-cell adhesion between the endothelial cell layers (Cerutti & 

Ridley, 2017).  

TJs are located closer to the apical side of the intercellular cleft and are responsible for 

sealing the paracellular passage between neighboring endothelial cells. Claudins, 
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occludin, and junctional adhesion molecule (JAM) protein families form TJs 

(Lampugnani, 2012; Martìn-Padura et al., 1998).  

Claudins are the major protein family that constitutes TJs with 27 different isoforms. 

Claudin-5 is ubiquitously expressed in all vasculatures and plays a key role in assembling 

TJs and BBB regulation (Ohtsuki et al., 2007). Claudin 1, 3, and 12 (molecular weight 

21-25 kDa) are found in the barrier-type microvessel endothelial cells, but their 

expression levels are lower compared to claudin-5 (Komarova et al., 2017; Wolburg et 

al., 2003). One of the most significant studies highlighting the critical role of claudin-5 

in TJ formation demonstrated that claudin-5 knockout is lethal due to excessive BBB 

permeability, which leads to detrimental developmental defects (Nitta et al., 2003). 

Occludin is a 65 kDa tetraspan transmembrane protein that regulates paracellular 

permeability through its phosphorylation and ubiquitination (Furuse et al., 1993). 

Occludin’s sealing role is still disputable in the literature. However, it has been clearly 

known that occludin content is lower in non-brain endothelial cells, and this enlightened 

the role of occludin in TJ assembly in barrier-type endothelial cells (Persidsky et al., 

2006). Data from in vivo and in vitro studies show that occludin-knockout mice develop 

various histological abnormalities such as chronic inflammation, brain microvessel 

calcification and growth retardation but its BBB remain intact. These results reveal that 

further studies are required to elucidate the exact mechanism of occludin’s role in the 

regulation of TJs and BBB integrity (Cong & Kong, 2020).  

The zonula occludens (ZO) family consists of cytoplasmic scaffolding proteins with 

three members: ZO-1, ZO-2, and ZO-3 (Haskins et al., 1998; Jesaitis & Goodenough, 

1994; Stevenson et al., 1986). This protein family connects TJ proteins with actin 

filaments to enhance barrier properties (Fanning et al., 1998; Nasdala et al., 2002; 

Tornavaca et al., 2015). Numerous studies have shown that paracellular permeability 

increases with ZO-1 downregulation under hypoxia and inflammatory conditions (Ma et 

al., 2013; Moskal & Michalak, 2025; Yu et al., 2023). Furthermore, ZO-1 knockout 

mice could not survive during the embryonic period (Chen et al., 2019). Therefore, ZO-

1 plays a crucial role in forming functional TJs and facilitating communication between 

TJs and intracellular signaling.  

1.2.2 Transport pathways across the blood-brain barrier 

Since the transport of substances across the BBB is limited, alternative pathways are 

necessary to fulfill the metabolic requirements of the brain by supplying nutrients and 
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removing waste products through blood flow (Langen et al., 2019). These alternative 

pathways include passive diffusion, solute carriers/transporters, transcytosis, ABC efflux 

transporters, and monocellular cell migration via diapedesis (Figure 2).   

 

 

Figure 1.2: Transport systems across the blood-brain barrier (adapted from 
(Ohtsuki et al., 2007)) 

 

Lipid-soluble, non-polar molecules, or blood gases such as carbon dioxide and oxygen, 

move down their concentration gradients via passive diffusion. However, molecules 

essential for neural homeostasis and brain nutrition include water-soluble and polar 

substances such as glucose, amino acids, hormones, ions, and nucleotides, as well as 

hydrophobic molecules like fatty acids, which require specific transporters located on 

either the apical or basolateral surface of the endothelial membrane to facilitate passage 

across the BBB, (Abbott et al., 2010b). One of the most crucial transporters is glucose 

transporter 1 (Glut1), which delivers glucose from the blood to the brain through the 

BBB. Glut-1 deficiency results in lethal embryonic abnormalities, barrier disruption, and 

insufficient amyloid beta clearance, all of which contribute to Alzheimer’s disease 

(Langen et al., 2019; Yazdani et al., 2019). Large neutral amino acid transporter (LAT1) 

is highly abundant in endothelial cells and facilitates the uptake of amino acids into the 

brain (Singh & Ecker, 2018). In addition to utilizing gradient differences, some efflux 

transporters consume energy to remove neurotoxic compounds from the brain 

parenchyma. For example, excitatory amino acid transporters (EAATs), located on the 

abluminal side of the BBB, are responsible for transporting excitotoxic amino acids, such 

as glutamate and aspartate, out of the brain (Zaragozá, 2020).   

Carrier-mediated transcytosis (CMT) is driven by the solute carrier proteins, which are 
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specialized to facilitate the transport of vital nutrients such as glucose, amino acids, and 

fatty acids into the parenchyma (Liu et al., 2025a).  

Receptor-mediated transcytosis (RMT) is one of the most selective pathways that 

provides the passage of large essential molecules across the BBB endothelial cells 

(Ayloo & Gu, 2019). Peptides and growth factors act as ligands and bind to highly 

selective receptors. Receptor-ligand interaction initiates the endocytosis via clathrin-

coated vesicles. Internalized vesicles are degraded, recycled, or delivered to the brain 

parenchyma (Pulgar, 2019; Sweeney et al., 2019a). This shuttle mechanism is also used 

to deliver therapeutic reagents to the targeted brain regions. In “Trojan horse strategies”, 

a specific drug molecule is conjugated to the ligands, which can bind to the luminal 

receptors like transferrin, insulin, and low-density lipoprotein receptor-related protein 1 

(LRP1) to bypass the highly selective endothelial barrier (Liu et al., 2025b; Pardridge, 

2023).  

Receptor-mediated transcytosis relies on two types of vesicular pathways: clathrin- and 

caveolin-mediated transcytosis. Clathrin-mediated transcytosis is driven by the vesicles 

coated by the polymer structure of clathrin proteins on the cytoplasmic surface of the 

membrane (Kadlecova et al., 2017). Clathrin-coated vesicle formation is triggered by the 

ligand-receptor binding, like LRP1 and phosphatidylinositol binding clathrin assembly 

protein (PICALM), which is employed in the amyloid-ß protein clearance (Ando et al., 

2022; Siddiqui et al., 2022).  

Caveolae-mediated transcytosis occurs via flask-shaped invaginations within the 

membrane called caveolae. Cholesterol, sphingolipids, and caveolin-1 (Cav-1) proteins 

are highly abundant in the structure of caveolae (Zhou et al., 2021). In contrast to clathrin-

mediated endocytosis, caveolar transcytosis is mostly receptor-independent and provides 

nonselective transport of large proteins across the endothelial cells, such as albumin 

(Sorets et al., 2020). Under physiological conditions, caveolae formation is suppressed 

for the tight regulation of the BBB using major facilitator superfamily domain-containing 

protein 2a (Mfsd2a) (Andreone et al., 2017; Eser Ocak et al., 2020). In pathological 

conditions or neurological diseases such as ischemia, atherosclerosis, multiple sclerosis 

(MS), and hypertension, caveolae formation is increased and causes BBB impairment 

due to high infiltration of substances from blood to the brain (Iadecola, 2013; Jasmin et 

al., 2007; Puddu et al., 2023; Wang et al., 2018; Yang et al., 2025).  

Major facilitator superfamily domain-containing protein 2a is a membrane transport 

protein that is highly expressed in the brain microvascular endothelial cells, mainly in 



7 
 

 
 

the capillary side. Specifically, Mfsd2a regulates the lipid metabolism and the transport 

of essential omega-3 fatty acids such as docosahexaenoic acid (DHA) to the brain 

parenchyma (Zhao & Zlokovic, 2014). Genetically modified experimental results revealed 

that Mfsd2a gene ablation causes DHA deficits and BBB impairment through increased 

levels of caveolae-mediated transcytosis within the brain (Ben-Zvi et al., 2014; Chow 

& Gu, 2017). Accordingly, Mfsd2a negatively regulates the caveolae-mediated 

transcytosis by regulating Cav-1 expression, contributes to the restricted lipid transport, 

and protects BBB integrity (Betsholtz, 2014). 

Multiple ATP-binding cassette (ABC) transporters, especially P-glycoprotein (P-gp), 

breast-cancer resistance protein (BCRP), and other multidrug-resistance-associated 

proteins (MRPs), are highly expressed at the luminal side of the barrier-type endothelial 

cell membranes (Miller, 2015). ABC transporters restrict the transport of blood-driven 

substances, endogenous metabolites, and xenobiotics, including targeted therapeutic 

drugs, by pumping them back into the bloodstream (Baltira et al., 2024). Although these 

ATP-driven efflux pumps hamper the drug delivery to the brain, they lead to the 

emergence of drug resistance. Hence, ABC transporters are the major obstacle in the 

treatment of neurodegenerative diseases such as dementia, epilepsy, and Alzheimer’s 

disease (Mohi-ud-Din et al., 2022; Zlokovic, 2011).  

Barrier-type endothelial cells are also responsible for metabolic barrier functions 

through special enzymes such as cytochrome P450, gamma-glutamyl transferase, and 

alkaline phosphatase (Abbott, 2013). These enzymes are predominantly located on the 

luminal surface of the barrier endothelial cells and are responsible for metabolizing drugs 

and neurotoxic compounds within the bloodstream (Kadry et al., 2020). Like ABC 

transporters, metabolic barrier activity also challenges the brain-targeting therapies by 

limiting the drug delivery across the BBB. Cytochrome P450 metabolizes most anti-

epileptic drugs, and this causes drug-resistant epilepsy (Ghosh et al., 2010). 

Brain parenchyma is highly privileged against the entry of pathogens and immune cells 

from the bloodstream. Unlike peripheral endothelial cells, barrier-type endothelial cells 

present a unique receptor, atypical chemokine receptor 1 (ACKR1), which transports 

chemokines across the blood microvessels (Marchetti et al., 2022). Diapedesis, or the 

movement of immune cells, is strictly limited across the BBB. Mononuclear cells can 

only enter the brain parenchyma during embryonic development through the endothelial 

cells and subsequently develop into central nervous system (CNS) resident immune cells, 

known as microglia. However, under pathological conditions such as MS or autoimmune 
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encephalomyelitis, the disruption of TJs, along with tumor necrosis factor alpha (TNF-

α) and matrix metalloproteinase (MMP) activation, leads to the infiltration of pro-

inflammatory cytokines and other immune cells into the brain via paracellular transport 

(Mapunda et al., 2022; Song et al., 2015).  

1.3 Circumventricular organs 

Circumventricular organs (CVOs) are special brain regions distributed along the third 

and fourth ventricles. Their microvessels are highly permeable, and their endothelial cells 

have fenestrations, which increase the permeability (Kaur & Ling, 2017). Unlike 

endothelial cells of the BBB, they lack TJs such as claudin-5, occludin, and ZO-1, which 

maintain the barrier integrity (Pfau et al., 2024). CVOs are divided into two categories: 

sensory and secretory CVOs. Sensory CVOs, comprised of the three main regions, which 

are the subfornical organ, organum vasculosum of the lamina terminalis, and area 

postrema (Yao et al., 2025). These sensory CVOs control the osmolarity, secretion of 

hormones such as angiotensin II (Ang II), cytokines, and adjust thirst, blood pressure, 

and body temperature. In contrast, secretory CVOs include the median eminence (ME), 

neurohypophysis, pineal gland, and subcommissural organ, which release 

neurohormones such as vasopressin, oxytocin, and melatonin directly into the 

bloodstream (Morita & Miyata, 2012). 

1.4 Pericytes 

Pericytes are specialized mural cells embedded within the basal lamina of capillaries, 

making close contact with endothelial cells through N-cadherin and connexin 43 

hemichannels, also known as “peg-and-socket” junctions. These junctions modulate 

nutrient transport and signal transduction (Liebner et al., 2018). Platelet-derived growth 

factor receptor beta (PDGFRβ) is consistently expressed on pericytes and serves as a 

marker for identifying them, facilitating their survival, proliferation, and attachment to 

blood vessels. Impaired PDGFRβ signaling within the brain contributes to hypertension, 

Alzheimer’s disease, and MS (Li & Fan, 2023; Miners et al., 2019). 

Pericytes resemble smooth muscle cells surrounding the arteries by regulating the 

vessel diameter through vasoconstriction and vasodilation in response to neuronal 

stimulation and metabolic requirements (Dalkara & Alarcon-Martinez, 2015). In 

addition to their roles in structural and vascular tone modulation, pericytes help maintain 

BBB integrity by stabilizing endothelial cells, suppressing transcytosis, and limiting the 
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filtration of immune cells into the brain. Loss or dysfunction of pericytes leads to BBB 

breakdown, increased permeability, and the entry of blood-borne neurotoxic molecules, 

resulting in neuronal degeneration, which contributes to the pathogenesis of 

Amyotrophic Lateral Sclerosis (ALS), Alzheimer’s disease, dementia, stroke, and 

traumatic brain injury (TBI) (Li & Fan, 2023).  

Animal models with ablated pericytes exhibited hypoperfusion, compromised BBB 

integrity, and disrupted neurovascular coupling. Additionally, the absence of pericytes 

causes vascular instability in both peripheral and cerebral microvessels, resulting in 

hypertension and insufficient blood flow regulation. The loss of pericytes exacerbates 

oxidative stress and inflammation, leading to vascular and neuronal damage (Kisler et 

al., 2017; Santos et al., 2019).  

1.5 Astrocytes 

Astrocytes are the most abundant glial cells in the CNS and are essential components 

of the NVU, playing crucial roles in the development and maintenance of the BBB. They 

participate in the formation and stabilization of the vascular network during 

developmental stages (Cheslow & Alvarez, 2016). Astrocytes ensheathe the 

endothelial-pericyte complex with their end feet, providing physical support and 

modulating the integrity of TJs by secreting signaling molecules. Signaling molecules 

secreted by astrocytes, such as Sonic hedgehog, glial-derived neurotrophic factor, and 

angiopoietin-1, enhance TJ protein expression by increasing TEER values and reducing 

paracellular transport across the BBB. Barrier-type endothelial cells secrete leukemia 

inhibitory factor 1 (LIF1), which upregulates glial fibrillary acidic protein (GFAP) 

expression and leads to astrocyte differentiation (Engelhardt & Liebner, 2014). 

Astrocytes also regulate water homeostasis via Aquaporin-4 and Kir4.1 potassium 

channels within their end feet (Gu, 2016). Additionally, astrocytes play a critical role in 

the clearance of excess glutamate from the synaptic cleft through their specialized 

transporters, such as excitatory amino acid transporters, which help maintain neuronal 

homeostasis (Durkee & Araque, 2019). Impaired clearance mechanism promotes 

excitotoxicity by the excessive glutamate accumulation, and this causes progression of 

several neurological diseases such as ALS, Alzheimer’s disease, and epilepsy (Andersen 

et al., 2022).  

Under certain pathologies, the integrity of endothelial TJs is disrupted, allowing the 

passage of albumin-like proteins into the parenchyma. Following the entrance of blood-
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borne substances, astrocytes undergo reactive gliosis and have dual behavior in 

regulating the BBB. In the first scenario, reactive astrocytes begin to secrete sonic 

hedgehog protein, which increases BBB integrity and inhibits immune cell migration 

(Wang et al., 2021). In another scenario, reactive astrocytes release pro-inflammatory 

molecules like interleukin (IL)-1β, IL-6, and vascular endothelial growth factor (VEGF), 

and these substances trigger infiltration of immune cells into the brain by deteriorating 

BBB integrity (Nagata & Yamasaki, 2024). Activated astrocytes can also trigger the 

activation of microglia and neuronal damage. Astrogliosis is highly correlated with the 

severity of BBB damage in chronic brain disorders/diseases such as dementia, 

Alzheimer’s disease, and TBI (Alvarez et al., 2013; Zhang et al., 2023).  

1.6 Microglia 

During brain angiogenesis, peripheral macrophages migrate into the brain and become 

resident immune cells called microglia. Under physiological conditions, microglia have 

a ramified structure to survey the parenchyma against pathogens and protect it from 

infections (McConnell & Mishra, 2022; Prinz et al., 2019). However, microglia get 

activated under pathological conditions such as hypertension. Upon activation, microglia 

turn into their pro-inflammatory phenotype, which secretes pro-inflammatory cytokines, 

leading to neuroinflammation and cerebrovascular damage (L. Liu et al., 2020). 

Angiotensin II plays the primary role in the emergence of hypertension. Under a 

hypertensive state, elevated blood pressure activates the microglial pro-inflammatory 

response through the interaction of Ang II receptors on microglia, and thereby, this 

contributes to neuroinflammation (Zhang et al., 2021). Althammer et.al. revealed that 

hypertension-related neuroinflammation can be alleviated through the Ang II receptor 

blockage, resulting in the recovery of BBB integrity  (Althammer et al., 2024).  

Activated microglia secrete inflammatory mediators such as TNF-α, IL-1β, and IL-6 

(Bajwa & Klegeris, 2022; Jurga et al., 2020). Additionally, those microglia with an 

inflammatory phenotype induce the release of MMPs. Released cytokines and MMPs by 

activated microglia trigger the microgliosis and neuroinflammation, causing endothelial 

dysfunction, TJ disruption, and consequently BBB damage (Prado et al., 2021; Ribeiro 

Vitorino et al., 2023). Moreover, activation of microglia also increases the production of 

reactive oxygen (ROS) and nitrogen species (RNS) which trigger oxidative and 

nitrosative stress, tight junctional protein disruption and BBB impairment (Sorriento et 

al., 2018; Valko et al., 2007; Wang et al., 2025). 
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In the light of clinical evidence, hypertension-induced neuroinflammation and BBB 

impairment increase the risk of cerebrovascular diseases, cognitive impairment, and 

emerging neurodegenerative diseases (Colombari et al., 2025; Wang et al., 2022a).  

1.7 Neurons 

Neurons are the principal component of the NVU but have no direct contact with 

endothelial cells in the adult brain; instead, they release several signal molecules and 

neurotransmitters to influence the barrier-type endothelial cells. Neurons are vital for 

communication throughout the CNS, the regulation of CBF, and neurovascular coupling 

(Schaeffer & Iadecola, 2021). During the late embryonic and postnatal phases, while 

astrocytes are still not fully developed, neurons establish close interactions with 

endothelial cells, contributing to the formation of the BBB (Langen et al., 2019). Neurons 

stimulate CBF through secreted neurotransmitters, such as glutamate, which initially 

activate astrocytes to release nitric oxide and then trigger the downstream pathways for 

vasodilation (Schaeffer & Iadecola, 2021; Zhao et al., 2022).   

Neurons and brain microvascular endothelial cells provide positive feedback to each 

other for the development and maintenance of BBB integrity and regulation of neuronal 

homeostasis  (Lacoste et al., 2014). However, when the BBB is damaged in pathological 

conditions, neuronal homeostasis is disrupted by neurotoxic proteins and inflammatory 

molecules entering the brain parenchyma from circulation, causing neurodegeneration. 

In the progression of Alzheimer’s Disease, BBB impairment results in the accumulation 

of amyloid-beta proteins within the parenchyma. Protein aggregation causes neuronal 

injury and cognitive decline (Yue & Man Hoi, 2023).  As for epilepsy, BBB integrity is 

compromised due to the hyperexcitable behavior of neurons, which induces 

neuroinflammation and neuronal death (van Vliet et al., 2007).  

1.8 Hypertension and Its Impact on the Neurovascular Unit Cells 

1.8.1 Overview of Hypertension 

According to the World Health Organization (WHO), arterial hypertension is one of the 

significant consequences of cardiovascular diseases and increases the tendency to 

ischemia and stroke in the brain (Williams et al., 2018). Hypertension is defined as a 

chronic condition characterized by elevated arterial blood pressure on the vessel wall, 

and this pressure is measured as systolic blood pressure (SBP) ≥ 140 mmHg and diastolic 
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blood pressure (DBP) ≥ 90 mmHg (Hansen et al., 2022). 

The renin-angiotensin system (RAS) is a complex system that regulates blood pressure, 

extracellular volume, and cardiovascular function through the interaction of nervous and 

endocrine systems. RAS comprises multiple peptides such as angiotensinogen, renin, and 

Ang II (Figure 3) (Lavoie & Sigmund, 2003). The peptides of RAS are found in the 

brain, kidney, and heart, and impairments in tissue-specific RAS cause cardiovascular 

diseases and other pathological conditions. Renin cleaves the Angiotensinogen into the 

Ang I (Santos et al., 2018). Ang I undergoes further cleavage by angiotensin-converting 

enzyme (ACE) to produce Ang II. Moreover, Ang II is converted to Ang III and IV by 

aminopeptidase A and N cleavage, respectively (te Riet et al., 2015).  

Circulating Ang II stimulates various downstream pathways by binding its receptors, 

type 1 receptor (AT1R) and type 2 receptor (AT2R) (Baraldi et al., 2015). Interaction 

between Ang II and AT1R leads to the emergence of chronic hypertension by increasing 

blood pressure, whereas with AT2R, Ang II mediates vasodilatation, leading to blood 

pressure decrease, and anti-inflammatory response (Assersen et al., 2020; Elsaafien et 

al., 2020). AT2Rs are dominantly expressed by the GABAergic neurons in the 

cardiovascular control centers in the brain, which inhibit the sympathic nerve activation 

and decrease blood pressure (de Kloet et al., 2016).  

                        

Figure 1.3: The renin-angiotensin system pathway 
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AT1Rs are predominantly found in the autonomic brain regions, such as the 

paraventricular nucleus (PVN), the nucleus of the solitary tract (NTS), the area postrema 

(AP), and the rostral ventrolateral medulla (RVLM) (Braga et al., 2011). AT1Rs are G-

protein-coupled receptors and are located on the cell membrane. Ang II/AT1R interaction 

activates downstream targets, including inositol triphosphate, vasoconstriction, sodium 

and water reabsorption, and aldosterone secretion, which increase blood pressure (Miller 

& Arnold, 2019). Activation of the AT1R causes an elevation in sympathetic activity, 

which stimulates neuroinflammation through the activation of microglia and the 

secretion of pro-inflammatory cytokines. Furthermore, the hypertension-related 

inflammatory state causes BBB impairment by increasing permeability across the 

endothelial barrier (Haspula & Clark, 2018).  

Chronic hypertension has a cardiovascular impact on the body and becomes a 

significant risk factor for the brain's blood microvessels (Daugherty, 2021). In the 

literature, researchers have focused on the mechanical, structural, and molecular changes 

in the walls of the brain microvessels in chronic hypertensive conditions (Iadecola et al., 

2016). High blood pressure leads to decreased blood flow, endothelial dysfunction, 

increased oxidative stress, microhemorrhages, and brain edema. These structural and 

functional alterations in the endothelial cells of the brain microvasculature pave the way 

for brain atrophy and dementia (Daugherty, 2021; Iadecola et al., 2016; Ishida et al., 

2006; Kerkhofs et al., 2020; Loewenstein & Rabbat, 2021; Shekhar et al., 2017). 

1.8.2 Hypertension-Induced Damage to the Neurovascular Unit Cells 

1.8.2.1 Neuroinflammation 

Neurogenic hypertension contributes to the upregulation of pro-inflammatory cytokine 

and chemokine secretion, such as TNF-α, IL-1β, IL-6, C-C motif ligand-2 (CCL2), and 

downregulation of the anti-inflammatory cytokines production, like IL-10 (Haspula & 

Clark, 2018; Koizumi et al., 2025). Constitutive activation of inflammatory pathways 

exacerbates immune cell migration into the brain, leading to neuroinflammation by 

activating microglia and astrocytes. Those glial cells get activated and secrete pro-

inflammatory cytokines like TNF-α, IL-1β, and IL-6 (Shi et al., 2010). Notably, the 

inhibition of microglial activation in transgenic mice has been shown to lower blood 

pressure and decrease the levels of TNF-α and IL-1β in the PVN of the hypertensive mice 
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(Liu et al., 2023; Santisteban et al., 2015).  

Inhibition of Toll-like receptor 4 (TLR4) in the PVN reduces the pro-inflammatory 

cytokine production and upregulates the anti-inflammatory cytokines (Dange et al., 

2015). Additionally, TLR4 is mostly expressed in microglia and promotes 

neuroinflammation by activating TLR4 through the Ang II/AT1R interaction  (Biancardi 

et al., 2016; Lee et al., 2013). A TLR4 inhibitor called TAK242 administration inhibits 

the microglial activation and protects BBB integrity in the spontaneous hypertensive rats 

(SHRs) (Biancardi et al., 2016). In another study, TLR4/ NF-κB inhibition suppressed 

astrogliosis, reduced pro-inflammatory cytokine release, and mitigated 

neuroinflammation (Xue et al., 2025). Microglial activation contributes to the increased 

production of ROS, which further exacerbates BBB impairment and neuroinflammation 

(Mowry et al., 2021; Yao et al., 2013).  

In addition to microglia, astrocytes play a crucial role in the emergence of 

neuroinflammation and hypertension by amplifying signals from the RAS (Sofroniew, 

2015). Astrocytes regulate neurotransmitter clearance, maintenance of BBB integrity, 

and synaptic transmission. Under hypertensive conditions, astrocytes become reactive, 

which is called astrogliosis. Astrogliosis is characterized by cellular hypertrophy and 

upregulation of the GFAP (Silver & Miller, 2004; Verkhratsky & Nedergaard, 

2018). Activated astrocytes promote neuroinflammation by triggering inflammatory 

pathways, such as NF-κB and JAK/STAT3 (Wang et al., 2013; Wanner et al., 2013). 

Additionally, the upregulation of pro-inflammatory cytokines, such as IL-1β and TNF-α, 

and the monocyte chemoattractant protein-1 (MCP-1), along with the downregulation of 

anti-inflammatory cytokines, including IL-10, exacerbates neuroinflammation (Lee et 

al., 2023; Norden et al., 2014; Xanthos & Sandkühler, 2014). In transgenic mice, 

astrocyte-derived IL-10 is overproduced and therefore attenuates inflammation by 

converting surrounding microglia into an anti-inflammatory state (Shanaki-Bavarsad et 

al., 2022). Moreover, Ang II stimulation elevates ROS production and induces 

mitochondrial dysfunction. Astrocytes also release VEGF-A that enhances immune cell 

infiltration and downregulates the TJ proteins. Consequently, those factors compromise 

the BBB integrity and promote sympathoexcitation by disrupting neuron-astrocyte 

interaction (Argaw et al., 2012; Stern et al., 2016). Severe neuroinflammation enhances 

sympathetic activity and elevates blood pressure by damaging cardiovascular regulatory 

brain regions like PVN (Wei et al., 2024a; Winklewski et al., 2015).  

Accumulated data have shown that glial cells have key roles in the emergence of 
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hypertensive pathogenesis through the regulation of oxidative stress and 

neuroinflammation (Poulet et al., 2006; Wang et al., 2022b; Wei et al., 2024b). Immune 

cell recruitment through the compromised BBB upregulates inflammatory cytokine 

secretion. This feed-forward loop of microglial and astrocyte activation, immune cell 

migration, and elevated blood pressure through neuronal overactivation leads to chronic 

hypertension (Wang et al., 2022).  

1.8.2.2 Endothelial Dysfunction and Oxidative Stress 

Oxidative stress is a critical mediator that disrupts BBB integrity and induces 

hypertension through the activation of AT1Rs. Endothelial nitric oxide synthase (eNOS) 

produces nitric oxide (NO), which is an essential molecule for vasodilation and vascular 

integrity (Forstermann & Sessa, 2012). Additionally, neuronal NO contributes to the 

regulation of memory, cognition, and brain plasticity (Wigner et al., 2022). Nitric oxide 

mediates vascular smooth muscle relaxation via activating c-GMP downstream pathways 

and regulates CBF. The release of neuronal potassium into the interstitial area triggers 

hyperpolarization within the endothelial junctions and facilitates the relaxation of smooth 

muscle cells (Kraehling & Sessa, 2017; Longden et al., 2017). In the hypertensive 

state, an impaired NO/ROS balance with enhanced vasoconstriction and inflammation 

contributes to endothelial dysfunction. Ang II interacts with its receptor, AT1R, on 

endothelial cells and leads to the decreased expression of sirtuin-3. Dikalov et. al suggest 

that the localization of sirtuin-3 decreased, ROS production increased, and these 

alterations led to mitochondrial oxidative stress (Dikalov et al., 2014). On the other hand, 

Ang II activates the NADPH oxidase 2 (NOX2) on the endothelial membrane. NOX2 

generates superoxide radicals, which cause mitochondrial damage, exacerbate oxidative 

stress, and ultimately activate cell death mechanisms (Ajoolabady et al., 2024; Pueyo et 

al., 2000). Increased oxidative stress activates the NF-κB pathway and thereby increases 

the release of pro-inflammatory cytokines. Overall, oxidative stress and AT1R activation 

compromise BBB integrity by disrupting TJ proteins such as claudin-5, occludin, ZO-1, 

and enhancing extravasation of plasma proteins (Takata et al., 2021). Consequently, 

hyperactivated sympathetic stimulation, elevated ROS, and inflammatory mediators led 

to hypertension-related neurotoxicity and brain injury (Biswas, 2016; Nozoe et al., 2008).  

Additionally, astrocytes and microglia regulate the ROS production and antioxidant 

mechanisms. Hypertension-induced microglial activation exacerbates ROS production, 

sympathoexcitation, and inflammation, which causes BBB impairment (Gowrisankar & 
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Clark, 2016; Wu et al., 2012).  

Overall, excessive ROS production, lower levels of NO, and elevated oxidative stress 

levels cause endothelial dysfunction, hypertension, and end-organ damage. In the 

therapeutic field, antioxidants are the potential candidates to revert the oxidant 

production to its physiological level and alleviate the inflammation upon hypertensive-

induced organ damage (Amponsah-Offeh et al., 2023).  

1.8.2.3 Cognitive Impairment 

Clinical studies have demonstrated that midlife hypertension is highly correlated with 

late-life cognitive impairment, dementia, and stroke predisposition (Clark et al., 2019; 

Iadecola & Gottesman, 2019).  

Hypertension causes the impairment of NVU elements by disrupting the functionality 

of the endothelial cells, astrocytes, and neurons. Consequently, alterations in BBB and 

NVU cells lead to neuroinflammation, uncontrolled oxidative stress, cognitive 

dysfunction, and ultimately, neurodegenerative diseases like ischemia, Alzheimer’s 

disease, and dementia. 

Hypertension-induced endothelial dysfunction contributes to cognitive decline by 

impairing vasodilation, leading to the emergence of brain microhemorrhages and lesions. 

Patients with hypertension-related BBB dysfunction may lead to brain injury and cerebral 

small vessel disease (Muñoz Maniega et al., 2017; Nezu et al., 2015; Sargurupremraj et 

al., 2020; Solé-Guardia et al., 2025)  

Under physiological conditions, clearance of amyloid-beta from the brain is primarily 

driven by LRP1, which is expressed in barrier endothelial cells. One of the recent studies 

demonstrated that hypertension downregulates the LRP1 expression and thereby 

accelerates the accumulation of amyloid plaques (Sweeney et al., 2019). Moreover, 

AQP4 channels, which are mainly located in astrocytic end-feet, serve the removal of 

metabolic waste products within the brain. Hypertension diminishes the rate of CBF and 

impairs the glymphatic clearance mechanism of toxic products such as amyloid-beta 

peptides and phosphorylated tau (Harrison et al., 2020; Pajewski et al., 2022; Rasmussen 

et al., 2022).  

Uncontrolled blood pressure increase contributes to the amyloid plaque accumulation 

within the brain (Cifuentes et al., 2015). Amyloid deposition causes one of the major 

neurodegenerative diseases, Alzheimer’s disease. In Ang II-induced hypertensive mouse 

models, elevated blood pressure has been reported to promote amyloid beta tangle 
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formation, increase microhemorrhage burden, exacerbate cognitive decline, and thereby 

lead to the emergence of neurodegenerative diseases such as Alzheimer’s disease (Faraco 

et al., 2016; Gannon et al., 2024; Ungvari et al., 2021). Increased blood pressure is also 

correlated with white matter hyperintensities, cortical atrophy, reduced volume in the 

hippocampus and prefrontal cortex, which are critical regions for cognition (de 

Montgolfier et al., 2020; Faraco et al., 2016; Solé-Guardia et al., 2025). Moreover, 

impaired vascular autoregulation and insufficient cerebral perfusion result in neuronal 

injury. Altered neuronal homeostasis elicits cognitive deficits, problematic executive 

daily tasks, and slower motor functions (Baggeroer et al., 2024; Cheon, 2022). 

 

1.8.3 Hypertensive Animal Models 

Hypertensive animal models are widely used for investigating the complex pathology 

underlying hypertension. Acute hypertensive models can be established in a short time, 

but the changes in blood pressure are transient. This pattern allows investigating the 

immediate responses upon the stimulation, such as baroreceptor activity, and acute 

endothelial changes (Xu & Sved, 2002). One of the common models is acute 

intraperitoneal or intravenous administration of vasoactive agents such as adrenaline, 

phenylephrine, noradrenaline, or Ang II (Rajanathan et al., 2022; Zubcevic et al., 2017). 

These models reveal the underlying mechanisms associated with acute oxidative stress, 

eNOS uncoupling, and sympathetic nervous system activation (Zhang et al., 2004). 

Chronic models represent the long-term pathophysiological hypertensive mechanisms 

within the human body, especially vascular remodelling, inflammation, and BBB 

impairment (Lerman et al., 2019). The Ang II infusion model is one of the most studied 

models in the hypertensive research field. Subcutaneous placement of the Ang II-filled 

osmotic minipumps provides constitutive infusion and induces chronic hypertension 

(Atis et al., 2022; Yang et al., 2021). This model is also suitable for investigating the 

vascular oxidative stress and immune cell infiltration into the brain regions (Lu et al., 

2020; Sumitomo-Ueda et al., 2010). 

Another well-studied model is a genetic model called SHR. Progressive cardiac 

hypertrophy and alterations in the structure of blood microvessels are developed in this 

model (Nabika et al., 2012). SHRs represent the early symptoms of hypertension, 

endothelial dysfunction, and cerebrovascular damage. Mostly, SHRs are used to model 

the hypertension-related neurodegeneration and cognitive decline (Leong et al., 2015).  
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Other models, such as the DOCA-Salt model, combine deoxycorticosterone acetate 

(DOCA) with high-salt intake and nephrectomy. This model leads to reduced renal 

oxygen levels, elevated oxygen consumption, disrupted tubular transport mechanisms 

(Kuczeriszka & Wąsowicz, 2022) (Kuczeriszka & Wąsowicz, 2022). However, the 

DOCA-salt model is widely applied to large animals like pigs, sheep, and primates 

(Basting & Lazartigues, 2017). In another experimental model, L-NAME (L-NG-Nitro 

arginine methyl ester) is administered to increase vascular tone, induce endothelial 

dysfunction, and cause hypertension by inhibiting all major NOS isoforms (eNOS, 

nNOS, and iNOS) (Paulis et al., 2008).  

The L-NAME model is often studied in metabolic syndrome, aging-related 

disorder/disease, and BBB integrity  (Kalayci et al., 2005; Kaya et al., 2003; Kopincová 

et al., 2012). Goldblatt developed a unique hypertension model that constricts one of the 

renal arteries, called the “two-kidney, one-clamp (2K1C) model (Goldblatt et al., 1934). 

This model is used to understand the volume-pressure control in various species such as 

rats, dogs, and rabbits (Johnson et al., 2002).  

1.9 Specialized Pro-Resolving Mediators 

1.9.1 Inflammation and Resolution 

Inflammation is a biological response triggered by exposure to pathogens or toxic 

substances. This process, acute inflammation, aims to eliminate the destructive effects of 

stimuli, clear out the metabolic waste, and initiate tissue repair. A typical inflammation 

has three stages: initiation, resolution, and post-resolution.  

The initiation phase of inflammation leads to the production of pro-inflammatory 

mediators, such as cytokines, chemokines, and prostaglandins, as well as the recruitment 

of neutrophils (Alfaro et al., 2022). Neutrophils neutralize and help remove the initiator 

stimuli. At the end of the initiation phase, macrophages eliminate the apoptotic 

neutrophils, and specialized pro-resolving mediators (SPMs), such as resolvins and 

lipoxins, are released to initiate resolution (Serhan et al., 2024; Soliman et al., 2025). 

During the resolution phase, monocyte-derived macrophages clear pro-inflammatory 

mediators and promote the transition of macrophages into an anti-inflammatory 

phenotype (Woodburn et al., 2021). In the post-resolution phase, acute inflammation is 

alleviated by the release of anti-inflammatory cytokines, such as IL-10 and TGF-β, as 

well as the recruitment of adaptive immune cells (Massagué & Sheppard, 2023; 
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Panigrahy et al., 2021). However, under certain pathological conditions, inflammatory 

cytokine secretion and macrophage activation drive the acute stage inflammation into the 

chronic phase (Zhang et al., 2023). Chronic inflammation causes tissue damage, vascular 

remodeling and dysfunction (Lopez-Candales et al., 2017). This impairment provokes 

various autoimmune, cardiovascular, metabolic, and neurodegenerative 

disorders/diseases, such as hypertension, atherosclerosis, diabetes, and Alzheimer’s 

disease (Dash et al., 2025). 

1.9.2 Overview of Specialized Pro-Resolving Mediators and Resolvin D1 

 Specialized pro-resolving mediators are lipid-derived molecules synthesized from 

polyunsaturated fatty acids such as arachidonic acid, eicosapentaenoic acid (EPA), and 

DHA, and are essential contributors to the acute inflammation's resolution phase (Serhan, 

2014). SPMs are endogenous mediators that are classified into 4 families: lipoxins, 

resolvins, protectins, and maresins (Figure 4, Sousa & Barbosa, 2023). Those SPM 

families are involved in the augmentation of the innate immune system response, 

clearance of pathogens, and protection of specific organs (Serhan & Levy, 2018). 

Rather than suppressing the immune system, using SPMs as immunoresolvents has the 

potential to be a promising therapeutic approach. 

 

Figure 1.4: Specialized Pro-resolving mediators produced from arachidonic acid, 
eicosapentaenoic acid, and docosahexaenoic acid (Sousa & Barbosa, 2023) 

 

 Resolvins are divided into D- and E-series, which are derived from DHA and EPA, 

respectively. Resolvin (RvD) family has specific G-protein coupled receptors named 

ALX/FPR2, GPR32, and ChemR23 (Arita et al., 2005; Krishnamoorthy et al., 2010; 

Serhan et al., 2002, 2004, 2008; Shalini et al., 2018). It binds through ALX/FPR2 

receptor on the cell membrane, regulates the specific miRNAs in the NF-κB pathway, 

and helps to induce resolution of the inflammatory conditions (Recchiuti et al., 2011; 

Rey et al., 2016a). 
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RvD1 exhibits its biological effects through binding to G-protein-coupled receptors: 

ALX/FPR2 and GPR32. RvD1 binding to its receptors leads to suppression of the NF-

κB pathway, downregulation of NLRP3 inflammasome and pro-inflammatory gene 

expression, and reduction of leukocyte adhesion molecules like ICAM-1. In addition, 

RvD1 receptors induce anti-inflammatory cytokine release and anti-inflammatory 

macrophage polarization (Wei et al., 2021a). RvD1-loaded gelatin methacrylate therapy 

facilitates the resolution of inflammation by decreasing pro-inflammatory cytokines and 

promoting the release of anti-inflammatory molecules in periodontitis (Xing et al., 2024).  

 Under pathological conditions, resolvins can suppress IL-6, IL-1β, and TNF-α 

production, and alleviate inflammation by increasing prostaglandin D2 synthesis upon 

LPS-induced microglial activation (Gao et al., 2017; Rey et al., 2016b). In TBI, aspirin-

triggered RvD1 improves motor and cognitive damage; RvE1 increases post-traumatic 

sleep in mouse models (J. L. Harrison et al., 2015). Terrando et al reported that RvD1 

improved brain inflammation, activated gliosis, synaptic dysfunction, and memory 

deficits after surgery-induced cognitive decline by modulating IL-6 and TNF-α 

(Terrando et al., 2013). RvD1 induces the phagocytosis of amyloid plaques and helps to 

resolve the unfolded protein response in patients with mild cognitive impairment 

(Olivera‐Perez et al., 2017). Furthermore, RvD1 administration preserved the 

mitochondrial function of the astrocytes, lowered excessive ROS production, inhibited 

apoptotic stimulation, and attenuated cognitive impairment following TBI (Ren et al., 

2020).  

RvD1 limits the neutrophil infiltration, suppresses both microgliosis and astrogliosis, 

and decreases the TNF-α, IL-6, and IL-1β gene expression via inhibition of the 

TLR4/NF-kB pathway (Bisicchia et al., 2018; Rey et al., 2016b; Yanoshita et al., 2025). 

In subarachnoid hemorrhage models, RvD1 notably improves the neurological score, 

reduces brain edema, and ameliorates BBB impairment by reducing the neutrophil 

recruitment, microglial and astrocytic activation, and pro-inflammatory mediators (Liu 

et al., 2021). Mechanistically, RvD1 administration significantly reduced Evans blue 

extravasation, inhibited NLRP3 inflammasome activation, downregulated the MMP-9 

levels, and upregulated anti-inflammatory protein complexes such as A20 with TJ 

proteins such as claudin-5, occludin, and ZO-1 (Wei et al., 2021). Hence, these results 

highlight the neuroprotective and anti-inflammatory properties of RvD1.   

In neuropathic pain models, RvD1 alleviates neuroinflammation by reducing brain-

derived neurotrophic factor production in activated microglia (Bo et al., 2025). One of 
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the recent studies showed that RvD1 treatment alleviates neuroinflammation by 

decreasing pro-inflammatory cytokine expression in the hippocampus and attenuates the 

cognitive impairment in diabetic rats with cognitive deficiency (Sun et al., 2021). 

Moreover, combinatorial therapy using RvD1 and exercise significantly decreased 

neuronal apoptosis and enhanced neuroplasticity by activating the BDNF/PI3K/Akt 

signaling pathway. Thereby, RvD1 contributes to the attenuation of inflammation-

induced BBB disruption and improvement of the neurological outcomes (Xiaoyu et al., 

2024).   

Additionally, RvD1 also shows restorative effects in ischemic conditions. A recent 

study demonstrated that RvD1 administration inhibited apoptotic pathways, mitigated the 

inflammation, and prevented ischemic damage in Wistar albino rats (Chen et al., 2020). 

After receiving Belimumab therapy, RvD1 plasma levels of systemic lupus 

erythematosus patients significantly increased. Additionally, the disease progression was 

attenuated and their response to therapy was improved (Wang et al., 2025). Chen et al. 

elucidated that serum RvD1 levels in acute ischemic stroke patients serve as a prognostic 

biomarker for neurofunctional recovery. Their results showed that lower serum levels of 

RvD1 were associated with severe clinical outcomes and inadequate resolution, which 

causes compromised BBB integrity and uncontrolled neuroinflammation (Chen et al., 

2023). 

In hypertension, RvD1 has been widely used as a novel therapeutic candidate to 

alleviate the symptoms and secondary injuries. A recent study highlighted that RvD1 

decreases both systolic and diastolic blood pressure in Ang II-induced hypertensive mice. 

Additionally, RvD1 administration inhibits the proliferation of vascular smooth muscle 

cells, reduces aorta thickness and collagen deposition, which are the major hallmarks of 

hypertension-related vascular pathology (Wei et al., 2024a). 

Overall, the accumulated data suggest that RvD1 is a promising therapeutic candidate 

by targeting vascular remodeling, activated inflammatory pathways, and brain 

homeostasis, particularly in metabolic and neurologic pathologies.  

1.10 Hypothesis 

The impact of anti-hypertensive drugs on BBB integrity has been extensively 

investigated. However, the underlying mechanistic explanations for their protective 

effects on the BBB integrity remain limited (Kalayci et al., 2005; Mamo et al., 2017). 

We suggest that RvD1 could play a crucial role in protecting BBB integrity, particularly 
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in chronic hypertensive conditions. Nevertheless, the specific effects of RvD1 on 

endothelial cell function in barrier-type brain microvessels are not clear yet. Due to its 

small lipophilic nature, RvD1 can easily cross the BBB. Thus, RvD1 could alleviate the 

effects of systemic inflammation on BBB endothelial cells and suppress oxidative 

processes and neuroinflammation within the brain.  

The expected findings of this study will have the potential to shed light on the 

underlying mechanisms and treatment of secondary disorders related to hypertension. 

The protective or preventive effects of RvD1 on disrupted BBB integrity may serve as a 

precursor to protect the brain, a significant target organ in hypertensive patients 

worldwide. Moreover, if RvD1 can effectively reduce both the influx of substances from 

the blood into the brain and the production of cytokines and oxidative agents by intrinsic 

brain mechanisms, it may have the potential to prevent the onset of various 

neurodegenerative disorders/diseases, including hypertension. 

Overall, we hypothesized that RvD1 ameliorates BBB disruption induced by chronic 

hypertension. The corresponding null hypothesis (H0) is that RvD1 has no significant 

effect on the hypertension-related BBB impairment.
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CHAPTER 2 

MATERIALS 

Cell lines, chemicals, antibodies, laboratory equipment, and devices are listed in Tables 

2.1, 2.2, 2.3, and 2.4. 

Cell Line 

Table 2.1: Cell line used in experiments. 
Name Type Brand CAT # 

bEnd.3 Endothelial cell ATCC CRL- 2299 

 

Chemicals 

Table 2.2: List of chemicals used in experiments. 

Name Brand CAT # 
Alexa-Fluor 594 conjugated bovine 
serum albumin 

Invitrogen A13101 

Angiotensin II Sigma Aldrich A9525 

Bovine Serum Albumin Capricorn Scientific BSA-1T 

CellTiter-Glo Luminescent Cell 
Viability Assay  

Promega G7570 

cOmplete, Mini, EDTA-free 
Protease Inhibitor Cocktail  

Roche 11836170001 

DMEM High Glucose Multicell 319-005 

DMSO Sigma 6195067 

DPBS Biowest L0615-500 

Ethanol ISOLAB 64-17-5 

Fetal Bovine Serum Biowest S181H-500 

Fluorescein Sodium Salt Sigma Aldrich F6377 

Glycerol Sigma Aldrich 49782 

Hoechst 33342 Thermo Fisher 62249 

L-Glutamine Biowest 6194078 

Normal Goat Serum Sigma Aldrich P9416 
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Nuclear fast red Sigma Aldrich N3020 

Paraformaldehyde Sigma Aldrich 158127 

Penicillin-Streptomycin Biowest L0018-100 

Pepsin MP Biomedical 195367 

Potassium ferrocyanide BioShop PFC232 

Resolvin D1 Cayman Chemical 10012554 

Triton X-100 Fisher Bioreagent BP151-100 

Trypan Blue Thermo Fisher Scientific 6195080 

Trypsin-EDTA (0.25 % v/v) Wisent Bioproducts 325-043-EL 

 

Antibodies 

Table 2.3: List of antibodies used in experiments. 

Name Brand CAT # 

Caveolin-1 (D46G3) Rabbit mAb Cell Signaling 3267 

Claudin 5 (4C3C2) Mouse mAb Invitrogen 35-2500 

GFAP (GA5) Mouse mAb Millipore MAB3402 

Goat anti-Mouse IgG Secondary 
Antibody, Alexa Fluor™ 488 

Invitrogen A11029 

Goat anti-Rabbit IgG Secondary 
Antibody, Alexa Fluor™ 488 

Invitrogen A11008 

Mfsd2a (E8U2O) Rabbit mAb Cell Signaling 80302 

Mfsd2a Rabbit Polyclonal Antibody Invitrogen PA5-21049 

 

Table 2.4: List of devices 

Name Brand Model 

Brightfield Inverted Microscope Nikon ECLIPSE Ti2 

CODA Noninvasive Blood Pressure        
Device 

Kent Scientific CODA-HT4 

Confocal Microscope Leica  TCS SP8 

Cryostat Leica CM1950 

Microplate reader Biotek Synergy H1 

Millicell Voltohmmeter Merck Millipore ERS-2 

Mini osmotic pump ALZET  1004 

Slide Scanner Zeiss AxioScan 8 

Vibratome Leica VT1000S 

Voltohmmeter EVOM EVM-MT-03-02 
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Laboratory Equipment  

Table 2.5: List of laboratory equipment used in experiments. 

Name Brand 

24-well Plate Sarstedt 

24-well TC Inserts, 0.4 µm Sarstedt 

TC Petri dish, 10 cm Sarstedt 

96-well Black Sided Bottom Plate Costar 

96-well Plate Sarstedt 

Centrifugation Thermo Fisher Scientific 

Biosafety Cabinet Labconco 

Coverslips Thermo Fisher Scientific 

Superfrost Slides Thermo Fisher Scientific 

S220 pH Meter Mettler Toledo 

Synergy H1 Microplate Reader Bio Tek Instrument 

T75 Flask Sarstedt 

TC Incubator Eppendorf 
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CHAPTER 3 

METHODS 

3.1 In vitro experimentation 

Mouse brain microvessel endothelial cells (bEnd.3- ATCC CRL-2299) were cultured 

in Dulbecco's modified Eagle's medium (DMEM; 4.5 g/L; Wisent Inc, Saint-Jean-

Baptiste, Quebec, Canada) supplemented with 10 % heat-inactivated fetal bovine serum 

(FBS), 1 % penicillin-streptomycin, and 1 % L-glutamine. The cells were kept in a 

humidified 37°C incubator containing 10 % CO2. Once reaching 85-90% confluency, 

the cells were subcultured using 0.25% trypsin/EDTA. All experiments were performed 

with bEnd.3 cell line between passages 6 and 9, and the cells were controlled for 

mycoplasma contamination by KUTTAM. A representative workflow of in vitro 

experiments is shown in Figure 1. 

 

Figure 3.1 Representative workflow of in vitro experiments (created with 
biorender.com) 
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3.1.1 In-vitro blood-brain barrier model using transwell 

An in vitro culture model was established using bEnd.3 to investigate Ang II and/or 

RvD1. Confluent bEnd.3 cells were seeded onto transwells with 0.4 μm pore size 

(Sarstedt AG & Co. KG, Germany) compatible with 24-well plates. bEnd.3 cells were 

seeded into the luminal side and incubated in a transwell system for 3 days to construct 

a proper BBB model. Experimental groups were assigned as: 

• Control (untreated) 

• Ang II (10 nM) treatment 

• RvD1 (50 ng/mL) treatment 

• Ang II (10 nM) and RvD1 (50 ng/mL) co-treatment 

3.1.2 Angiotensin II and Resolvin D1 administration 

bEnd.3 cells were seeded into 24-well transwell constructs and incubated for 24 hours 

to allow attachment to the surface. After 24 hours, 3 different doses of Ang II (10, 100, 

1000 nM) were administered. Following 1-hour Ang II administration, 3 different doses 

of RvD1 (25, 50, 75 ng/mL) were added to the culture media. At the end of 24 hours of 

exposure, cells were washed with PBS and fixed with 4 % PFA for 

immunocytochemistry, or cell lysates were harvested to perform western blot. 

3.1.3 CellTiter Glo Luminescent Cell Viability Assay  

bEnd.3 cells were seeded into black-sided clear bottom 96-well plate for the CellTiter 

Glo (CTG) luminescent cell viability assay. Following Ang II and/or RvD1 treatment, 

CTG reagent was added to the culture medium, and the plate was incubated for 10 

minutes at room temperature. Luminescence was subsequently measured using a BioTek 

Synergy H1 microplate reader.  

3.1.4 Trans-endothelial electrical resistance measurement and sodium-fluorescein 

permeability assay 

Paracellular permeability of bEnd.3 monolayers on a transwell were evaluated by 

measuring TEER values and a hydrophilic small fluorescent tracer, NaFl leakage (MW: 

376 Dalton).  

TEER measurements were performed using an EVOMÔ Manual Meter (EVM-MT-03-
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02, World Precision Instruments, USA) and STX4 EVOMÔ electrode with removable 

blades. The recorded TEER values were multiplied by the membrane area (Ω·cm2), 

which is 0.33 cm2.  

Following the Ang II and/or RvD1 treatments, the culture media in both compartments 

were removed. The luminal compartment was filled with 100 µL NaFl (10 μg/mL) 

prepared in 1X PBS, and the abluminal compartment was filled with PBS alone. After 1-

hour NaFl incubation, samples were collected from the lower compartment. The 

absorbance of the samples was measured at 485 nm excitation and 530 nm emission using 

black-sided clear-bottom 96-well plates. 

3.1.5 Immunofluorescence staining of proteins involved in transcellular and 

paracellular transport 

bEnd.3 cells were seeded onto autoclaved sterile glass coverslips and cultured until 

reaching 85-90 % confluency. Following Ang II and RvD1 administrations, the cells 

were fixed with 4 % PFA and permeabilized with a 0.1 % Triton-X-PBS solution. After 

1 hour of blocking, primary antibodies were added as follows: claudin-5 (1:100, Thermo 

Fisher, 35-2500), caveolin-1 (1:500, Cell Signalling Technology, #3267), and Mfsd2a 

(1:50, Thermo Fisher, PA5-21049) overnight at 4°C. The next day, the coverslips were 

incubated with secondary antibodies for 1 hour at room temperature (1:1000; A11034, 

Alexa Fluor™ 488 goat anti-rabbit IgG secondary antibody, and 1:1000; A11029, Alexa 

fluor™ 488 goat anti-mouse IgG secondary antibody). Coverslips were mounted on 

slides using Hoechst 33342 (1 µg/µL) prepared in PBS/Glycerol solution. The slides 

were visualized using Leica DMI8 confocal microscopy, and image analysis was 

performed using FIJI (2.14.0/1.54p, NIH, USA). 

3.2 In vivo experimentation 

 In this study, 10- to 12-week-old Balb/c male mice were used. The experiments were 

performed with four groups: sham, Ang II, RvD1, and Ang II plus RvD1. Each group 

consisted of four subgroups, resulting in a total of 80 mice. All animal experiments were 

conducted at Koç University Research Center for Translational Medicine, (KUTTAM) 

and the study received approval from the Local Animal Ethics Committee of Koç 

University (Reference number: 2021.HADYEK.020). A summarized version of the in 

vivo experimental design is shown in Figure 2.  
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Figure 3.2 Schematic representation of in vivo experiment workflow (created with 
biorender.com) 

3.2.1 Angiotensin II-induced hypertension model 

Animals were anesthetized with 2.5 % isoflurane, and the surgical region was shaved 

before implantation. Alzet mini-osmotic pumps (Model 1004, 0.11 μL/h, 28 days; Durect 

Co, Cupertino, CA) were filled with Ang II (1000 ng/kg/min; Sigma Chemical Co., St. 

Louis, MO, USA) dissolved in saline. After placing the pump in the correct position 

within the pocket, a subcutaneous incision was sutured using 4.0 silk sutures and allowed 

to infuse for 15 days.  

3.2.2 Non-invasive arterial blood pressure measurement 

 Animals were habituated to the restrainer for 5 consecutive days before pump 

implantation, and blood pressure measurements were recorded around 8-9 a.m. using the 

CODA High Throughput non-invasive blood pressure system (Kent Scientific 

Corporation, CT, USA). The tail temperature was measured with a laser thermometer 

and maintained at 32-35°C using a heating platform during the recording of blood 

pressure. Blood pressure measurements were repeated on days 0, 5, 10, and 15 and were 

analyzed using 2-way repeated measures analysis of variance (ANOVA) to compare the 

effects of both the Ang II-infusion time and RvD1 treatment, followed by Tukey’s post 

hoc multiple comparisons test using GraphPad Prism (version 10.5.0, GraphPad 

Software, USA). Data were expressed as mean± standard deviation (SD).  
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3.2.3 Resolvin D1 administration 

 Starting from the 10th day after the Alzet pump implantation, RvD1 (3 μg/kg/day, 

Cayman Chemical, #10012554) was intraperitoneally injected for five consecutive days 

in 200 µL sterile saline (Olivares-Silva et al., 2021). 

3.2.4 Assessment of the BBB permeability 

A 100 μL solution of 1 % Alexa-Fluor 594 conjugated bovine serum albumin (BSA; 

Invitrogen, Thermo Fisher Scientific, #A13101) was intravenously administered under 

2.5 % isoflurane anesthesia. Following, the circulation of Alexa-Fluor 594 conjugated 

BSA throughout the body was allowed for an hour. Under deep anesthesia using ketamine 

(300 mg/kg) and xylazine (20 mg/kg), the thoracic cavity was opened, and the perfusion 

needle was placed into the left ventricle. Transcardiac perfusion was performed by 

administering a bolus of 50 mL physiological saline (0.9 %) solution for about 20-30 

seconds, followed by 200 mL of fixative solution containing 4 % paraformaldehyde 

(PFA) in 1X phosphate buffer (pH 7.4) for 15 minutes. Following decapitation, the brains 

were kept in a fixative solution for 4 hours and transferred to a 30 % sucrose solution 

until they sank. Brains were snap-frozen with dry ice and stored at -80°C until 

cryosectioning. Coronal cryosections (15 μm) were cut using a cryostat (Leica CM 1950, 

Germany) at levels of the cerebral cortex (P222, P273, P376) and the hippocampus 

(P273) of the Allen Mouse Brain atlas (https://mouse.brain-map.org). The sections were 

mounted in glycerol/phosphate-buffered saline (PBS; 1:1) containing Hoechst 33342 (1 

µg/mL; Thermo Fisher Scientific, MA, USA) for nuclear staining. Images were acquired 

with confocal microscopy (2 TCS SP8), and 10 non-overlapping areas from the cerebral 

cortex and hippocampus were taken under a 40X objective with the same detector and 

laser settings. Quantitative analysis was performed using FIJI (2.14.0/1.54p, NIH, USA) 

by measuring the integrated density of the images. Quantified analysis was performed in 

FIJI (ImageJ v2.14.0) by measuring the integrated density of the 594 positive signals as 

referred to by (Low et al., 2024). 

3.2.5 Microhemorrhage detection 

Brains were removed and immersed in 4 % PFA solution for 24 hours post-fixation. 

Then, vibratome (VT1000S, Leica) was used to take 40-micron free-floating sections. 

The sections were mounted on SuperFrostTM positively charged slides and left to dry for 
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1 hour. Afterwards, the slides were immersed in 5 % potassium ferrocyanide (PFC232, 

BioShop) and 10 % HCl for 20 minutes, then Nuclear Fast Red (ready-to-use, N3020, 

Sigma-Aldrich) for 15 minutes as a counterstain. Sections were dehydrated with ethanol, 

cleared in xylene and mounted with DPX mounting medium (Electron Microscopy 

Sciences). Each slide has 3 consecutive serial sections. The whole slide was scanned by 

the Zeiss AxioScan 8 scanner. For the quantitative analysis, the iron-positive blue area 

(pixel) was normalised to the section area using FIJI (ImageJ v2.14.0).  

 

3.2.6 Immunofluorescence staining of proteins involved in transcellular and 

paracellular transport 

Mice were terminally anesthetized with overdoses of ketamine (300 mg/kg, i.p.) / 

xylazine (20 mg/kg, i.p.). The thoracic cavity was opened, and then the mice were 

perfused with cold PBS and 4 % PFA, as described in the “Assessment of the BBB 

permeability” section. The brains were preserved at -80°C until cryosectioning. 15-

micron coronal sections were mounted on SuperFrostTM positively charged slides. For 

antigen retrieval, slides were boiled in sodium-citrate buffer (1X, Abcam, ab93678) in a 

microwave for 10 minutes. Then, the sections were permeabilized for 10 minutes in 0.1 

% PBS-Triton X-100. and blocked in PBS containing 10 % normal goat serum (NGS) 

for 1 hour at room temperature. Primary antibody solutions for claudin-5 (1:100, 

Invitrogen, #35-2500), caveolin-1 (1:2000, Cell Signaling, #3267), and Mfsd2a (1:600, 

Cell Signaling, #80302) overnight at 4°C. Next, secondary antibodies, Alexa Fluor™ 488 

488-conjugated goat anti-Rabbit (1:1000, Thermo Fischer, A11034) or Alexa Fluor™ 

488-conjugated goat anti-mouse (1:1000, Thermo Fisher, A11029), were used for 1 hour 

at room temperature. Slides were coverslipped using Hoechst mounting medium (1:1 

PBS/Glycerol). 10 non-overlapping fields were captured with a confocal microscope 

(Leica TCS SP8) using a 40X objective. Quantitative analysis was performed using FIJI 

(ImageJ v2.14.0), measuring the integrated density of the images. 

 

3.2.7 Glial fibrillary acidic protein immunofluorescence staining  

Mice were deeply anesthetized with pentobarbital (100 mg/kg, i.p.). The thoracic 

cavity was opened to perform transcardiac perfusion with 50 mL of cold PBS. Following 

perfusion, the brains were post-fixed for 24 hours in 4 % PFA, and then coronal floating 
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sections (40 μm) were cut using a Leica Vibratome (VT1000S). After PBS and dH2O 

wash, sections were incubated with pepsin (1 mg/mL; MP Biomedicals, #195367) for 10 

minutes at a 37 °C incubator for antigen retrieval and blocked for 1 hour in 0.1 % TritonX 

and 5 % BSA in PBS at room temperature. The sections were incubated in 488 conjugated 

glial fibrillary acidic protein (GFAP; 1:500, Millipore, #MAB3402x) antibody overnight 

at room temperature on a shaker, followed by mounting with Fluoromount G. Whole-

slide images were acquired with Zeiss AxioScan 8. For each animal, 3 consecutive serial 

sections were selected and mounted on the same slide. Quantitative analysis was 

performed with the following metrics: mean fluorescence intensity, GFAP-positive area 

(pixel), and GFAP-positive area normalized to total section area using FIJI (Image J 

v2.14.0). 

 

3.3 Statistical analysis 

All data are shown as mean ± standard deviation (SD). Statistical analyses were 

performed using GraphPad Prism (version 10.5.0, GraphPad Software, USA). The 

normal distribution of data was evaluated by the Shapiro-Wilk test. Multiple comparisons 

among the experimental groups were assessed via a non-parametric Kruskal-Wallis test 

followed by Dunn’s multiple comparisons test. For blood pressure measurement, a 2-way 

repeated measures ANOVA with Bonferroni correction was used. P-values less than 0.05 

were considered statistically significant (p<0.05). Significance asterisks were indicated 

in the figures as: p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****). For in vivo 

experiments, the number of replicates (n) for each group is indicated in each figure 

legend. In vitro experiments were conducted with three independent biological replicates 

and each consisting of three technical replicates. 
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CHAPTER 4 

RESULTS 

4.1 In vitro experimentation 

4.1.1 Dose-dependent effects of Angiotensin II 

Three concentrations of Ang II (10, 100, and 1000 nM) were tested to select a dose to 

induce endothelial disruption by conducting cell viability, TEER, and NaFl permeability 

assays (Figure 4.1).  

 

 

Figure 4.1 Dose-dependent effects of ANG II on bEnd.3 cells by conducting CTG 
assay, TEER, and NaFl permeability assay. Bars represent mean ± SD (**p<0.01, 
*** p<0.001, **** p<0.0001).  

 

All the administered concentrations of Ang II significantly decreased the cell viability 

in bEnd.3 cells (p<0.001, p<0.0001). TEER measurements were reduced in all Ang II 

doses (p<0.01, p<0.0001), while the leakage of NaFl tracer was increased upon 10, 100, 

and 1000 nM Ang II doses (p<0.01, p<0.001). These results indicated that all Ang II 

doses disrupt the endothelial layer. Since 10 nM Ang II severely and significantly 

decreased TEER values and increased fluorescein tracer leakage compared to the control 

group. Hence, this dose was selected among the tested concentrations for further 

experiments. In addition, 10 nM was the lowest concentration that significantly reduced 
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cell viability. Thus, these results make 10 nM concentration for bEnd.3 impairment 

without inducing excessive cell death. 

4.1.2 Dose-dependent effects of Resolvin D1 upon Angiotensin II disruption 

bEnd.3 cells were treated with 10 nM Ang II for an hour and the cells were co-treated 

with 25, 50, and 75 ng/mL RvD1 for 24 hours. Afterwards, TEER, permeability, and cell 

viability assays were conducted to evaluate the RvD1’s effect on the endothelial cell 

integrity (Figure 4.2).   

 

Figure 4.2 Dose-dependent effects of 25, 50, 75 ng/mL RvD1 upon Ang II 
administration to bend.3 cells by performing CTG assay, TEER, and NaFl 
permeability assay. Bars represent mean ± SD (*p<0.05, **p<0.01, *** p<0.001, 
**** p<0.0001). 

 



35 
 

 
 

Compared to the 10 nM Ang II-treated cells, all RvD1 doses significantly increase the 

cell viability upon Ang II administration (Figure 4.2, p<0.05, p<0.01). TEER 

measurements demonstrated that Ang II exposure decreased the TEER values compared 

to the control (p<0.0001). However, TEER values were notably elevated following 25, 

50, and 75 ng/mL RvD1 treatment (Figure 4.2, p<0.05, p<0.001, p<0.0001). Moreover, 

the accumulated NaFl fluorescence in the abluminal compartment showed that Ang II 

administration increased the leakage across the endothelial cells, while RvD1 treatment 

reduced the amount of infiltrated fluorescence tracer (Figure 4.2, p<0.05, p<0.01, 

p<0.001). 

Additionally, bEnd.3 cells were exposed to only RvD1 doses for 24 hours to evaluate 

its effect on cell viability. CTG results showed that administrated doses of RvD1 did not 

impair cell viability compared to the control group (Figure 4.2). 

4.1.3 Immunofluorescence staining 

Following Ang II and RvD1 co-treatment, the integrity across the bEnd.3 monolayer 

was evaluated by performing immunocytochemistry using claudin-5 antibody, one of the 

major TJ proteins, Cav-1, and Mfsd2a, which are key players in transcellular transport 

pathways (Figure 4.3,4.4 and 4.5).   

 

 

Figure 4.3 Representative images and quantitative fluorescence intensity analysis of 
claudin-5 in bEnd.3 cells. Bars represent mean ± SD (*p<0.05, *** p<0.001, **** 
p<0.0001). 

 

Ang II administration decreased the claudin-5 levels compared to the control cells 

(Figure 3, p<0.001). Following RvD1 treatment (50 ng/mL), the fluorescence intensity 

of claudin-5 was significantly increased relative to the Ang II-treated group (Figure 4.3, 
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p<0.05). 

 

 

Figure 4.4. Representative images and the fluorescence intensity analysis of Cav-1 
in bEnd.3 cells. Bars represent mean ± SD (**p<0.01, ****p<0.0001) 

 

 Cav-1 expression levels were remarkably increased upon Ang II administration 

(p<0.0001), while RvD1 treatment reduced the elevated Cav-1 intensity compared to the 

Ang II-exposed cells (Figure 4.4, p<0.01).  

  

 

Figure 4.5. Representative images and the quantitative analysis of Mfsd2a in bEnd.3 
cells. Bars represent mean ± SD (***p<0.001, ****p<0.0001) 

 

 Compared to the control, the fluorescence intensity of Mfsd2a decreased in the Ang II 

group (Figure 4.5, p<0.0001). Although RvD1 treatment increased the Mfsd2a levels in 

Ang II-treated bEnd.3 cells (Figure 5, p<0.001).   
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4.2 In vivo experimentation 

4.2.1 Non-invasive blood pressure measurements 

All the blood pressure recording values are presented in Figure 4.6. Day 0 recordings 

were considered the baseline for all experimental groups.  

 

 

Figure 4.6. Systolic, diastolic, and mean arterial blood pressure changes among the 
experimental groups at day 0, 5, 10, and 15. Bars represent mean ± SD (n = 14-15 
mice per group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  

 

In the Ang II-treated group, systolic, diastolic, and mean arterial pressure values 

significantly increased on days 5, 10, and 15 compared to the baseline values (p<0.05, 

p<0.01, p<0.001, p<0.0001. In the Ang II plus RvD1 cotreated group, blood pressure 

values also gradually increased on the 5th and 10th days compared to baseline (p<0.01, 

p<0.001, p<0.0001). Following 5 days of RvD1 administration, all systolic, diastolic, and 

mean blood pressure values decreased, but only the systolic blood pressure showed a 

significant decline compared to the values on the 10th day of Ang II-treated animals 

(p<0.05). No significant changes were observed in systolic, diastolic, and mean blood 

pressure values of the sham or RvD1-only group. 
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Figure 4.7. Systolic, diastolic, and mean arterial blood pressure changes in all 
animal groups over the experiment period. Data is represented as mean ± standard 
deviation; n=14-15/group, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 As presented in Figure 2, all systolic, diastolic, and mean blood pressure values in the 

Ang II group were significantly increased compared to the sham group on days 5 and 10 

(Figure 4.7; p<0.05, p<0.01, p<0.001, p<0.0001). On the 15th day, all arterial blood 

pressure values remained significantly higher in the Ang II-treated group compared to 

the sham and RvD1-only groups (p<0.0001). Importantly, RvD1 cotreatment contributes 

to a significant decrease in systolic, diastolic, and mean blood pressure values compared 

to the Ang II group at day 15 (p<0.05, p<0.01).   

4.2.2 Microhemorrhage detection using Prussian blue  

Quantitative assessment of the Prussian-blue–positive area showed a significant 

increase in microhemorrhage content following Ang II infusion compared to the sham 

group (Figure 4.8, ***p<0.001).  

 

 

Figure 4.8. Microhemorrhage detection revealed by Prussian blue staining. 
Representative coronal sections show Prussian blue-positive deposits (blue) in each 
group. Quantification of Prussian blue-positive area per section. Bars represent 
mean ± SD (n = 7–8 mice per group; *p<0.05, **p<0.01, ***p<0.001) 
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Prussian blue staining was quantified by thresholding positive signals and analyzed for 

total positive pixel area using FIJI software. Notably, RvD1 administration significantly 

decreased Prussian blue deposition compared to the Ang II group (Figure 4.8, p<0.05). 

Hence, RvD1 treatment mitigates the Ang II-induced cerebrovascular damage.  

4.2.3 Assessment of the BBB permeability using bovine serum albumin Alexa-

Fluor 594 conjugate administration 

BBB permeability was evaluated using Alexa Fluor 594-conjugated BSA tracer at three 

anatomical levels of the cerebral cortex from temporal to dorsal (P222, P273, P376) and 

the hippocampus levels (P273). At the P222 level, the measured fluorescence intensity 

of Alexa Fluor 594-conjugated BSA tracer showed a significant increase in the Ang II-

treated group compared to the sham and RvD1-only treated group. Importantly, 

cotreatment of Ang II and RvD1 resulted in a significant decrease in the fluorescence 

intensity of tracer accumulation compared to the Ang II group (Figure 4.9; p<0.0001). 

 

 

Figure 4.9. Left panel. Mouse brain p222 from the Allen brain atlas. Center panel. 
Quantification of Alexa Fluor 594-positive pixels within the cerebral cortex of 4 
experimental groups. Right panel. Representative images for Alexa Fluor 594-
conjugated BSA (red color) content in the cerebral cortex. Bars represent mean ± 
SD (n=5/group, ****p<0.0001). 

 

At the P273 level of the cerebral cortex of animals, fluorescence intensity of tracer was 

highest in the Ang II-infused group but showed a significant decrease upon RvD1 

treatment (p<0.0001). Similarly, the fluorescence tracer intensity in the hippocampus 

increased in Ang II-infused mice, but RvD1 treatment decreased the infiltrated tracer 

content in this region (Figure 4.10; p<0.0001). 
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Figure 4.10: Left panel. Mouse brain p273 from the Allen brain atlas. Upper right 
panel. Quantification of Alexa Fluor 594 positive pixels within the cerebral cortex 
and representative images for Alexa Fluor 594 conjugated BSA (red color) content. 
Lower right panel. Quantification of Alexa Fluor 594 positive pixels within the 
hippocampal region and representative images for Alexa Fluor 594 conjugated 
BSA. Bars represent mean ± SD (n=5/group; **p<0.01, ****p<0.0001) 

 

At the P376 section level of the cerebral cortex, fluorescent conjugated albumin tracer 

content was assessed. The fluorescence intensity of the tracer was significantly increased 

in Ang II-infused mice compared to all other experimental groups (p<0.0001). RvD1 

treatment notably decreased the fluorescence intensity of the tracer relative to the Ang II 

group (Figure 4.11; p<0.0001). 
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Figure 4.11: Left panel. Mouse brain p376 from the Allen brain atlas. Center panel. 
Quantification of Alexa Fluor 594-positive pixels within the brains of 4 experimental 
groups. Right panel. Representative images for Alexa Fluor 594 conjugated BSA 
(red color) content. Bars represent mean ± SD (n = 5 mice per group; ****p<0.0001)  

 

4.2.4 Immunofluorescence staining of junctional and transport proteins Claudin-5 

Immunofluorescence Staining 

 BBB integrity was evaluated by performing immunofluorescence staining with one of 

the major TJ proteins, claudin-5. Fluorescence intensity of claudin-5 in both the cerebral 

cortex and hippocampus decreased in Ang II-infused animals and increased upon 5 days 

of RvD1 administration compared to the Ang II group (Figure 4.12).  
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Figure 4.12: Claudin-5 immunofluorescence staining and quantitative analysis. 
Bars represent mean ± SD (n=5 mice/group; **p<0.01, ****p<0.0001) 

 

Accordingly, quantification of claudin-5 immunoreactivity by image analysis showed 

that RvD1 treatment significantly increased the claudin-5 fluorescence intensity in the 

cerebral cortex of Ang II-treated animals (p<0.01).  

4.2.5 Mfsd2a Immunofluorescence staining 

 BBB integrity was evaluated by performing immunofluorescence staining with Mfsd2a, 

which controls the expression levels of Cav-1 involved in transcellular transport. Mfsd2a 

fluorescence intensity in the cerebral cortex and hippocampus decreased in the Ang II-

infused mice and increased following RvD1 treatment (Figure 4.13).  

 



43 
 

 
 

 

Figure 4.13: Mfsd2a immunofluorescence staining and quantitative analysis. Bars 
represent mean ± SD (n=5/group; *p<0.05, ****p<0.0001). 

 

 In the meantime, the quantification of Mfsd2a immunoreactivity by image analysis 

showed that RvD1 treatment caused overall increases in the immunofluorescence 

intensity of Mfsd2a in Ang II-treated animals (p<0.05, p<0.0001).  

4.2.6 Caveolin-1 Immunofluorescence Staining 

Cav-1 immunofluorescence intensity considerably increased in Ang II-infused animals, 

while administration of RvD1 decreased immunostaining of this protein in the same 

animals (Figure 4.14, p<0.0001).   
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Figure 4.14: Caveolin-1 immunofluorescence staining and quantitative analysis. 
Bars represent mean ± SD (n=5/group, ****p<0.0001). 

 

The quantification of Cav-1 immunoreactivity by image analysis showed that RvD1 

treatment caused overall decreases in the immunofluorescence intensity of Cav-1 in 

animals treated with Ang II (P<0.0001). 

4.2.7 Astrogliosis assessment using GFAP 

The administration of Ang II to animals yielded considerably enhanced 

immunostaining for GFAP (Fig. 4.15). 
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Figure 4.15: GFAP immunofluorescence staining and quantitative analysis. Bars 
represent mean ± SD (n=7-8/group, **p<0.01, ***p<0.001). 

 

In parallel, the quantification of GFAP immunoreactivity by image analysis showed 

that RvD1 treatment significantly decreased the immunofluorescence intensity of GFAP 

in Ang II-treated animals (p<0.01). 
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CHAPTER 5 

DISCUSSION 

 
In this study, we investigated whether RvD1 ameliorates the disruptive effects of Ang 

II on the BBB integrity in an in vitro BBB model using mouse brain bEnd.3 cells and an 

in vivo mouse model for chronic hypertensive conditions induced by Ang II. In this study, 

we aimed to investigate the cellular and molecular mechanisms underlying the protective 

effects of RvD1 against BBB disruption in the Ang II-induced chronic hypertensive 

mouse model.  

Our in vitro results demonstrated that Ang II administration in various doses decreased 

the cell viability and TEER values, whereas the NaFl infiltration into the abluminal 

compartment increased upon Ang II exposure. The most consistent BBB impairment was 

observed in the 10 nM Ang II, based on reduced cell viability, decreased endothelial 

resistance, and elevated fluorescent tracer passage across the bEnd.3 cell layer. CTG cell 

viability assay results showed that RvD1 has no cytotoxic effects alone on bEnd.3 cells 

only treated with a dose range of RvD1. Subsequently, RvD1 significantly increased the 

cell viability in all doses compared to the 10 nM Ang II-exposed cells. Additionally, 

TEER values in the bEnd.3 cells were remarkably elevated after RvD1 treatment 

compared with the only Ang II-treated group. Furthermore, RvD1 notably reduced the 

efflux of NaFl tracer across the endothelial barrier. Moreover, claudin-5 and Mfsd2a 

fluorescence intensity were reduced upon Ang II administration, and RvD1 elevated 

these protein levels. In contrast, RvD1 significantly decreased the Cav-1 levels, which 

were increased upon Ang II impairment. These results elucidate that RvD1 mitigates the 

destructive effects of Ang II on bEnd.3 cells by increasing cell viability, elevating TEER 

values, decreasing the accumulated NaFl amount in the abluminal compartment, and 

restoring claudin-5, Cav-1, and Mfsd2a protein levels. 

In the in vivo part of our study, systolic, diastolic, and mean blood pressure were 

progressively increased day by day in Ang II-induced hypertensive mice. Remarkably, 

RvD1 treatment for 5 days alleviates the systolic, diastolic, and mean blood pressure at 
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day 15. Notably, RvD1 treatment significantly reduced the microhemorrhage formation 

within the brain, which suggests the protective role of RvD1 upon Ang II-induced 

cerebrovascular damage. Similarly, the accumulated Alexa Fluor 594-conjugated BSA 

within the various levels of brain parenchyma was reduced following RvD1 treatment. 

Consistently, immunofluorescence staining demonstrated that RvD1 elevated the 

expression of claudin-5 and Mfsd2a, and decreased Cav-1. These results indicate that 

RvD1 has ameliorating effects on Ang II-induced BBB disruption due to improving TJ 

integrity and permeability across the barrier endothelial cells. RvD1 also reduced the 

expression of GFAP, which is one of the most common astrogliosis markers. Overall, 

these findings suggest that RvD1 has remarkable protective impacts against Ang II-

induced BBB disruption and cerebrovascular damage.  

Hypertension is the most common risk factor for heart attack, cardiac atrophy, stroke, 

dementia, Alzheimer’s Disease, and cerebral small vessel disease (Zhou et al., 2021). 

Worldwide, 1.27 billion people suffer from hypertension, and most of these people are 

unaware of their disease (Rossi et al., 2024). The most common risk factors that stimulate 

the emergence of hypertension are listed as age, higher body mass index, and excessive 

salt intake (Nishimoto et al., 2024; Tang et al., 2022). In Turkey, one person in every 

three has died because of cardiovascular diseases, largely hypertension, and nearly 4.5 % 

of annual deaths are caused by Alzheimer’s and dementia (Yurekli et al., 2019). Although 

hypertension can be kept under control by taking medications, antihypertensive drugs 

cannot restore all damage to cardio or cerebrovascular structures (Liu et al., 2015). 

Considering the clinical and economic burdens associated with hypertension, the 

development of effective therapeutic strategies to mitigate hypertension and its 

destructive impacts on peripheral and cerebral vasculature is critical.  

In this study, we first investigated the effect of RvD1 treatment on Ang II-induced 

hypertension. Successful development of hypertension was verified by the gradual blood 

pressure increase in only the Ang II receiving group for 15 days. All systolic, diastolic, 

and mean blood pressure values were significantly elevated on days 5, 10, and 15 

compared to day 0 baseline values. Similarly, Ang II infusion increased the systolic blood 

pressure values at 490 ng/kg/min infusion rate for 14 days (Yin et al., 2022). Combination 

of Ang II infusion and high dose of salt intake for 5 days leads to high systolic, diastolic, 

and mean blood pressure in Balb/c mice (Becirovic-Agic et al., 2019). In another study, 

a chronic hypertensive model was established by the 1900 ng/kg/min Ang II infusion for 

10 days. In the mentioned study, Ang II infusion elevated blood pressure measurements 
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and caused cognitive decline by the assessment of the Morris water maze test (Duchemin 

et al., 2013). Increased arterial blood pressure contributes to the damage to the body's 

vasculature and disruption of the BBB and NVU components (Boily et al., 2021; van den 

Kerkhof et al., 2024; Yu et al., 2025).  

In our study, administration of RvD1 reduced arterial blood pressure values observed 

in Ang II-treated conditions. In parallel with our results, Olivares-Silva suggested that 

RvD1 attenuates the blood pressure elevation and mitigates the hypertension 

development in 1.5 mg/kg/day Ang II-infused mice for 14 days (Olivares-Silva et al., 

2021). In addition, a recent study reported that daily administration of RvD1 has a 

restorative effect on Ang II-induced hypertensive mice by decreasing the blood pressure, 

vessel thickness, and collagen accumulation within the lumen (Wei et al., 2024b).  

As we evaluated the microhemorrhage formation by performing Prussian blue staining, 

Ang II infusion contributes to the emergence of microhemorrhagic patterns, whereas 

RvD1 treatment reduced the Prussian-blue deposition within the brain. In a previous 

study, Ang II infusion led to an increase in Prussian-blue positive microhemorrhage area 

compared to the sham group (Xie et al., 2025). Additionally, exogenous RvD1 injections 

help to lower the organ injury, such as skeletal muscle damage, renal and hepatic 

dysfunction, following the controlled hemorrhagic shock (Sordi et al., 2021). Another 

recent study demonstrated that RvD1 attenuates the hemorrhage-induced neuronal injury 

by alleviating the neuroinflammation and promoting the recovery after intracerebral 

hemorrhage (Xiaoyu et al., 2024).  

We evaluated the BBB integrity at 3 different anatomical levels (P222, P273, and P376) 

using Alexa Fluor-594 conjugated BSA for in vivo conditions. At all cortical levels, BBB 

permeability significantly increased upon Ang II infusion, which indicates the elevated 

accumulation of fluorescent conjugated albumin compared to the sham group. Following 

RvD1 injections, the accumulated Alexa Fluor-594 conjugated BSA was decreased in all 

the evaluated brain regions. Parallel with this data, BSA leakage through the BBB was 

increased in Ang II receiving animals, and this leakage was reduced by the RvD1 

treatment in the hippocampal region at level P273. Our findings support that Ang II 

causes cerebrovascular damage through the BBB impairment and enhances the blood-

borne substance extravasation rate across the BBB.  

In a similar study, IgG leakage through the BBB was increased in the cerebral cortex 

and hippocampus upon Ang II infusion at a 2 µg/kg/min rate (Foulquier et al., 2018). 

Atis et.al demonstrated that continuous Ang II infusion (2 µg/kg/min for 14 days) 
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elevated the leakage of Alexa Fluor-594 conjugated BSA in both cerebral cortex and 

hippocampus regions (Atis et al., 2022). In similar studies, a significant increase in Evans 

blue-labelled albumin and horseradish-peroxidase was observed in both cerebral cortex 

and hippocampus regions of both acute and chronic hypertensive models (Atış et al., 

2019; Vital et al., 2010; Zhang et al., 2010). In contrast, intraventricular Ang II 

administration restores the tightness of the barrier in angiotensinogen-deficient mice by 

restoring the disorganized occludin and decreasing the paracellular leakage of 

plasminogen and albumin in the brain capillary cells (Kakinuma et al., 1998; Wosik et 

al., 2007). These results suggest that sufficient amount of Ang II and its activity through 

the membrane receptors are essential to maintain the BBB integrity.  

Besides, an infiltrated NaFl tracer was used for integrity assessment in vitro 

experiments using bEnd.3 cells. Our in vitro results showed that Ang II disrupts the BBB 

integrity by reducing cell viability, decreasing TEER to disrupt the BBB, and increasing 

the permeability of NaFl to the abluminal compartment. Although RvD1 treatment 

significantly decreases the NaFl tracer and restores the bEnd.3 integrity by elevating cell 

viability and TEER values. In HUVECs, Ang II exposure enhanced the permeability of 

40 kDa FITC-dextran across the endothelial layer, lowered the TEER values, elevated 

macrophage adhesion, and trans endothelial migration (Bodor et al., 2012; Yin et al., 

2022). In another study, bEnd.3 endothelial cells and BV-2 microglia were used to 

establish a co-culture system. In this system, both NaFl and BSA-FITC efflux across the 

bEnd.3 cells were elevated upon Ang II, which induced microglia activation and BBB 

impairment (Lu et al., 2021). Similarly, Guo et.al demonstrated that 24-hour Ang II 

exposure on human brain microvascular endothelial cells elevated the leakage of Alexa 

Fluor 488-conjugated BSA, which indicates the enhancement of the vesicular transport. 

Moreover, Ang II exposure contributes to the paracellular leakage by loosening tight 

junctional integrity in brain microvessel endothelial cells through the elevation of 

labelled albumin efflux, reduction in TEER values, and uneven distribution of JAM-A, 

ZO-1, and VE-cadherin (Fleegal-DeMotta et al., 2009; Guo et al., 2019).  

Cav-1 and Mfsd2a are the critical modulators that regulate the BBB integrity and proper 

functioning. In this study, we found that Ang II administration significantly increased the 

Cav-1 immunofluorescence intensity in both in vitro and in vivo experiments, which 

indicates the elevated caveolar transcytosis across the brain microvascular endothelial 

cells. Importantly, RvD1 treatment attenuates the Ang II-induced alterations by reducing 

the Cav-1 expression and enhancing the Mfsd2a fluorescence intensity in both our in 
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vitro and in vivo models.  

Mfsd2a acts as a negative regulator of endothelial transcytosis, and Mfsd2a-knockout 

mice contribute to continuous leakage of 10-70 kDa tracers, which indicates the necessity 

of Mfsd2a for the maintenance of an intact BBB integrity. Additionally, electron 

microscopy analysis demonstrated that the transcytosis rate increased across the BBB in 

Mfsd2a knockout mice, and this data suggest that Mfsd2a controls the vesicular transport 

rather than being involved in junctional integrity in barrier-type endothelial cells (Ben-

Zvi et al., 2014). In parallel with the literature findings, our data showed that Ang II 

increased the Cav-1 expression through the AT1 receptor activation and elevated the rate 

of transcytosis across the endothelial cells. Moreover, Ang II increased the rate of 

transcellular traffic and endothelial transport by down-regulating the Mfsd2a and up-

regulating Cav-1 (Guo et al., 2019). In hypertensive rats, elevated Cav-1 expression 

levels contribute to albumin leakage across the BBB. Additionally, the Cav-1 knockdown 

model demonstrated that downregulated Cav-1 protein increases the barrier tightness. In 

parallel with our results, gain-of-function experiments in bEnd.3 cells and Mfsd2a knock-

in mouse model demonstrated that Mfsd2a expression suppressed the caveolar pit 

formation and leakiness across the barrier cells (Andreone et al., 2017). In addition to 

this, Ang II-treated bEnd.3 cells cause endothelial damage via increasing Cav-1 

expression, reducing the expression of Mfsd2a protein, and enhancing BSA-FITC 

leakage (Xia et al., 2022; Xie et al., 2022). Similarly, a recent study suggests that Ang II-

infusion for 2 weeks reduced the expression levels of Mfsd2a, enhanced the Cav-1 

production, and decreased the claudin-5 in PVN microvessels (Yu et al., 2025). Together, 

reciprocal Cav-1/Mfsd2a imbalance leads to excessive transcytosis switch, barrier 

leakage, and finally cerebrovascular dysfunction.  

Claudin-5, one of the major TJ proteins, provides full integrity of the BBB. Our data 

demonstrated that Ang II infusion significantly decreased claudin-5 fluorescence 

intensity in both the cerebral cortex and the hippocampus, while 5-day treatment of RvD1 

enhanced the disrupted pattern of claudin-5. Consistently, from the results of 

immunofluorescence staining, claudin-5 intensity was elevated in Ang II-treated bEnd.3 

cells. Moreover, Ang II exposure triggers bEnd.3 apoptosis and disrupts the TJs by 

downregulating the claudin-5 and ZO-1 expression (Xie et al., 2022). Ang II 

administration to bEnd.3 cells also enhance the inflammation by activating downstream 

pathways such as TLR4, MyD88, and TNF-α (Xia et al., 2022). However, 100 nM Ang 

II administration to brain microvessel endothelial cells for 6 hours has no effect on the 
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expression levels of claudin-5 or occludin (Fleegal-DeMotta et al., 2009). This study 

indicates the dose and time-dependent manner of Ang II disruption. Intravenous 

administration of RvD1 upregulates the occludin, claudin-5, and ZO-1 expressions and 

suppresses the MMP-9 levels after subarachnoid hemorrhage in rats (Wei et al., 2021b). 

These findings reported that RvD1 contributes to the protection of TJ integrity by 

regulating claudin-5 expression in Ang II-induced pathological conditions.  

In the chronic hypertensive model, Ang II infusion caused a significant increase in 

GFAP immunostaining, whereas cotreatment with RvD1 remarkably alleviated the 

response of astrocytes. Consistent with our results, chronic Ang II infusion enhanced the 

GFAP expression in the hippocampus (Iulita et al., 2018; Milner et al., 2022). Tomassoni 

et.al enlightened that GFAP mRNA and protein levels of spontaneously hypertensive rats 

were increased in several brain regions such as striatum, hippocampus, frontal and 

occipital cortex (Tomassoni et al., 2004).  
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CHAPTER 6 

CONCLUSION 

In this study, we aimed to investigate the RvD1’s potential impacts on Ang II-induced 

BBB disruption using an in vitro bEnd.3 cells and Ang II-infused hypertensive mice. In 

vitro results showed that Ang II administration induced disruption of barrier integrity in 

bEnd.3 cells by reducing cell viability and TEER, while increasing NaFl permeability. 

Additionally, Ang II altered the transcellular and paracellular transport pathways through 

the upregulated Cav-1 levels, downregulated expressions of claudin-5, and Mfsd2a. 

Following RvD1 treatment, cell viability and TEER values were increased, NaFl leakage 

was reduced, and paracellular and transcellular permeability across the bEnd.3 cells were 

restored by decreasing Cav-1, increasing claudin-5 and Mfsd2a levels. 

According to in vivo results, continuous infusion of Ang II elevated the arterial blood 

pressure and permeability to Alexa Fluor-594 conjugated BSA, induced 

microhemorrhage formation, and exacerbated astrogliosis. Furthermore, Ang II exposure 

increased the Cav-1, decreased claudin-5, and Mfsd2a protein levels. 5-day RvD1 

treatment reversed the Ang II-induced changes by lowering blood pressure, attenuating 

microhemorrhages and astrogliosis, inhibiting Cav-1, upregulating Mfsd2a, and restoring 

claudin-5 levels.  

Altogether, Ang II causes BBB impairment through the enhanced caveolar transcytosis 

by upregulating Cav-1 with Mfsd2a downregulation and diminished TJ integrity. 

Therefore, RvD1 treatment altered the balance between Cav-1 and Mfsd2a, leading to 

the normal rate of transcytosis, enhanced claudin-5 to provide tight junctional integrity, 

and alleviated astrocytic inflammatory response in Ang II-induced hypertensive mice.  

Our results highlighted the therapeutic potential of RvD1 in the treatment of 

hypertension-associated cerebrovascular impairment.
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